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< Project Overview

Timeline

Project Start Date: 10/1/2020
Project End Date: 12/31/2023
Percent Completion: 46%

Barriers

Budget

Total Project Cost: $3,670,092
Federal = $3,100,085
Cost Share = $570,007
Budget Period 1 Federal: $1,535,947
Budget Period 2 Federal: $720,176
Budget Period 3 Federal: $843,962

Argonne &

«  Development of reduced chemical kinetic mechanism
for LPG combustion CFD simulation

«  Accurate modeling of 2-phase LPG flow for high
pressure direct injection

Stable control of LPG combustion near knock limit —
Controlled End-Gas Auto-Ignition (C-EGAI)

Partners

Project Lead:
Contractual Partners:

Critical Vendors:

Colorado State University
Cummins Inc.

Argonne National Laboratory
Czero Inc.

Woodward, Inc.

Colorado State University
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" Relevance

« The main project goal is to increase the peak torque efficiency of a 15 liter
LPG engine to near-Diesel efficiency (44%)

Key Project Objectives

. Characterize flame propagation and
end-gas autoignition (EGAI)  Early-stage research to enable industry
phenomena for LPG/air/EGR mixtures. to accelerate fuel diversification
. Develop LPG direct injection (DI) through:
strategies in parallel with a detailed  improved understanding and ability
LPG DI spray model. to manipulate combustion processes
. Validate, refine, and utilize tools and,

VTO Goals: Advanced Combustion Engines

(CHEMKIN, CONVERGE, GT-Power) for

closed cycle engine combustion design.

. Develop advanced real-time control
algorithms for the Cummins X15 single
cylinder engine (SCE).

Colorado State University

generating the knowledge and
insight necessary for industry to
develop the next generation of
engines for light-and heavy-duty
vehicles.

LPG = Liquefied Petroleum Gas



< Approach

Budget Period 1 Budget Period 2 | Budget Period 3
Project Tasks, Milestones, and
o 2020 2021 2022 2023
Go/No-Go Decisions
Q41 Q1102|0304 Q1]Q2|Q3|Q4|Q1|Q2|Q3 | Q4
i =
. N = =R
1. Chemical Kinetic Model = G|
2. Liquefied Petroleum Gas (LPG) Fuel :
Injection System =
3. Fuel Injection Visualization in High g
Pressure Spray Chamber (HPSC) =
4. Development of Fuel Injection Spray S
Model P
H H o on —
5. Design of Advanced Combustion o i o
Strategy = = =
6. LPG Hardware Integration on X15 :rj
Cummins Single Cylinder Engine (SCE) P
7. System Optimization for Near-Diesel
Efficiency on X15 SCE
- Complete - Ongoing - - To Be Completed

Brake Thermal Efficiency
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NATIONAL LABORATORY

/ Turbocharged & EGR

o

Baseline Case

~9 bar BMEP

* Naturally aspirated
Compressionratio 9.2:1
Stoichiometric, No EGR

“Near-Diesel” efficiency
and performance target

ﬁ Advanced controls

* Real-time
* Controlled EGAI
o * Fuel variability

Direct Injection & Enhanced Burn Rate
e Cylinder design - turbulence

* Flame propagation

* Fuel Injection parameters

* Charge cooling, Stratified Charge

o

* Higher boostpressureand/or
* Increased compressionratio 12:1
* High EGRrate, 15-30%

2.5 | Single Cylinder Cummins LPG Engine Testing

- CFR Engine

BMEP

Requirements
Definition

Baseline Testing

LPG Spray
Diagnostics

* Ignition Delay
* Flame Speed
* End Gas
Ignition

* Phi sensitivity
* Spray angle/
penetration

* Knock Propensity
* Emissions
* cov

Computational Modeling
Chemkin, GT-Power, Converge CFD
|«+— Year3 —|+<— Year2 —|+— Year1 —|

Colorado State University
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Technical Accomplishments and Progress
Chemlcal Kinetic Model

The rapid compression machine (RCM) can operate in compression Zg ——RCM: Reactive 300

ignition or laser spark mode. 20 :EEZ:; - 250 =
« Pressure data inside the RCM is recorded. 5 60 L 200 =
» Ignition delay is measured from piston TDC until maximum pressure g >0 | | 150 =

rise during combustion. 5 — to o0 &
« High speed Schlieren imaging (50,000 fps) is used to record the ~ 20 §

flame propagation when using laser ignition. 10 ﬁ—J 0

0 -0

* Models using a reduced (153 species; 1,227 reactions) chemical
kinetic mechanism derived from NUIGMech1.1 (2,746 species;
11,279 reactions) were validated with experimental results.

Premixed

Creviced piston to

maintain adiabatic Air/Fuel/EGR Gas Supply
Mixing Tank
Control Unit
Combustion
Chamber
Mixture volumetrically autoignites
Ignition delay is measured from time of N R
TDC to maximum heat release Drive Cylinders
=l il Nd:YAG Laser

' ‘ High Speed
- Camera

Colorado State University
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€ Technical Accomplishments and Progress

Chemical Kinetic Model

1.000 ¢ 1.000
Fuel: 80% C,Hg and 20% CyHy [ NR-EGR: 80% AR / 20% CO2
24 Bar . R-EGR: 79.3% AR / 20% CO2 with NOx and CO
®=1.0 " Fuel: 100% C;Hq W
[ 24 Bar s o o
®=1.0
o 9
& 0100 ¢ A *Cas o,
> : A 0.100 |
o T =
C T~
2 3
g 2
= 0.010 5
Deviation between results and model ;4%
at longer ignition delays (>100 ms) is Ev
due to surface heat loss inside the 0.010 F
RCM that is not present in the ideal .
simulations. e RCM 30% NR-EGR
0.001 NUIGMech1.1 30% NR-EGR
. - - 0 -
1.00 1.10 1.20 1.30 1.40 1.50 153_NUIGMech1.1 30% NR-EGR
1000/T (1/K e RCM 30% R-EGR
(1K) ’ NUIGMech1.1 30% R-EGR
e RCM C3H8/C2H6 NUIGMech1.1 C3H8/C2H6 - - -153_NUIGMech1.1 30% R-EGR
- -~ ~153_NUIGMech1.1 C3H8/C2H6 o RCM C3H8/C3H6 0.001
RCM C3H8/I-C4H10 NUIGMech1.1 C3H8/I-C4H10 1000/T (1/K)
153_NUIGMech1.1 C3H8/I-C4H10 e RCM C3H8/n-C4H10
——NUIGMech1.1 C3H8/n-C4H10 - - =153_NUIGMech1.1 C3H8/n-C4H10

Experimental RCM ignition delay measurements (symbols) and simulated constant volume homogeneous autoignition delay of binary fuel/inert/O, (left) and
C;Hg/inert/O2/EGR (right) using NUIGMech1.1 (solid lines) and 153_NUIGMech1.1 (dashed lines).

Colorado State University
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€ Technical Accomplishments and Progress

Chemical Kinetic Model

100 100
90 ;ggHKmO% C3Hg - - -153_NUIGMech1.1 90 0153_NUIGMech1.1
» 80 o4 Bar ——NUIGMech1.1_HT w 80+ ®NUIGMech1.1_HT
5 70 ® Experimental E 70 ® Experimental
b 60 3 60
Q50 Q 50 .
D 40 D40
% 30 % 30 | Fuel:80% C;H,
T 20 r 20 | /00K
10 10 24 Bar
®=1.0
0 0
0.5 0.75 1 1.25 1.5 1.75 2 0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
Equivalence Ratio R-EGR % Mass Substitution

Experimental zero stretch flame speeds (symbols) and simulated 1-D laminar flame speeds using NUIGMech1.1_HT and 153 _NUIGMech1.1 for varying
equivalence ratio (left) and R-EGR mass substitution (right). Error bars represent standard deviations.

Phi=0.75 Phi=1.0 Phi=1.5 10% R-EGR 20% R-EGR 30% R-EGR

b
Colorado State University
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€ Technical Accomplishments and Progress
LPG Fuel Injection System | .

T“\e* 5x0 0012 A
I Water Chiller 650 $ S
S I e n CHOO1 = N _/_
_ . ¢ \_/ 3)('350 NS |
HV004 I \ { ;,,,> -----
Pressure 2100 —
) {ﬁ =4 HHGL'JN/ relief valve
Fill port / return —_—
| PCV001 |{[
pump ssembly or ©
LPG tank N ) >£:< * New 5-hole LPG prototype injectors developed and tested
HXR001 5 N
L|ft pump G001 |
V001 l >
5 Y\ "ot (F \003 T ool P .
\:‘/ c 1 001 g //'
ACCO0 ;,
ETh oo é 5 Stock GDI, experiment
\ O d/l ® Stock GDI, simulation
1 - - - LPG prototype, elxperin'lent
m Injector . | | :l LP(,} prototy:pe, s1md1atlon
\001 / 100 120 140 160 180
Injection pressure (bar)
* Designed and developed liquid LPG direct injection fuel « LPG prototype injector achieved higher flow rate than
delivery system the stock injector

Colorado State University
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€ Technical Accomplishments and Progress

Fuel Injection Visualization in HPSC

Spray development sensitive to fuel temperature and chamber pressure

Schlieren for Propane in ECN-Spray-G @ 867 pus (ASI)

High-Speed Schlieren Setup

Real time - Line of Sight, high-speed imaging ( P, =0.5bara P, =001bara P, =003bara P, =006bara P . =010bara
technique used to visualize the density gradients 101 ’ R~ 1l a ' | *
in the spray. 201 RS N . : | |
Measurements: Global Spray Characteristics: g 0
Vapor Penetration Length, Width, and Speed. "~ 60
~ S 70 -
/ E_l_n 80 1
E 90+
= 100
110 1
120 1
Knife Edge )
)
Plano-Convex Lens N 0
10 1
Photron FastCam S 201
Camera o 301
S 40
= ]
Injector Nozzle I >0 )
- i = 60
- B < 70
R - . . = 50
\\\ : . ‘ : E 90 -
L e e e
by 1 1 110 1
n I 1
oo I 120 1
Parabolic o '.. - : S : : — : — ; ; — . — —
e #* Mirrors M ——— #__l -40-30-20-10 0 10 20 30  -40-30-20-10 0 10 20 30  -40-30-20-10 0 10 20 30  -40-30-20-10 0 10 20 30 -40-30-20-10 0 10 20 30

LED Light Beam X [mm]

Colorado State University ASI = After Start of Injection ECN = Engine Combustion Network ~ HPSC = High Pressure Spray Chamber
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€ Technical Accomplishments and Progress

. . . . . I Ise N@:Y. sC] Injector Nozzle
Fuel Injection Visualization in HPSC remLser  camers )

camera

1.75 mJ/pulse l .
Planar Mie Scattering Setup - Htj-mc, Laser

Light Plane

Elastic light scattering technique used to
g- . g . d . . Cvlindrical Lenses | ! ...
measure liquid penetration through a medium in - .
(Sheet Optics) I
a plane W

Measurements: Liquid Penetration Length, Jet 532 nm Mirror I
Width, Angle, Speed HPSC

Mie for ECN-Spray-G @ 750 ps (ASI)

0 Test-G3C - Iso-octane Test-G3 - Iso-octane Test-G3C - Propane Test-G3 - Propane
20
= 40
:
— 60
N
80
P. . =200 bar, P b= 001 bara P. .=200 bar, P =001 bara P. . =200 bar, P =001 bara P. .=200 bar, P =001 bara
Tm,_| =020 °C Tam =020 °C ™ =090 °C T;-'ll'[]h e ™ —020°C Tamh — 020 °C T = pop °C Tamh =060 °C
100 fuel * " amb fuel 7 7? Tamb fuel > " amb fuel ’ > “amb )

-60 -40 -20 0 20 40 60 -60 -40 -20 O 20 40 60 -60 -40 -20 O 20 40 60-60 -40 -20 O 20 40 60

=

X [mm|

Propane spray development sensitive to fuel temperature

Colorado State University
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€ Technical Accomplishments and Progress

LPG Injection and Spray Modeling: Unconventional and vaporizing LPG spray dynamics
Validated Lagrangian Spray

o High-Fidelity internal = Flash-boiling model against HPSC spray data
nozzle-flow vaporization is
- - simulations to incorporated in the Schlieren CFD
I . capture propane spray phase-change Mild-Flashing m
- under-expanded jet » Modeling of catastrophic P,= 200 bar N ¥
characteristics breakup regime Tre= 293K
P.m= 1 bar
Near-Nozzle Spray Far-Field Spray Tamy= 293K
" Orifice-specific mass flow rate " Opt|m|zed phase-change mode“ng -30-20-10 0 10 20 30 -30-20-10 0 10 20 30

= [nitial jet dynamics =  Gas-cooling and fuel mixture distribution

Baseline Result 3
Lagrangian-Eulerian LPG injection and spray mode! ||gjare-Flashing " <
Spray Modeling for GDI in HPSC 60

'S

Z [mm]

Pinj= 200 bar =30-20-10 0 10 20 30 -30-20-10 O 10 20 30
Toa= 363 K )
Pamp= 1 bar Mie CFD
T,mp= 333 K 0 -
Modeling of LPG Direct Injection for Realistic Engine Applications 10
= High-fidelity nozzle-flow simulations are leveraged to inform the spray model 20
: : : : : . . : . 30
» Lagrangian-Eulerian spray model is compatible with reacting combustion simulations 10
= Validation range to cover the full range of injection timing and operating conditions -30-20-10 0 10 20

X [mm]

Colorado State University
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€ Technical Accomplishments and Progress

Modeling of new prototype 5-hole counter-bored injector

Injector head High-fidelity Static Coupling between Lagrangian Spray in HPSC
Nozzle-flow simulation of Nozzle flow and Spray Morphology
full injection event Lagrangian spray 0 ' : S
Time: 1.00e-04 P.; = 200 bar ; " ; }
Ty = 363K * Rt * ‘

£
€ 40 40
N 59 50

Pamp = 6 bar

60 60

— 6000 o £ ™ 500psASOl » 750 ps ASOI
. ]D0.0%’ [0.75 g ~40 -30 —20 -10 ox[?gm]zo 3oLz.10 50.(30 Pa;iso 20 -10 OX [?gm]zo 30 40 50 60
100 9 050 & iqui ase
Needle Lift FO s o 3 ,
B 0.1 - -00 &
Orifice #1
= Fully-coupled simulation of propane jets for engine design purposes Pi=200 bar, T(,,=293 K

P.., = 1bar, T, =293 K
= Characterization of a new injector behavior + optimized submodel setup definition

» Spatially- and temporally- resolved initialization of the spray dynamics for flashing sprays

» Accurate and cost-efficient approach. Compatible with engine combustion modeling

Colorado State University
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CFD and Structural Analysis Structural analysis: 5 Steaty-State Therma
Cyl1 Cyl2 Cyl3 Cyl4 Cyl5 Cyl6| e
Cylinder Head Status: Design completed, and machining is expected [ y y 4 4 L L ] o
to finish by April 2022. Gt
3162022 3:58FM

CFD analysis : Natural Gas (NG) peak load condition was selected to
generate the hot boundary conditions for thermal analysis

347.46 Max
330
1 300
L 270
240
210
1 180
150
120
70.507 Min

200 ‘ . \ \ . . . 2000
z Cummins Pressure 1 1900
. CSU Pressure
y\é/ " Peak Cylinder Pressure (PCP) : 140bar  crimins HRR — 1 1800
CSUHRR —— 1 1700
<4 1600
< 1500
3 1400
= 1300
4 1200
3 1100
= 1000
< 900
- 800
700
- 600
4 500

150

Near wall Gas

Temperature (K) 100 -

Cyl. 6 ANSYS model :

« Combustion heat input was only applied for Cyl. 6
(combustion face, liner, exhaust and intake faces)

« Stoichiometric NG, 1200 RPM, 18 bar GIMEP

]
3
Cylinder Pressure (Bar)
(4]
o

o
T

Apparent Heat Release Rate (J/deg)

1 a0 Conclusions :
i \ z0 « The predicted temperature and
| FOS values show that the

v \é/ 5 -100 h I L I I L 1 0
-40 -20 0 20 40 60 80 100

Crank Angle (deg)

modified cylinder head is at a

| Heat transfer . .
low risk of failure.

Coefficient (W/m2-K)

HTG_CONV

o Outcome N . - The culrrent .anaIyS|s |dsldone for
0 * Predicted the wall heat transfer on [ e natural gas inputs and is ,
e : - expected to be conservative
o combustion faces of X15 at highest thermal ® O e Th g '
conditions. .\ e tempergutures (an Lo
 CFD combustion data was provided as a E stresses) wi presumably be
i : actor of Strength (FOS) lower for propane inputs
boundary conditions for structural analysis. Durability : 400 hours '

Colorado State University
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CFR Engine Testing
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Colorado State University
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Initial LPG Port Fuel Injection (PFI) Testing on X15 SCE

Ball

- valve
Liquid LPG

Check
valve

High-pressure
gaseous N,

O
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Cylinder Pressure vs. Crank Angle

(%) Chart Optio X

]
L
i

[
=]

n

Pressure |bar]

O

=1

N

5 /
Accumulator — Siemens DEKA Liquid , """'"’M
Pre.ssure ] ) injector
. re/,ef Valve -60 -40 -20 0 20 40 60 80
SOIBHOId 3'Way Valve Crank Angle [*]
(] AN B .
valve o\ Ay Cylinder Pressure vs. Volume
] \ — / : 31.623 . ione Cylinder:
IAlternatlve fuel supply Coriolis Filter ©cen ON/J\ Event: 67011 (A:5)
4 ; ~ PMEP: -0.53 bar
LPG R fIOW meter quuld /ntake air L \ IMEP »: 4.75 bar
i v IMEP s : 5.29 bar
. sight line Manifold 2 e M. 1.
Alternative gaseous fuel 4 \‘N
— line to X15 engine Bleed valve 8
| Gaseous LPG 1
| —
0.316
0.251 0.398 0.631 ‘: 1.5I85 2‘5I12
log{Volume)

Lowest point on
baseline piston

11.5:1 CR Piston

Section: Piston cut at lowest point

Baseline Piston
PCP ~ 60bar
BMEP ~ 9bar

9.3:1 CR LPG Baseline Piston

Colorado State University

PCP = Peak Cylinder Pressure
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0
| Exp (10{]0 cycles) . MASSFRAC_CH20 10.5° aTDC 10.6° aTDC 10.7 aTDC
m g 0.005
_.E 48 - EXP (E;PTESTHW“E) --------------- o 0.00375
2 i = ( cycles) . | 0.0025
T P S——— S, VA S\ 0.00125
2
= | i ! i
Bog AN Y f Yemo
£ | | |
CFR E |
. £ 12 g | | -
engine 1 MASSFRAC_OH
CFD 0 | i . i : i 0.007
-40 -20 0 20 40 0.00525
" " Crank angle (de 0.0035
simulation gle (e 000175
KPpyp o = 10.8 Exp (1000 cycles) 0
KPpyp o = 10.4 - - - Exp (average) Y
O 44 kp,, =102} B R m  Exp (representative) OH
E f | ® Sim (average)
© | | : |
D 12 Ve Con - Da¥s 2 ol ®a o002 Sl %ol
= ‘ TEMPERATURE
k= Y P S L T4 el A 2500
g 10 AN IR AN L 2000
% i ‘ : 1500
S 3 3 3 1 1000
Q 81 e e e 500
6 S D S I S Temperature (K)
0 200 400 600 800 1000

Recorded cycles

Colorado State University




Argonne &

& Collaboration and Coordination

Prime Recipient: Colorado State University
Pl: Daniel Olsen
Co-Pls: Anthony Marchese, Bret Windom
Postdoc: Tanmay Kar
Students: Toluwalase Fosudo, Brye Windell, Manav Sharma, Colin Slunecka

Sub-recipient: Cummins Inc. Sub-recipient: Argonne National Laboratory
Pl: Hui Xu Pl: Sibendu Som
Key Contributors: Robert Sperry, Tim Shipp Co-PI: Lorenzo Nocivelli

« Cummins team responsibilities:
« Support RCM, CFR experiments and modelling technical discussions
« Design, fabricate, and deliver the X15 SCE LPG-DI head, and support installation and commissioning

* Argonne team responsibilities:

Development and validation of a 3-D CFD spray model for LPG DI
Incorporation of the spray model into engine simulation models

°
Colorado State University
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< Remaining Challenges and Barriers

« Tuning of LPG injection model to match spray imaging results, specifically
flash vaporization effects as spray enters cylinder.

« Ensuring LPG remains in liquid phase in the LPG supply system for port
injection and direct injection testing on Cummins X15 SCE.

« Injector nozzle design to deliver required fuel mass and facilitate desired in-
cylinder fuel distribution and mixing.

« Mechanical integration of modified GDI injector into Cummins X15 cylinder
head.

« Development of combustion recipe to achieve near-diesel efficiency.

Colorado State University
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< Proposed Future Research

Budget Period 2 (2022) Budget Period 3 (2023)

Perform X15 SCE baseline testing with Carry out Large Engine Control Module
liquid LPG port injection (LECM) programming to implement new
LPG injection strategies

Perform initial Cummins X15 SCE
performance mapping of injection

CFD simulations of X15 SCE with LPG
direct injection

Fabricate/deliver new Cummins X15 strategies, EGR rate, IMEP, and fuel
direct injection cylinder head composition
Apply optimization techniques to
Operate Cummins X15 SCE with LPG demonstrate > 44% brake thermal
direct injection efficiency of SCE operation on LPG

Any proposed future work is subject to change based on funding levels.
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Summary

Main project goal: Increase the peak torque efficiency of a 15 liter LPG engine
to near-Diesel efficiency (44%)

Accomplishments

m

Setup RCM for LPG fuel supply and generate pressure vs. time data for
variable composition/EGR

1.2 Establish capability to inject LPG through GDI commercial injector
1.4 Completion of initial fuel injection spray model for incorporation into CFD
GN1 Develop reduced mechanism able to predict laser ignited RCM
experimental data within <15% for realistic fuel variability and EGR
2.1 Demonstrate accurate matching of CFR engine simulation model with

experimental data
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