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;\/\ SNL (B1-B3): Modify HD optical engine with active natural gas
CRE pre-chamber for fundamental mixing & combustion data

Common-Rail Fuel-Injector
or HPDI NG/Diesel Injector
or Spark Plug/Pre-chamber

NG Port —__
Injector

Side-Wall
NG Direct \

Injector

SNL Task Statement (B1-B3 / $750k): Adapt a PCSI
module to a HD optical single-cylinder engine and use
laser/imaging diagnostics for the ignition-jet as it
emerges from the pre-chamber, mixes with and ignites
the premixed main-chamber gases, and subsequently
drives the progression of main-chamber combustion,
whether flame propagation or sequential autoignition

* B1 (Inadequate science base / simulation tools):
Provide phenomenological and quantitative data
including ignition-jet penetration rates, spatial and
temporal progression of intermediate combustion
species to identify modes of ignition and combustion,
and/or sources of combustion inefficiency in the late
cycle

Also use optical data to validate NREL and ANL
simulations and aid interpretation of ORNL metal-
engine data so that together the labs can develop a
conceptual-model description of PCSI

* B2 (EGR/lean limits), B3 (hot-spot pre-ignition):
Use conceptual model and fundamental
understanding as basis that will provide a
fundamental basis for developing operating
strategies and hardware to mitigate barriers B2 & B3
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//\\ HD optical engine modified to add fueled natural gas pre-
CRE. chamber for fundamental mixing & combustion data

15t generation pre-chamber
o o 3% of main-chamber volume
Number of holes: 8
Hole size: 1.6 mm
Included angle: 130°
- | , Nozzle plane parallel to
Transducer [T cylinder head
| Tip protrusion:

10.6 mm below the fire
deck
o Fueling: GDI injector
o Pressure: uncooled

piezoelectric
o Spark plug: miniature

“‘Rimfire”

Injector

Spark Plu
Pressure
Transducer

O O O O

O

Pre-chamber injector abbreviations:
o SSE: Start of Solenoid Energizing

o ESE: End of Solenoid Energizing

o DSE: Duration of Solenoid Energizing
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}/\\\ SNL (B1-B3): Unfueled pre-chamber performance verified for
CRFE. 1ambda sweep, main-chamber direct injection

« Target load of 5 bar IMEPg, naturally aspirated, no EGR

COV of

Intake P

» Relatively low engine speed of 600 RPM due to main-chamber direct injector capacity limit
* Main chamber injection only (pre-chamber unfueled); 100 bar NG injection pressure
« Main-chamber injection of ~20-25ms duration (DSE) during intake stroke (40 CAD SSE)

IMEPg
Global A LGE)
1.5 543

1.6

17

1.8 (2/10 misfires)
1.9 (6/10 misfires)

COMBUSTION RESEARCH FACILITY

515
519
521
523
492
512
507
365
142

Pre-Chamber Spark Ignition and Emissions Control for Natural Gas Engines: In-Cylinder Optical Imaging 5/19

IMEPg [%]

2.2
2.3
1.5
1.9
1.9
2.0
1.9
60.6
166

[C]
80
84
79
80
86
80
80
73

78
80

[bar]
1.03
1.03
1.03
1.02
1.03
1.03
1.02
1.02
1.02
1.01

Spark
CAD] CAD

340
342
343
344
337
342
343
343
343

24.60

22.90

40

21.88

20.73
19.69

(Ah) sandia Nationa Laboratories



For stable (low COV) A=1.5 passive pre-chamber,

CRF combustion imaging shows cycle-to-cycle variations

10-cycle average, A = 1.5
6000 y‘ g T

300

Operating conditions 5000 W\ [ f;i:gham pressure 1 250

o Speed: 600 RPM 4000 200

o Spark: 343 CAD % 3000 f 150

o Lambda: 1.5 2 2000 100

o IMEPg:543kPa ¢ 0 S 50

o IMEPg COV: 1.7% of _—
_100200 350 460 45(-)50

Time [CAD]

* Pre-chamber pressure rises above main-
chamber pressure after spark, indicating
ignition

» Later pressure differences may be partly

due to thermal effects on uncooled
transducer

« Large cycle-to-cycle variation in timing of
individual jet ignition and luminosity of pre-
chamber jets

= Early luminosity fluctuates on-and-off in
some jets

AHRR [J/deg]

Visible Combustion Luminosity Imaging
(broadband chemiluminescence, no filtering)

Natural Gas Passive Prechamber Cycle 3
Lambda=1.5 CA 350.00
190116

Sandia
National
Laboratories
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2\ As unfueled pre-chamber is swept to leaner conditions,

CRE. combustion duration & misfires increase (const. spark timing)

10-cycle average, A = 1.6 10-cycle average, A = 1.7

6000 300 6000 300
——Cylinder Pressure ——Cylinder Pressure
* U nfu e Ied p re_Ch a m be r 5000 [ Pre-Cham pressure | | 250 5000/ Pre-Cham pressure | | 250
AHRR AHRR
* Intake T & P held constant = 4000 1200 _ — 4000 1200 _
. v . o o Q =2
* Main-chamber injection = 3000 {150 3 = 3000 150 2
2 14 > 14
- @ 2000 100 @ 2000 | 100
DSE varied = L
% 1000} lso < % 1000} 50
e With constant 343 CAD
.. . 0Ff 10 0 10
spark timing, combustion
-1000 ‘ : -50 -1000 ; ; -50
. . 300 350 400 450 300 350 400 450
duration increases and e (CAD] e [GAD]
H Singl | It, \=1.8 Singl 1 It, A\=1.9
combustion becomes less 6000 Ingle syels rasulk & 300 5000 ingle cycle result, A 300
——Cylinder Pressure, Cycle #8 ——Cylinder Pressure, Cycle #7
Sta ble fo r' A) 1 . 7 5000 | Pre-Cham Pressure, Cycle #8| - 250 5000 e Pre-Cham Pressure, Cycle #7| - 250
AHRR, Cycle #8 AHRR, Cycle #7
° At )\=1_9’ bOth pre_ E 4000 | 1200 - E 4000 1200 -
(0] (7]
. =. 3000 f 1150 B =. 3000 1150 B
- [0} . [0} =,
chamber and main 2 > e ‘, >
. . @ 2000t 100 o @ 2000 100 o
chamber combustion is I z 8 =
1000 | 150 1000 F 150
greatly retarded, and 60% o I o 0
misfires 1000 | ‘ 50 1000 - - 50
300 350 400 450 300 350 400 450
Time [CAD] Time [CAD]
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Identical camera settings

As with AHRR & pressure rise,
combustion luminosity is weaker
with increasing A

At A>=1.7, no consistent luminosity
from pre-chamber jets before main-
chamber ignition

» Transition of ignition mechanism
from actively burning jets to
diesel-like ignition delay

Natural Gas Passive Prechamber Cycle 3
Lambda=1.7 CA 350.00

190116

()

Sandia
National
Laboratories
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Natural Gas Passive Prechamber
Lambda=1.5
190116

National
Laboratories

Natural Gas Passive Prechamber
Lambda=1.8
190116

(h)

National
Laboratories

Cycle 3
CA 350.00

Cycle 3
CA 350.00

Natural Gas Passive Prechamber
Lambda=1.6
190116

=)
| F’ﬂ
Sandia
National
Laboratories

Natural Gas Passive Prechamber
Lambda=1.9
190116

(D)

National
Laboratories

Imaging: increasing jet-to-jet & cycle-to-cycle variability, non-
luminous pre-chamber jets w/ ignition delay at leanest mixtures

Cycle 3
CA 350.00

Cycle 7
CA 350.00
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% Second round of optical experiments use common pre-chamber

CRI design (ANL, NREL, SNL) and target operating conditions

V

Engine operating conditions:

Active/Fueled

NG Pre- Chamber « Matched pre-chamber design (from ANL, NREL also)
Fumigation » Matched main-chamber conditions at spark:19bar, 730K
NG Injector Cylmc s

Head / » Intake conditions: 1.05bar, 314K
!!/Mixer * New main-chamber fueling: fumigation in intake runner
~
Uizl ) ) / ~—— + Speed: 1200 rpm
ZANA §/VANL
B Lm—l - * Pre-chamber spark timing: 343 CAD
T ” =’. ) Parameter sweeps:
Drop-Down L «  Prechamber-only fueling
Cyliner-Liner Piston-Crown
| | - Window « SSE 270-240 CAD at 7‘“pre =1.45
e Mirtor / F"f:ﬂem + Aye0.61-1.84 at SSE = 270 CAD
| | /7 gL L * Ay 0.75-1.65 at ESE = 337 CAD
Extended \ , P
Cylinder I\\Q? HH Bl = Unfueled pre-chamber
Housing AN X | . A 1517
S— — * Fueled pre-chamber
’ ummins
‘ I Single-Cylinder . xpreo 49-1.65 at A, = 1.65
Engine Block

*  Amain 1.65-2.60 at A, .= 0.93
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Pre-chamber-only fueling (no main-chamber fuel/ignition):
7. measure/model jet penetration, flame emergence, fuel leakage

'SSE 270-240 CAD at A, = 1.45

3000 1€ . -

2500

(%)

000

1500 -

1000

Prechamber Pressure (kPa)

W
=3
S

Prg-Chamber Pressure

0 L L
300 320 340 360

Only prechamber fuelling without port injection
A, =1.45; Spark =343 CAD; T, =41°C;P, =105 kPa

- Motoring Curve
—SSE =270 CAD
—SSE =285 CAD
—SSE =300 CAD |
—SSE =315 CAD
—SSE =325 CAD
SSE =330 CAD
SSE =335 CAD
—SSE =340 CAD

L L L I
380 400 420 440

CAD

Only prechamber fuelling without port injection

P

T

400

w
=3
S

Pressure Difference (kPa)

A, =1.45; Spark =343 CAD; T. =41°C; P. =105kPa
e ) in in

=== Motoring Curve
—SSE =270 CAD
—SSE =285 CAD
—SSE =300 CAD
—SSE =315 CAD
—SSE =325 CAD

SSE =330 CAD

SSE =335 CAD
—SSE =340 CAD

Pre-Main
A Pressure

=

300 320 340 360
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380 400 420 440

CAD

Apre 0.61-1.84 at SSE =270 CAD

Prechamber Pressure (kPa)

Pressure Difference (kPa)

Only prechamber fuelling without port injection
SSE =270 CAD; Spark = 343 CAD; T, =41°C; P, =105 kPa
3500 : :

T
e Motoring Curve
A =1.65

pre

—A =150 i
pre ‘

3000 -

—X_ =100
pre
—A =082
pre
—A_ =074
pre
A =061

pre

[*]
G
=]
=]

000 /

=)

o

=]

=3
T

1=
=3
S

500

‘Pyre-Chamber Pressure—

300 320 340 360 380 400 420 440
CAD

Only prechamber fuelling without port injection
SSE = 270 CAD; Spark = 343 CAD; Tin =41°C; Pm =105 kPa

800 —
-------- Motoring Curve
700 - e =165
X =150
pre
600 — =100 |
— ) =082
=
500 — A =074 H
pre
A =061
400 P
300 H
Pre-Main
200} ]
A Pressure
100 :
|
300 320 340 360 380 400 420 440

CAD

Apre 0.75-1.65 at ESE = 337 CAD

Only prechamber fuelling without port injection
EOI = 336.6 CAD; Spark = 343 CAD; T, =41°C;P =105 kPa
4500 : ‘ :

-------- Motoring Curve
4000 - — A= 165 ||
—A_=150
pre
33500 —A, =125
v, A =107
S e
5 3000 A =094
= pre
2 | N Ao = 083
E 2007 A =075 ]
5 /
,_é 2000 /
& 1500 //
& 1000 ) A
500 )
Pre-Chamber Pressur
: ‘ ‘ i
300 320 340 360 380 400 420 440

CAD

Only prechamber fuelling without port injection
EOI = 336.6 CAD; Spark = 343 CAD; T, =41°C;P._ =105 kPa

1800 ‘ ;
-------- Motoring Curve
1600 —)\m_c: 1.65
— X =150
pre
1400 - —A =125 I
[+ pre
@ 1200 Ay =107
= — A =094
2 1000 - A =083 |
L pre
5 AL=075
& 800 P
b=
F 600
A .
5 Pre-Main
3 400 -
~
200 /L A Pressure
0 e G A i =
300 320 340 360 380 400 420 440

CAD

Pre-Chamber Spark Ignition and Emissions Control for Natural Gas Engines: In-Cylinder Optical Imaging 10/19

@ Sandia National Laboratories



:#’
% Infrared (IR) emission imaging: combustion or compression-

CRFE.  heating increases vibration of C-H bonds in hydrocarbons

« All hydrocarbons, including natural gas components (methane, ethane, ethylene,
acetylene, propane, etc.) emit in the infrared near 3.3 um (3000 cm-") due to
thermally excited vibration of C-H bonds, or “C-H stretch”

« Emission is strong enough for imaging when heated by compression to ~700 K
or more, providing a means to quickly and easily detect hot in-cylinder fuel

* IR emission signal is strongly dependent on temperature, and begins to
saturate approaching stoichiometric natural gas, so IR intensity must be
interpreted with care

HITRAN based Simulated Emission Spectrum Integrated Emission Intensities for Quantification

Methane: X =0.01,T =800 K, P=28 atm, L =2.1 cm % 10% T=800K,P=28 atm,L=2.1 cm
100 ‘ T w ‘ — ' T3S \
o
- AL A\ 9
= ‘ Q \ S 3.0 R C / C /
7 xo‘- h ‘ ‘ 'Tg O
(o] ‘ 1
b | : ‘ Q25
SR | N 9 A
i 60| = symmetric stretching asymmetric stretching
= = 2.0 -1 -1
S £ 2 2926 cm 2853 cm
% 5()" :
=, S 15F - P S N
= 4or @ . O\
g | | | 2
2 30 ‘ ‘ 4 10 .«C C
Z R
S 20f 9 b b
m [}
J ‘ r‘ So0s O O
10| ‘ 2h ssori .
‘ I 2 scissoring rocking
0 : : ‘ =00 ‘ 1 1
3100 3200 3300 3400 3500 3600 T 0 01 02 03 04 05 06 07 08 09 I 1465 cnmr 1465 cmr
Wavelength (nm) Mole Fraction (X)
—Filter #1 —Filter #2 —Filter #3 —e—Filter #1 Filter #2 —e—Filter #3
COMBUSTION RESEARCH FACILITY Pre-Chamber aging 11/19 @ Sandia National Laboratories




Pre-chamber-only fueling, stoichiometric: unburned fuel-jet
CRF precedes burning jet, evidence of fuel leaking from pre-chamber

After spark at 343 CAD, infrared images show weakly-emitting fuel jets

emerging by 350 CAD as pressure in the pre-chamber rises due to combustion

Broadband chemiluminescence first appears at 352 CAD, indicating that the e

propagating flame inside the chamber has reached the nozzles
Pre-chamber fuel “blobs” leak into main chamber; none for motored cycles

350 CAD 351 CAD 352 CAD
344 CAD »

W<

355 CAD 358 CAD 360 CAD

&
\\'/ o

A =10
SSE=270 CAD m"* ﬁg{}gﬁal . /
DSE=10 °CA 'y

341.00 CAD 351 CAD 352 CAD

o)
S
>
©
£
ke,
3
oS
S

355 CAD 358 CAD 360 CAD

Aprs = 1.0 ot :
SSE=270 CAD e * IR images of
DSE=10 °CA N Caoortos fuel leakage
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A\ IR emission imaging reveals fuel loss from pre-chamber before
' CRE, spark, increasing with Ap, ., (longer pre-chamber injections)

IR emission from hot fuel inside the prechamber shines through the nozzles (blue circles)

 As DSE is increased, weak IR emission from fuel “leaks” from pre-chamber (yellow circles)

344 CAD
DSE=0

Motored

344 CAD
DSE=5 °CA
05

Fired

344 CAD
DSE=7 °CA

344 CAD
DSE=8 °CA
Aprs=0.8
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344 CAD
DSE=9.5 °CA
Ape=0.95

344 CAD
DSE=11 °CA
Apre=1.1
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2\\\ Unfueled pre-chamber, A=1.5-1.7 sweep: combustion duration
BCRE

increases at constant spark timing

» After spark at 343 CAD, pre-chamber and main-chamber pressure rise rate
and peak pressure decrease with increasing A i,

Pre-Chamber Pressure Main-Chamber Pressure
Passive prechamber fuelling (Through port injection) Passive prechamber fuelling (Through port injection)
Spark =343 CAD; T. =41°C;P. =105 kPa Spark =343 CAD; T. =41°C;P. =105 kPa
6000 , ‘ e . : } 6000 » ‘ e — : ‘
------ Motoring Curve == Motoring Curve
5500 — =170 4 5500 — =170 1
— =165 —X=165
5000 —A=1.60 255, 3000 —A=1.60
é - — =150 @,4500 —A=1.50
§4000 %
§ 3500 5
]
A& 3000 - b
— 0]
5] -
8 2500 =
g £
£ 2000 @)
2 1500 g
o <
1000 =
500
500 320 340 360 380 400 120 440 500 320 340 360 380 400 120 440
CAD CAD
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OH* Chemiluminescence

Unfueled pre-chamber, Ay.;,=Ap,.=1.9: burning jets ignite
CRF main-chamber within 1 CAD after emerging from pre-chamber
Burning IR jets emerge by 352 CAD (unburned A=1.5 jet into A =1.5 main likely not visible)

OH* chemiluminescence also appears at 352 CAD, main-ignition by 353 CAD S
IR imaging shows main fuel relatively well mixed (sensitive to temperature though) ‘

344 CAD =

353 CAD

w ¥

-

354 CAD

356 CAD

( }, Sandia
ﬁf‘ﬁ’ | National
.+ Laboratories

358 CAD

352 CAD

353 CAD

354 CAD

COMBUSTION RESEARCH FACILITY

IR images

of main fuel
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Fueled pre-chamber sweeps: Ay, = 0.49 to 1.65 at A, = 1.65
is fastest at A, = 0.93; use Ay, = 1.65 to 2.60 at A, = 0.93

Pre-Chamber Pressure

Active prechamber fuelling with port injection

Main-Chamber Pressure

Active prechamber fuelling with port injection

Pre-Main A Pressure

Active prechamber fuelling with port injection

/ A=1. 65 Spark 343 CAD; T = 4l°C P =105 kPa A=1.65; Spark 343 CAD; T = 4l°C P =105 kPa A= 1.65; Spark = 343 CAD; T =41°C; P =105 kPa
6000 6000 1400
¥  la | & e A | | e Moloring Curve ~ Motoring Lurvc =165 o Motoring Curve
5500 - —X =165 i 5500 _,\ =1.65 }\'Mam 1 65 — =165
pre e 1200 pre
5000 — A~ 124 = 5000 —i = :i;‘ —jmf 1-3;‘
— A =104 X = —_ e =
5 pre ~ pre < 1000 i
gy 4500 — A, =093 2 4500 — A, =093 = —’\m 0.93
o 4000 — =076 £ 4000 — A =076 = — =076
2 pre = pre Y 200 pre i
A =0.60 A A =0.60 2 A =0.60
g 3500 - pre O - $ 3500 pre 5 pre -
o Ay = 0.50 ~ Arge = 0:50 5 ] Ao = 0:50
& 3000 e = &5 3000 =600
5) < )
8 2500 £ 2500 =
g 2000 & 2000 5 W
5 S g
o
2 1500 £ 1500 £ 200
1000 - = 1000 -
............. 0 —
500" e = S0 e 3
0 1 1 L L i 0 L L L 1 L [| = N 1 1 L
300 320 340 360 380 400 420 440 300 320 340 360 380 400 420 440 300 320 340 360 380 400 420 440
CAD CAD CAD
Active prechamber fuelling with port injection Active prechamber fuelling with pi)rt injection Active prechamber fuelling with pg)rt injection
)\Ple - 093, Spark =343 CAD, Tin - 410C; Pin =105 kPa o0 )‘pre = 093, Spark =343 CAD, Tin =41 C, P =105 kPa )\pre = 093, Spark =343 CAD, Tin =41 C; Pi“ =105 kPa
y . ; : 1400 i : ‘
6000 T T T T T = ne C [ Motoring Curve(| | ke Motoring Curve
5500 —1;49‘(1";1(1)& el 5500 —x<170 i | =110
o =180 5000 }—/\* 1.80 1200 \ —=1.80
5000 —A=190 g \:;\\_;gg — ‘ _iiégg
= 5= — =2
& 4500 _f\‘ - %‘gg 24,4500 l—A=220 & 1000 — =220
- - =
2 oo = 3 i
‘; ﬁ \ A=2.60 2 L — 3 800t i
\ 3500 =
2 3500 i \ 1 o 5}
wn | W = —
& w i £ 5 Apo =0.93
A& 3000 \ }"Pre =0.93] 5 3000 ag 600 - Pre
) LG A A I~ S I A B U
o \ S 2500 Jor %
£ *ast s 2 a0l (*estimated) -
S 2000 / . & 2000 / 3
() / =) /
E 1500 / § 1500 / £ 200
1000 - / 1000 pra ,
p i I R R WE Y
S e I ) R
0 ! L L N SO S i 0 ' 1 1 L 1 L 1 L L
300 320 340 360 380 400 420 440 200 3200 340 30 3800 400 420 <40 3000 320 340 36h 380 4000 4200 M0
CAD CAD CAD
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22 Unfueled pre-chamber misfires for Ay, = Ay, > 1.70;
CRE Apre =0.93 pre-chamber extends lean limit beyond A,;, = 2.40

* At Ayin=1.70, OH* chemiluminescence images throughout main chamber are much more
luminous for fueled (Ap,, = 0.93) than unfueled (Ap,.=1.70) pre-chamber

341.0 CAD 341.0 CAD
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2N Fueled pre-chamber, Ap, = 0.93, Ay, = 2.60: distinct flame
' CRE propagation not apparent in OH* chemiluminescence

» Cycle-to-cycle variability in main-chamber ignition for IR images (not due to pre-chamber)
« OH* images are from single cycle; IR image sequence assembled from one per cycle
* IR and OH* show progression of combustion through main chamber, but flame not distinct

348 0 CAD 349.0 CAD 349.5 CAD ) 351.5 CAD
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2. Future work for HD optical engine with active natural gas pre-
CRIE. chamber for fundamental mixing & combustion data

Common-Rail Fuel-Injector
or HPDI NG/Diesel Injector
or Spark Plug/Pre-chamber

NG Port —__
Injector
Side-Wall

NG Direct \
Injector

Next Steps:

1.

Complete design and fabrication of third-
generation pre-chamber assembly with
automotive-scale spark plug,

improved sealing, and improved clamping

Gather engine performance and combustion
imaging data along the EGR dilution and/or
lean-mixture limits to characterize the in-
cylinder processes affecting stability and
efficiency

Utilize other laser/imaging diagnostics to
measure additional in-cylinder quantities

a) Infrared and/or fuel-tracer imaging for
penetration/spreading-angle of reacting
and/or non-reacting pre-chamber jets

b) Combustion radical chemiluminescence
and/or fluorescence imaging for
ignition/combustion location and mode
of propagation
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A\ Comparison between fueled and unfueled prechamber at

CRE. Ayin=1.70

Unfueled Prechamber: Ay, = Ap,. = 1.70

341.0 CAD Fueled Prechamber:i,,, = 1.70; Ap,, = 0.93

341.00 CAD

Y Sandia
[l"] | National
‘ } laboratories
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