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Reducing spray asymmetry is considered as one strategy to

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, doi:10.4271/2012-01-0692.
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Background

« Two piston bowl geometries with the same bowl volume available for in-cylinder flow
asymmetry comparison.

) > » Squish height (TDC) = 0.711 mm
L/B\) - 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

Dg » Squish height (TDC) = 1.346 mm
W - Compression ratio = 15.8
B - Different optical distortion pattern

* No valve cut-outs
« Bowl to bore ratio: Dg/B=0.73
Stepped-lip » 30% higher laser pulse energy

» Optimized laser sheet

SAE INTERNATIONAL * Kurtz, E. and Styron, J., "An Assessment of Two Piston Bowl Concepts in a Medium-Duty Diesel

Engine," SAE Int. J. Engines 5(2):344-352, 2012, doi:10.4271/2012-01-0423.



The moment of inertia of the cylinder contents decreases as they

are pushed into the piston bowil.

* Angular momentum (L) is
assumed to be constant
after IVC (friction and
other losses are
neglected).

1
I, = f Smp(r* =i *)dh

L =1,w = constant

V1

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

SAE INTERNATIONAL http://nyperphysics.phy-astr.gsu.edu/hbase/rstoo.html



Effect of Squish Height on Swirl Amplification

« Assuming solid body rotation along cylinder axis, swirl amplification effects can be
quantified by a factor %cap which calculates how much the moment of inertia

decreases from IVVC.

wcap Iz e

Acap =

Wryc IZ,CAD

» Decreasing squish height
results in:

« smaller moment of inertia,
acap ]

* higher charge density, acap(]

* More pronounced swirl
development with decreasing
squish height suggests the
change in moment of inertia
dominates swirl development.

Swirl amplification factor

19 = SquishHeight=0.711mm
1.8l — SquishHeight=1.016mm
|| =—SquishHeight=1.346mm
1.71
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Effect of Squish Height on Swirl Amplification

« Assuming solid body rotation along cylinder axis, swirl amplification effects can be
quantified by a factor %cap which calculates how much the moment of inertia

decreases from IVVC.

wcap Iz e

Acap =

Wryc IZ,CAD

* The effect of squish heightin
swirl development is more
obvious near TDC.

* Draw backs to this simplified
analysis

* Assumption: solid body rotation
around cylinder axis

* Impact of valve cut-outs are
neglected

* [nfluence from intake flow is
neglected

Swirl amplification factor
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Effect of Piston Geometry in Swirl Amplification

« 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(c=2.9 CAD)
from late compression until TDC.

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

« Peak swirl amplification
\ with stepped-lip
geometry is 19.7% lower
than that with the re-
entrant geometry.

, 1| — Stepped-Lip, SquishHeight=0.711mm
—— Re—-entrant, SquishHeight=0.711mm

10- No valve cut-outs
2 *°| Bowl to bore ratio: De/B=0.55

e 1.85
S 1.7}
%1.&
515"
£ 141
1.3
1.2
117 .
i |
0.9" .
0.8 .
0.7 .

2:

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

Amplification Coe

06 ‘ | ! !
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With larger squish height, swirl amplification effect for stepped-lip

piston becomes even less pronounced than re-entrant piston after
IVC.

« With a larger squish height, swirl amplification becomes even less pronounced with the
stepped-lip piston bowl.

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

|— Stepped-Lip, SquishHeight=1.346mm . o
2.1 .
| — Re-entrant, SquishHeight=0.711mm This configuration
2 mimics the current
1.9- No valve cut-ou’fs -
9 Bowl to bore ratio: De/B=0.55 experimental setups.

» Squish height for
stepped-lip geometry is
increased to avoid valve

No valve cut-outs interference with flat

Bowl to bore ratio: Ds/B=0.73 - piston top.
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Broader bowl entrance geometry is the main reason for slower

swirl amplification during compression stroke

charg
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Larger values of the integral Q=
[(r,* — r,*)dh means the swirl develops

more slowly.
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Swirl-Plane PIV Measurement Setup and Test Cases

GM 1.9 L Diesel Engine

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.

fi = 500mm
<+ Spherical

' <«¢— Beam Blocks
f2

up)

Mirror4 (

r Pulses '

Spherical

Top View

Upper Cylinder Liner

= 300mm

*

Mirror3
(down)

+

Mirrorl

*

Mirror2

Laser Sheet Height Adjustment

Aperature fi=

v Laser Sheet

LaVision
Imager Intense CCD
(1376x1040 pixel)

Exhaust Intake

Mirrord

< e
-*]
;
® Side Window ; ﬁf
=
) Fu_sed Silica

Piston Top

Lower Cylinder Liner
Mirror3 —p»

Piston Mirror
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Optical distortion correction is crucial to resolve accurate particle

displacements for reliable velocity measurements.
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z=10 mm
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» 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.



Ray tracing allows a full dewarping transformation with any given

laser plane position and piston location.
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> 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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Larger PIV tracer particles tend to bias the swirl center closer to

chamber center due to their larger lag error.
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« Mean swirl center location: [-2.7, 0.9] mm « Mean swirl center location: [-5.9, 4.1] mm
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Each black ellipse indicates one o of swirl center location away from the mean positions.
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During compression stroke until -25°aTDC, swirl develops slower

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.
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Y [mm]

In-cylinder swirl with stepped-lip piston is more eccentric.

Re-entrant piston bowl, R; .,4,~2.2

20 T T T T T T T T T T T T T
18l T - @® -60°aTDC|
- — % @® -50°aTDC
16+ LT e OQ° —48° -
i’ _Exhaust €— —>|ntake ® _2202132 |
-25°aTDC
12r
10+ .
8+ 4
6 B ! Squish height (TDC) = 0.711 mm |
Compression ratio = 16.7
4+ With valve cut-outs E
Bowl to bore ratio: De/B=0.55
2 K2 lke
: 1}
0 B '] + i 7
'
-— - ~ -
_—12—10 -8 6 4-2 0 2 4 6 8 10 12 14 16

X [mm]

Stepped-lip piston bowl, R .,q4,~2.2

20 T T T T T T T T T T T T T
18l @ -60°aTDC |
- % @® -50°aTDC
161 —i = 90° ® -45°aTDCH
i’ —Exhaust €— —>intake ~30°aTDC |
-25°aTDC
12y ~20°aTDC||
10+ -18°aTDCH
3l Lot -16°aTDC ||
4 ® -15°aTDC
6 B 1 Squish height (TDC) = 1.346 mm |
{ Compression ratio = 15.8
4+ No valve cut-outs B
Bowl to bore ratio: De/B=0.73
2t T ]
B
o -+ I :
_2k H — i
_4 1 1 1 1 1 1 1 1 1 1 L 1 1
-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
(out of 220 instantaneous velocity fields).
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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
20 T T T T T T T T
sl T p— ® -60°aTDC || ® -60°aTDC|
1< = %0 @® -50°aTDC ® -50°aTDC
161 e A ® -45°aTDC/ ® -45°aTDC
i’ kExhaust €— —>|ntake ~30°aTDC || I ~30°aTDC |
-25°aTDC -25°aTDC
12 12y ~18°aTDC]]
— 10} 1 — 10} ‘ -16°aTDC
g . _ g al '," -15°aTDC||
[— — "
> 6 @ Squish height (TDC) = 0.711 mm | > 6r .' Squish height (TDC) = 1.346 mm |
Compression ratio = 16.7 1 Compression ratio = 15.8
4 ' With valve cut-o_uts 4+ 1 No valve cut-out_s
' Bowl to bore ratio: De/B=0.55 T Bowl to bore ratio: De/B=0.73 T
’ ® . 2@ .
o ~+ : o -+ :
A
=2 i " i ] _2 = l ]
2 ‘\I — =

1 1 1 1 , | | | | | | 1 1 _4 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 black ellipse indicates one o of swirl center location away from the mean positions
(out of 220 instantaneous velocity fields).
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Piston geometry effect becomes dominant for swirl asymmetry in

the late compression stroke.

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

Y [mni

16 T T T T T T T T T T 16 T T T T T T T T T T T T
» Exhaust €— —>> Intake O z=3 mm 1 Exhaust €— —> Intake 0O z=2.15 mm
L . 4 L " 4
.’ 0 z=10 mm| > 0 z=3.00 mm
A z=18 mm A z=4.30 mm
10} 1 10 a
Rs,steady=2.2 Rs,steady=2.2
8 Rs,steady=3.5 - 8 Rs,steady=3.5
6l 1 6
4+ 4+
® £
2 ol
0 @' ~o . s~~ >'—_' .
©-
Ki Squish height (TDC) = 0.711 mm | Kl 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: Ds/B=0.55 Bowl to bore ratio: Ds/B=0.73
-6 T -6 T
t M
-10t \l,- -10t J,-
_1 1 1 L 1 1 L 1 1 1 Il 1 Il |_ _1 1 1 L 1 1 L 1 1 1 Il 1 Il P
—%2 -10 -8 -6 -4 -2 0 2 4 6 8 10 12 14 16 —%2 -0 -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).
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3D CFD simulation with FRESCO

University of Wisconsin -- Engine Research Center

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

Re-entrant fl'l Stepped-Lip fl'l RCCI Piston Flat Piston

p ) - VaVaVl,
e | ki

| - BOWL APERTURE +
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

SAE INTERNATIONAL



Global swirl ratio development

global swirl ratio, H19T19 global swirl ratio, H19T19

[u—
—_ ()]
T T

swirl ratio [-]
swirl ratio [-]

e
)

— steppedLip, global — steppedLip, global

0 — reEntrant, global 7 —reEntrant, global
- I I I I 22 I ! |
O—'Z?OO -300 -200 -100 0 100 -40 -30 -20 -10 0
crank angle [deg aTDC] crank angle [deg aTDC]

- Similar compression ratios but different squish heights are used: CR=16.7, s=0.78 mm
for the re-entrant geometry, and CR=16.1, s=1.36 mm for the stepped-lip geometry

- The re-entrant piston shows a globally slightly stronger swirl amplification near TDC
than the stepped-Lip. The global Rs values are directly linked with the higher CR

SAE INTERNATIONAL



Squish swirl ratio development

squish swirl ratio, H19T19

squish swirl ratio, H19T19

— steppedLip, squish
| | 7 reEntrant, squish

p—
—_ (9]
T T

swirl ratio [-]

swirl ratio [-]

o
W

— steppedLip, squish

0 — reEntrant, squish
_O. [ | [ [ [ ! L
—200 -300 -200 -100 0 100 2'-340 -30 -20 -10 0
crank angle [deg aTDC] crank angle [deg aTDC]

- Swirl ratio development in the squish region is a direct consequence of:
1) Compression ratio
2) Amount of swirling charge (not) transferred to the bowl due to squish flow

- The re-entrant piston shows slightly larger swirl amplification in the squish near TDC.
This conveys that a more ‘isolated’ bowl receives less swirling momentum from the
compression effect. This effect is much more evident in the no-cutouts configuration
(not plotted here), where no geometry features interfere with the vortex motion

SAE INTERNATIONAL



Bowl swirl ratio development

bowl swirl ratio, H19T19 bowl swirl ratio, H19T19

3 2.8
2.5
2.67
- & w
2 15 2 24
] ]
P P
= 1 =22
% 0 g
— steppedLip, bowl 25 — steppedLip, bowl
0 — reEntrant, bowl — reEntrant, bowl
-0. I I I I 18 I i |
0—200 -300 -200 -100 0 100 -40 -30 -20 -10 0
crank angle [deg aTDC] crank angle [deg aTDC]

- Stepped-lip geometry has a substantially higher Rs throughout the intake stroke ->
Its more open bowl shape foster continuity between the squish and the bowl region
(see previous slides)

- Stronger swirl amplification due to near-TDC compression is seen for the reEntrant
bowl, which TDC squish height is more than 40% lower than for the steppedLip bowl >
This seems to stress that most of the swirling momentum in the reEntrant bowl is
achieved through the squish (swirl amplification) mechanism; the steppedLip bowl
instead backs up the smaller squish contribution with a more sustained swirl vortex in

1 the bowl during the intake stroke.




Ratio

Amplification Coefficient of Swirl

Summary/Conclusions

« 1-D simulation based on angular momentum conservation demonstrates the swirl
amplification mechanism for bowl-in-piston geometry.

« 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

5 1L —Stépped—Lip, SqufshHeigHt=1 .34émm | | 2:5 r | ‘ ' |

|| —Re-entrant, SquishHeight=0.711mm I
10k No valve cut-outs i 2.25F

"~| Bowl to bore ratio: De/B=0.55
1.8¢ 4 I
1.7 ' 2- L
16/ IS i
1.5+ ©
14l ® 175 + E E

No valve cut-outs =

1.3F Bowl to bore ratio: De/B=0.73 (%

— —
N
T T

1

| 1.5+ —
} o Stepped-lip, 18u SiO2

—_
T T
|

0.9 1 1.25¢ e Stepped-lip, 2u SiO2

0.8 il a Re-entrant, 18u SiO,
0'77 | | I I L I

-89 235 30 25 20 15 10 5 0 '%0 =50 740 -30 ~20 10 0

Crank Angle (degrees) Crank Angle (degrees)



Stronger swirl amplification for re-entrant bowl has been observed

with both 1-D and 3-D simulation

bowl swirl ratio, H19T19

».1||—Stepped-Lip, SquishHeight=1.346mm 2.8
/. —Re-entrant, SquishHeight=0.711mm
o 1.9) No valve cut-outs
= | Bowlto bore ratio: Ds/B=0.55 2 6
x 1.8 .
5 +
15 .g 2.4
£ 1.4 <
’ No valve cut-outs S
1.3 Bowl to bore ratio: De/B=0.73 |
(@] o
5 12 QE 2°27
§ 1.1 w
g .
<09 2r — steppedLip, bowl
08 — reEntrant, bowl
07
06 1 L L | 1 L 1 1 . 8 I I |
-40 -35 -30 -25 -20 -15 -10 -5 0 40 230 220 -10 0

Crank Angle (degrees)

crank angle [deg aTDC]

- Stronger swirl amplification due to near-TDC compression is seen for the reEntrant
bowl, which TDC squish height is >40% lower than for the steppedLip bowl - This
seems to stress that most of the swirling momentum in the reEntrant bowl is achieved
through the squish mechanism; the steppedLip bowl instead backs up the smaller squish
contribution with a more sustained swirl vortex in the bowl during the intake

SAE INTERNATIONAL



Y [mm]

Summary/Conclusions

* 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, R ¢ca9,~2-2
20 T T T T T T T T T T T T T 20 T T T T T T T T T T T T T
18l T — @® -60°aTDC| 18l — @ -60°aTDC |
= 90 ® -50°aTDC = 90 ® -50°aTDC
= T e OQ° _AE®° i - I a2 [0 _AE° i
:j _Exhaust €— —>intake ® _gg():lgg | :j —Exhaust €— —>intake ® —22"2132 |
-25°aTDC -25°aTDC
12y 12y ~20°aTDC||
10+ 1 -§10- -18°aTDCH
8 1 € gl et -16°aTDC |
— 4 ® -15°aTDC
6 ! Squish height (TDC)=0.711 mm | > 6r ] Squish height (TDC) = 1.346 mm |
Compression ratio = 16.7 | Compression ratio = 15.8
4+ With valve cut-outs . 4+ No valve cut-outs B
Bowil to bore ratio: De/B=0.55 Bowl to bore ratio: De/B=0.73
2l r1 2 N
: 1} : 1}
of .+ l : 0 + l :
I}
— = ~ — — |- -

1 | | 1 _4 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 black ellipse indicates one o of swirl center location away from the mean positions.



Summary/Conclusions

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



Summary/Conclusions

I:‘>s,steady=2'2 dz = SQUiSh he|ght/2
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Summary/Conclusions

FRESCO
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A demonstration of planar PIV experiments inside a swirl-
supported light-duty optical Diesel engine with a realistic piston
geometry

18um Si0,, -20°aTDC, z=2.5mm
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Strong beam steering effects create streaks in the laser sheet;
PIV processing is unsuccessful for squish flow measurements

18um Si0,, -0°aTDC, 2=0.67mm
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