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Abstract

In direct-injection light-duty Diesel engines, swirl (bore-scale single rotating vortex around cylinder axis) is needed to promote large-scale
transport of fuel vapor and air during injection. Swirl is also crucial for efficient soot oxidation in the late-cycle mixing controlled
combustion phase. For twin port design, swirl asymmetry is initiated by the asymmetrical orientation of the intake ports. There exists a
great interest in predicting the flow asymmetry in the late compression stroke so as to help deciding the optimum injector location for
optimum mixture preparation. Since bowl-in-piston cylinder geometries can be expected to substantially change the in-cylinder flow
structures, the experimental assessment of velocity fields (by swirl-plane PIV) needs to be conducted with realistic piston bowl
geometries. However, severe image distortion brought by the complex piston geometries is one of the obstacles for accurate velocity
measurements. This work presents an update of experimental (planar PIV) and numerical investigations of in-cylinder flow with two
piston bowl geometries. Analyses of the distortion-corrected planar PIV results taken for two steady-state swirl ratios of 2.2 and 3.5 yield
information about swirl center motion and swirl ratio temporal evolution in the late compression stroke. Both theoretical considerations
(1-D simulation) and experimental results show that swirl temporal development with the stepped-lip piston geometry is slower than that
with the conventional re-entrant piston geometry in the late compression stroke. This is the joint effect of piston geometry change and
the an associated increase in squish height. Further investigation will help clarify the relative importance of these two effects.

This work is made possible through the support from the Office of Vehicle Technologies:
Gurpreet Singh / Leo Breton and General Motors: Alok Warey; Ford: Eric Kurtz (principal
technical contact)

Sandia National Laboratories is a multi-program laboratory managed and operated by Sandia Corporation,

a wholly owned subsidiary of Lockheed Martin Corporation, for the U.S. Department of Energy’s National
Nuclear Security Administration under contract DE-AC04-94AL85000
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* Motivation

- Background

« Swirl Development Mechanism: 1-D simulation

« Swirl-Plane PIV Measurement Setup and Test Cases
 Optical Distortion Correction and PIV Tracer Fidelity Check

* Results
— Geometry Effect on Swirl Development
— Swirl Center Motion during Compression Stroke

* Summary

e Future Work
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| Reducing spray asymmetry is considered as one strategy to
CRE.  reduce UHC emissions for light-duty Diesel engines
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« Spray asymmetry is initiated by the asymmetric mean flow.

[1] Petersen, B., Miles, P., and Sahoo, D., "Equivalence Ratio Distributions in a Light-Duty Diesel Engine Operating under Partially
Premixed Conditions," SAE Int. J. Engines 5(2):526-537, 2012, d0i:10.4271/2012-01-0692.

COMBUSTION RESEARCH FACILITY 3 @ Sandia National Laboratories



@;r‘
2\ Background
CRE.

» Two piston bowl geometries with the same bowl volume (0.028L) available for in-
cylinder flow asymmetry comparison.

) S * Squish height (TDC) = 0.711 mm
w - Compression ratio = 16.7

 With valve cut-outs

« Bowl to bore ratio: Dg/B=0.55

¥

Re-entrant - Plenty of data available with this geometry
matching fired LTC cases

Ds « Squish height (TDC) = 1.346 mm
W « Compression ratio = 15.8
B
« Different optical distortion pattern

* No valve cut-outs

Stepped-lip  Bowl to bore ratio: Dg/B=0.73

* 30% higher laser pulse energy

» Optimized laser sheet
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9\/\ The moment of inertia of the cylinder contents decreases as
a L they are pushed into the piston bowl.

0 - Angular momentum (L) is

assumed to be constant
after IVC (friction and
other losses are

neglected).
1
I _ j Smp(ry* — 1y *)dh

L =1z w = constant

V1

« Angular velocity (swirl
ratio*RPM) will increase
to conserve angular
momentum.

http://hyperphysics.phy-astr.gsu.edu/hbase/rstoo.html
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2\ Effect of Squish Height on Swirl Development

» Assuming solid body rotation along cylinder axis, swirl amplification effects can be
/ quantified by a factor &¢c4p which calculates how much the moment of inertia
decreases from IVC.

W | | | |
a — CAD — 2144 19 — SquishHeight=0.711mm
CAD I , gl|—SquishHeight=1.016mm
Wryc z,CAD 8/| — SquishHeignht=1.346mm

1.7}

No valve cut-outs
Bowl to bore ratio: Ds/B=0.73

130

 Decreasing squish height
results in:

1.6F

* smaller moment of inertia,
acap

* higher charge density, acap]]

Swirl amplification factor

N w

* More pronounced swirl

development with decreasing IVC .

squish height suggests the 1 Lo fi”p(r24 1 Ydh
chaqge in moment of inertia 0.9 e e .
dominates swirl development. Crank Angle (degrees)
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2\ Effect of Squish Height on Swirl Development

CRE

» Assuming solid body rotation along cylinder axis, swirl amplification effects can be
/ quantified by a factor &¢c4p which calculates how much the moment of inertia

~ decreases from IVC.

W I ‘ ‘ ‘
a — ﬂ — LVC 19 — SquishHeight=0.711mm
CAD I — SquishHeight=1.016mm
Wryc z,CAD 1.8/ — SquishHeight=1.346mm
1.77|
. . . - N | -
» The effect of squish height in 3 ol Bgﬁgigﬁ fa“tﬁf,; De/B=0.73
swirl development is more *E o FI/\DET_‘
obvious near TDC. 219 B .
) |
L - £ 141! .
* Draw backs to this simplified s | L\(
analysis © 131 ]
* Assumption: solid body rotation (% 1.2 i
around cylinder axis '
1.1F! |
 Impact of valve cut-outs are i IVC 1
1
neglected i Lo fznp(rzzL —nYdh
* Influence from intake flow is 090 35 30 25 =20 15 -0 0
neglected Crank Angle (degrees)
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C}\/Y\?F Effect of Piston Geometry in Swirl Development

MLy

« With the same squish height and compression ratio, swirl amplification is less pronounced
with the stepped-lip piston bowl which results in a temporal delay by 4.4 CAD(0=2.9 CAD)
from late compression until TDC.

y

» The temporal delay of swirl development increases with piston compression.

5 11l = Stepped-Lip, SquishHeight=0.711mm * Peak swirl amplification
ol — Re-entrant, SquishHeight=0.711mm \ with stepped-lip
519 No valve cut-outs geometry is 19.7%

" Bowl to bore ratio: Ds/B=0.55

higher than that with the
re-entrant geometry.

40

No valve cut-outs

Bowl to bore ratio: Ds/B=0.73 30!

— — — — — — —
N W RN U1 O N @
T

Amplification Coefficient of Swirl Rati

1.1F 1 520
1L 10
0.97 — 10+
0.8+ N l
0.7 1 % 5 10 15 20
0._640 35 30 o5 50 15 ~10 5 0 swirl temporal delay (CAD)

Crank Angle (degrees)
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CRE.

stepped-lip piston bowl.

5 41| = Stepped-Lip, SquishHeight=1.346mm
| —Re-entrant, SquishHeight=0.711mm

. No valve cut-outs

o 1-91" Bowl to bore ratio: De/B=0.55

mplification Coefficient of Swirl Rati

— — — — — — — —

= 2 N WP~ OO N O
T

A

© o 9o

N o ©
T

No valve cut-outs
Bowl to bore ratio: Ds/B=0.73

o
o))

-35 -30 -25 -20 -15
Crank Angle (degrees)

I
X
o

40

Effect of Piston Geometry in Swirl Development

. With a larger squish height, swirl amplification becomes even less pronounced with the

* The temporal delay of swirl amplification increase by 6.4 CAD (0=4.4 CAD) until TDC.

* This configuration
mimics the current
experimental setups.

0 5 10 15 20

swirl temporal delay (CAD)

COMBUSTION RESEARCH FACILITY
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2\ Effect of Piston Geometry in Swirl Development

charge density

L]

I, —mp

« For a given squish height and
compression ratio, as the piston
approaches TDC, the bowl geometry can
substantially change the moment of

l inertia for the charge inside the bowl by
f changing the integral Q = [(r,* — r,*)dh.
angular momentum geometry
‘ 10X 0
V\FZ | 0 > Q)

stepped-lip re-entrant |

e vg

| £ 9

I <~

E vT 4r

| N

1 Z |

| I

1 |

! I

: |
I

/-\ 002468101214161820

h Imml

COMBUSTION RESEARCH FACILITY 10 () Sendia Natioal Laboratores



-
2N\ Effect of Piston Geometry in Swirl Development

charge density * Larger values of the inFegraI 0=
T [(ry* = ,*)dh means the swirl develops
1

more slowly.

I, Smp  The geometry difference in the upper
l portion of the stepped-lip piston bowl (in

| the blue region) is the main reason for its
angular momentum geometry slower increase rate of swirl amplification

factor a-,p during compression stroke.

5
1 10X10.

§) > ()

stepped-lip

9.2mm re-entrant

: h
Y\FZ
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2\ Swirl-Plane PIV Measurement Setup and Test Cases

Bore
Stroke
Displacement Volume

Geometric CR
Squish Height

Intake / Exhaust Valves
Steady-state swirl Ratio
Engine Speed

Intake Pressure

Intake Temperature

02 Mole Fraction

Constant total mass flow rate

Operating Condition

Test cases:

82 mm
90.4 mm
0.477 L

16.7 (re-entrant)
15.8 (stepped-lip)

0.711 mm (re-entrant)
1.346 mm (stepped-lip)

2/2
1.5,2.2,35
1500 rpm
1.5 bar
99°C

10%

8.936 g/s
Motored

« Swirl-plane vertical position (below fire deck):
 Half of squish height ( within 20 CAD from

firing TDC).

¢ z=3mm, z=10mm and z=18mm for other

crank angles.

er Pulses '

< fi = 500mm
Spherical

Top View

Upper Cylinder Liner

Mirror4 (up) ¢

Mirror
(down)

Aperature

*

Mirrorl

*

Mirror2

Laser Sheet Height Adjustment

v Laser Sheet

’ <4 Beam Blocks
f> = 300mm

Spherical

fz = —=50mm
Cylindrical

LaVision
Imager Intense CCD
(1376x1040 pixel)

Exhaust Intake

BN |
e T
Mirror4 \A & ‘l : ll
E TS
o | e R
E Side Window : }./_\.[‘( :
%2 Fqsed Silica
Piston Top
Lower Cylinder Liner
Mirror3 —p»

Piston Mirror

COMBUSTION RESEARCH FACILITY
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/ﬁ\\ Optical distortion correction is crucial to resolve accurate
CRE

particle displacements for reliable velocity measurements.
¢

Artificial radial velocity @ -45°aTDC
40 [mm] =3.5
~ z=3 mm ) s,steady -
z=10 mm H
z=18 mm 30 55
/
<~ ar S *t%\, F] RIS
Nv v e /7
\ 1 B |/ NN N T\
‘ﬁ“lo I Ao | 8
m ——— s s ,5

7 -045°aTC

30 4|0 [mm]

Optical distortion induced by the
piston is spatially and temporally
dependent.

« Artificial radial velocity created by
the incremental piston movement
between two laser pulses is non-
negligible.
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N
CRF.

Ray tracing allows a full dewarping transformation with any
given laser plane position and piston location.

r’(i,j) [er]

R'(i,j) [pixel]

o

BN NN NN EEN BN NN NN NN NN N NN N MRS L Y R A W N NN NN BN NN BN BN BN N -y,

\
1
&

. S\
,' Distorted Domain . § Undistorted Domain ‘I
I g g I
| i i |
| xf3 I | xd i
! [mm/pixel] I | Ray Tracing| ! [pixel/mm] [
) (i) L1 bl R S RGj) |1
1| [pixel] [mm] |7 17| [mm] 7 eixel]l | |
! I | [
\\____________________/, ‘\ /’

A S R R RS RS S -

> Piecewise-linear transformation with MATLAB (&

Zha, K., Busch, S., Miles, P. C., et. al. "Characterization of Flow Asymmetry During the Compression Stroke Using Swirl-Plane PIV in a Light-
Duty Optical Diesel Engine with the Re-entrant Piston Bowl Geometry," SAE Int. J. Engines 8 (4), 2015, doi: 10.4271/2015-01-1699.
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CRE.

A

4

Porous SiO,

PIV Particle Fidelity Check

» Aerosol - size ~= 1 ym, Mie-scattering signal is too weak to image through the piston

Lycopodium spores = size =32 um, low ring friction, but induces large lag error

« 2 um, small lag error, but creates ring friction problems

-
()]

—2micron SiO2

RN
N

—18micron SiO2

N
N

1t
0.8r
0.6r

0.4} |
0.2} Stokes number = 0.1 |

/om==oo----------

550 -300 240 —180 120 60 0 60 120
Crank Angle (Degrees)

=
(2
=
—
[0
e}
€
=1
z
0
[0}
X
o
L
w

18 um, lag error during early intake, and ring friction problems

2 ym Porous Si0, yields an acceptable flow tracing accuracy with errors < 1%.

Porous SiO, (18 pym) Porous SiO, (2 pm)

zzzzz

Exhaust
Exhaust

” _025°aTDC

" _025°aTDC

10 20 30 40[mm] -40 -30 =20 -10 O 10 20 30 40[mm]

COMBUSTION RESEARCH FACILITY
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Larger PIV tracer particles tend to bias the swirl center closer
to chamber center due to their larger lag error.

18um SiO,
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=30 N -
==
S~ -025°aTDC
—40¢ - ; - - - - - - —40¢ - - - - - - - -
-40 -30 =20 -10 O 10 20 30 40 [mm] -40 -30 =20 =10 O 10 20 30 40 [mm]
* Mean swirl center location: [-2.7, 0.9] mm * Mean swirl center location: [-5.9, 4.1] mm
0,=2.0 mm, oy=2.1 mm 0,=2.3 mm, oy=2.6 mm

Each black ellipse indicates one o of swirl center location away from the mean positions.
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22 During compression stroke until -25°aTDC, swirl develops slower
CRFE. with stepped-lip piston geometry than with the re-entrant bowl

geometry.

 The temporal delay of swirl development with the stepped-lip piston is statistically
significantly larger than the delay given by the simplified analysis.

« Swirl temporal delay measured from PIV is statistically larger than that from 1-D simulation,
which suggests intake flow & turbulence also have effects on swirl development.
2.5 \ \ \ \ \ \ \ \

o Stepped-lip, 18u SO,

} } o Stepped-iip, 2u SiO,
2.25- % A Re-entrant, 18u SiO2

Swirl Ratio
R
—e—A1 ——»
>
—eo—
oo
>
|

1.251 A -
A A

Swirl temporal delay
1k Mean =12.0 CAD |
Standard deviation=8.4 CAD

Each error bar stands for +o.

\ \ \ \ \ \ \ \ \ \ |
0'7—%0 -50 -40 -30 -20 -10 0 10 20 30 40 50
COMBUS Crank Angle (degrees)



;\A Besides background interference, beam steering effect prohibits

CREF reliable squish flow measurements.
" 18um Si0,, -0°aTDC, z=0.67mm

i

500

-100
450

-200
400

-300
350

Laser

-400
300

-500

pixel

250

counts

-600
200

-700
150

-800
100

-900

-1000

100 200 300 400 500 600 700 800 900 1000 1100 1200 1300
pixel

« Strong beam steering effects create streaks in the laser sheet; PIV processing is
unsuccessful for squish flow measurements.

COMBUSTION RESEARCH FACILITY 18 () Sendia National Laboratores



2N Besides background interference, beam steering effect and large
| /\ . oy e o . o

CRE dynamic range of velocities prohibit reliable squish flow
measurements.

18um Si0,, -0°aTDC, z=0.67mm

Severe beam steering in the
squish zone results in low
correlation values and unreliable
ensemble averaged data.

Background interference is
stronger on intake valve side
(slightly smaller squish height).

NN NN

Capturing both slow flow in the
squish region and fast out-of-
plane velocity in the bowl region
is difficult.

vyl

ER N S e T U G .

L .- '
z=0.67mm TTTTTTTTT -00°aTDC
O \n N !

-40 -30 -20 -10 0 10 20 30 40 [mm]
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Re-entrant piston bowl, R, .,4,~2.2
20 T T T T T T T T
8 @® -60°aTDC||
@® -50°aTDC
16 ® -45°aTDCf
14+ -30°aTDC||
-25°aTDC
121
— 101 1
£
E s -
> 6t ' Squish height (TDC) = 0.711 mm 7
Compression ratio = 16.7
4+ With valve cut-outs -
Bowl to bore ratio: De/B=0.55
I ¢ -
0 4

; S e

Te——>H

X [mm]

_4 | | | | |
-12-10-8 6 -4 -2 0 2 4 6 8 10 12 14 16

Y [mm]

}\/\ In-cylinder swirl with stepped-lip piston is more eccentric.
CRE.

Stepped-lip piston bowl, R; ¢.,4,=2.2

Squish height (TDC) = 1.346 mm |
Compression ratio = 15.8

No valve cut-outs -
Bowl to bore ratio: Ds/B=0.73

@® -60°aTDC
® -50°aTDC||
® -45°aTDC
-30°aTDC||
-25°aTDC
-20°aTDC]]
-18°aTDCH
-16°aTDC|
® -15°aTDC

_

8 10 12 14 16

Each black ellipse indicates one o of swirl center location away from the mean positions

(out of 220 instantaneous velocity fields).

COMBUSTION RESEARCH FACILITY
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Swirl center motion changes as swirl ratio increases; cyclic
variability (indicated by o of swirl center location) is larger for
the stepped-lip piston geometry.

Re-entrant piston bowl, R .,4,=3.5 Stepped-lip piston bowl, R; .,4,=3-5
8l 7 @ -60°aTDC| ® -60°aTDC||
LS =" ® -50°aTDC ® -50°aTDC
16 e ® -45°aTDC| ® -45°aTDC|
14l -30°aTDC|] -30°aTDC|
-25°aTDC -25°aTDC
12¢ 127 ~18°aTDC|
— 10} — 10t o’ -16°aTDCH
= = o ~15°aTDC
E 8 E 8 , :
&
>- 6r @ Squish height (TDC) = 0.711 mm | >- 6r .' Squish height (TDC) = 1.346 mm |
Compression ratio = 16.7 M Compression ratio = 15.8
4+ ' With valve cut-outs 4} 1 No valve cut-outs
' Bowl to bore ratio: De/B=0.55 T Bowl to bore ratio: Dse/B=0.73 T
2f 0 | Rl AR
8 4 : t @ . I
of , 1 of + 1
L “ " i i _27 ¢ i
-2 Yae I— =
_4 | | | | ! | | | | | | | | — | | | | | | | | | | | | |
-12-10-8 -6 -4 -2 0 2 4 6 8 10 12 14 16 -12-10-8 -6 -4 -2 0 2 4 6 8 10 12 14 16
X [mm] X [mm]

Each black ellipse indicates one o of swirl center location away from the mean positions
(out of 220 instantaneous velocity fields).

COMBUSTION RESEARCH FACILITY
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A
CRF.

Piston geometry effect becomes dominant for swirl
asymmetry in the late compression stroke.

’ ’ﬁe-entrant piston bowl, CAD=-50°aTDC Stepped-lip piston bowl, CAD=-25°aTDC

16 T T T T T T T T T T T T T 16 T T T T T T T T T T T T
14l Exhaust €— —> Intake O z=3 mm | 1al Exhaust €— —> Intake O z=2.15 mm 1
0 0 z=10 mm -’ 0 z=3.00 mm|
A 7z=18 mm A 7=4 .30 mm
10f B 101 B
Rs,steady=2.2 Rs,steady=2.2
8 Rs,steady=3.5 1 8 Rs,steady=3.5 -
6 6l
v @ £
E 2 @ ® E 2
~ -~
> of T ® R > of
—2r Squish height (TDC) = 0.711 mm | —2r Squish height (TDC) = 1.346 mm |
Compression ratio = 16.7 Compression ratio = 15.8
—4r With valve cut-outs ) —4r No valve cut-outs
Bowl to bore ratio: Ds/B=0.55 Bowl to bore ratio: Ds/B=0.73
-6r I -6 I
81 1‘ -81 1‘
| |
~ —
_1 | | | | | | | | | | | | _1 | | | | | | | | | | | |
—%2 -10 -8 -6 -4 -2 0 2 4 6 8 10 12 14 16 —%2 -10 -8 6 -4 -2 0 2 4 6 8 10 12 14 16
X [mm] X [mm]

Each ellipse indicates one o of swirl center location away from the mean positions (out of
220 instantaneous velocity fields).
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2\ i
CRE Summary/Conclusions

~+ 1-D simulation based on angular momentum conservation demonstrates the swirl
amplification mechanism with bowl-in-piston geometry.

v

* Both simulation (1-D) and experiments show that swirl development with stepped-lip piston
geometry is less pronounced than that with re-entrant piston geometry in the late
compression stroke until TDC.

« Swirl temporal delay measured from PIV is statistically larger than that from 1-D simulation,
which suggests intake flow & turbulence also have effects on swirl development.

1-D Simulation Experimental Results from PIV
Swirl temporal delay p=6.4 CAD, o= 4 4 CAD Swirl temporal delay u=12.0 CAD, 0=8.4 CAD
2_1,—Stepped L|p SqwshHelght 1. 346mm 2:5
27—Re entrant, SquishHeight=0.711mm 1
19k No valve cut-outs | 29251
2 7| Bowl to bore ratio: De/B=0.55
X 1.8
216 O
S 1.5f T
S 1.4 E 1.75¢ E E 1
© No valve cut-outs =
8 1.3 Bowl to bore ratio: De/B=0.73 | = E
§1.2 N

= 1 1.5 .
ke, 11F by
';—;1 1L | } e Stepped-lip, 18u SiO2
< 0.9+ 1 1.25¢ e Stepped-lip, 2u SiO,, |1
0.8 | Ao Re-entrant, 18u SiO2
0.7r ] | | | | |
%50 235 Z30 25 220 15 210 5 0 _130 —50 740 —30 —20 10

Crank Angle (degrees) Crank Angle (degrees)
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CRE. Summary/Conclusions

A

* In the late compression stroke, in-cylinder swirl is more eccentric and cyclic
variability of swirl center location (indicated by o of swirl center locations) is greater
with the stepped-lip piston. This is the joint effect of piston geometry change and
increased squish height.

Re-entrant piston bowl, R ¢eaqy=2.2 Stepped-lip piston bowl, Ry geady=2-2
@® -60°aTDC | @® -60°aTDC |
@® -50°aTDC @® -50°aTDC
® -45°aTDCf ® -45°aTDC|
14l -30°aTDC|] -30°aTDC|]
-25°aTDC -25°aTDC
12 12 -20°aTDC]||
=10 1 =19 . -18°aTDCH
£ 8 1 E sl Lot -16°aTDC]||
= = e ® -15°aTDC
>- 6r ! Squish height (TDC) = 0.711 mm | >- 6r 1 Squish height (TDC) = 1.346 mm |
Compression ratio = 16.7 |} Compression ratio = 15.8
4} With valve cut-outs - 4} No valve cut-outs -
Bowl to bore ratio: De/B=0.55 A Bowl to bore ratio: De/B=0.73
T -’ T |
2 g . 2 o T
Or . T 1 Of + I
|
_4 | | | | | | | | | |

| | | | | | | | | | | _4 | | | | |
-12-10-8 6 -4 -2 0 2 4 6 8 10 12 14 16 -12-10-8 -6 -4 -2 0 2 4 6 8 10 12 14 16
] X [mm]
Each black ellipse indicates one o of swirl center location away from the mean positions.
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CRE. Summary/Conclusions

A

* In the late compression stroke, in-cylinder swirl is more eccentric and cyclic
variability of swirl center location (indicated by o of swirl center locations) is greater
with the stepped-lip piston. This is the joint effect of piston geometry change and
increased squish height.

Re-entrant piston bowl, R =3.5 Stepped-lip piston bowl, R geqq,=3-5

s,steady

20 T T T T T T T T
18l 1 @ -60°aTDC]|| ® -60°aTDC||
LS =" ® -50°aTDC ® -50°aTDC
16t ~L 7 30 ® -45°aTDC] ® -45°aTDC]
Exhaust €= =3 Intake o o
14+ -30°aTDC|| 14} -30°aTDC||
-25°aTDC -25°aTDC
12+ 12} —18°aTDC_
. ° 1
E- 10} 1 -g- 10+ '/ ;Igoa'lT'Bg
- a
£ 8t 1 £ 8 /' -
>- 6r @ Squish height (TDC) =0.711 mm | >- 6r .' Squish height (TDC) = 1.346 mm |
Compression ratio = 16.7 ’ Compression ratio = 15.8
4} 1 With valve cut-outs - 4} 1 No valve cut-outs -
' Bowl to bore ratio: De/B=0.55 T Bowl to bore ratio: De/B=0.73 T
il r e r
of ~+- 1 of -+ 1
G y !
-2t ARUSYS - -2t -
s - |—

| A | | | | | _4 | | | | |
-12-10-8 6 -4 -2 0 2 4 6 8 10 12 14 16 -12-10-8 6 4 -2 0 2 4 o6 8 10 12 14 16
X [mm] X [mm]

Each black ellipse indicates one o of swirl center location away from the mean positions.
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CRE. Summary/Conclusions

A

4

~ » Piston geometry effect becomes dominant in the late compression stroke: the swirl
center location is closer to the intake valve in lower planes.

Re-entrant piston bowl, CAD=-50°aTDC Stepped-lip piston bowl, CAD=-25°aTDC

16 T T T T T T T T T T T T T 16 T T T T T T T T T
1al Exhaust €— —> Intake O z=3 mm | 1al Exhaust €— —> Intake O z=2.15 mm||
-l 0 z=10 mm| ol 0 z=3.00 mm|

A z=18 mm A z=4.30 mm
10F 10t

Rs,steady=2.2 |
- Rs,steady=3.5

Rs,steady=2.2 |
" Rs,steady=3.5

8 8
6 g 6 |
4+ (9~ 1 4+
2 @ @ 2
0 0

€ I3
E 2 | E 2 ]
~ ~
>' L e b LN i >' L B
RO
=2 o 1 -2F . 1
Squish height (TDC) = 0.711 mm Squish height (TDC) = 1.346 mm
Compression ratio = 16.7 Compression ratio = 15.8
—4r With valve cut-outs h —4r No valve cut-outs 7
Bowl to bore ratio: De/B=0.55 Bowl to bore ratio: De/B=0.73
61 I -6 I-
1 t
-10r \J,* -10r \J/,
12 1 1 1 1 1 1 1 1 1 1 1 1 l_ 12 1 1 1 1 1 1 1 1 1 1 1 1 |_
-12-10 -8 -6 -4 -2 0 2 4 6 8 10 12 14 16 -12-10 -8 -6 -4 -2 0 2 4 6 8 10 12 14 16
X [mm] X [mm]

Each ellipse indicates one o of swirl center location away from the mean positions (out of
220 instantaneous velocity fields).

COMBUSTION RESEARCH FACILITY 26 () sendia National Laboratores



-
2N\ Future Work: compare with results from simulation

University of Wisconsin -- Engine Research Center

- Bowl shape effects on swirl structure and local turbulence availability in the SNL
light-duty engine
Iy &N by FRESCO

Re-entrant !‘I'l Stepped-Lip fl‘l RCCI Piston Flat Piston

pVaValVala
AT A

1) Squish height affects amount of squish flow - Keep constant squish height
instead of compression ratio

2) Analyze effects of squish height on flow structure
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2\ Future Work
CRE.

~ « Further investigation is needed to isolate effect of squish height away from piston
geometry.

v

Dg

R S

w * Squish height (TDC) = 0.711 mm

« Compression ratio = 16.7

 With valve cut-outs
« Bowl to bore ratio: Dg/B=0.55

Re-entrant
DB
W * Squish height (TDC) = 1.346 mm
B « Compression ratio = 15.8
« Different optical distortion pattern
Stepped-lip * No valve cut-outs

« Bowl to bore ratio: Dg/B=0.73

COMBUSTION RESEARCH FACILITY 28 () sendia National Laboratores



q

2\ Future Work
CRE

 Further investigation is needed to isolate effect of squish height away from piston
geometry. D
B

R S

w - Squish height (TDC) = 1.346 mm

« Compression ratio = 15.8

* No valve cut-outs

« Bowl to bore ratio: Dg/B=0.55

Re-entrant
DB
W * Squish height (TDC) = 1.346 mm
B « Compression ratio = 15.8
« Different optical distortion pattern
Stepped-lip * No valve cut-outs

« Bowl to bore ratio: Dg/B=0.73
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E/]\QF THANK YOU FOR YOUR ATTENTION !

QUESTIONS?

- ;- ‘ o [
Ly 1 ' DETROIT DIESEL 'Q, bp
Chevron

JOHN DEERE

ELECTRCMOTIVE

e \

USUAIVE ExonMobil c:;iz@?
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