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Project status

Thermodynamic analysis
Finished In progress

Publication of
First law thermal efficiency

analysis improvement
mechanism

Optical / CFD Investigations

Complete In progress Next steps

Fuel injection,
jet-bowl-swirl Combustion and soot
interactions, formation / oxidation

late-cycle mixing

Characterization of swirl-plane flow asymmetries
- Axis tilt and precession
- Squish-swirl interactions
- Near-TDC vertical plane flow topologies
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Outline

* Thermodynamic analysis
* Heat loss vs. late-cycle heat release
* FRESCO: model development / evaluation
e Spray model calibration (review)
* Liquid phase behavior
e Turbulence modeling
 Jet penetration and deflection by with swirl
* Bowl geometry impacts on late-cycle flow and mixing (conventional
diesel combustion)
* CFD setup
e Post-processing of CFD results
* Results
 Summary: initial theory about late-cycle mixing mechanisms

* Next steps
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Mass Fraction Burned (=)

Thermodynamic analysis — what is responsible for the increase in
thermal efficiency with the stepped-lip piston?

With the stepped-lip piston:

* Late-cycle heat release is enhanced for intermediate main injection timings (3-13 CAD ATDC)

Whether normalized wall heat loss increases or decreases depends on injection timing
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Bowl geometry can have a profound
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Thermodynamic analysis — what is responsible for the increase in
thermal efficiency with the stepped-lip piston?

. 3 T T T
* Integrated wall heat loss (IVC-EVO) normalized _ Increased wall heatloss = <
Closer-to-ideal with stepped-lip bowl w
by total heat released:  heatroloase/ | Ang,
INcrease erma
EVO dQW do 2y efficiency with |adcve,
Q « QW fIVC d@ stepped-lip bowl
i = —
Qnr EVO dQpy _
max | [, —7g-d0 .-
(=]
* Boundary work (IVC-EVO) normalized by total ¢
0
. ()]
heat released: g X: not statistically
W f;/ll‘:",léo PdV z X significant
J— J— _1 -
Netn = =
Qnr EVO dQpy
max | [, —jg-d0
. . -2}
* Changes in thermal efficiency correlate most \\Decreased wall
. . heat loss with
closely with changes in the degree of constant stepped-lip bowl ~———
volume combustion 35 0 5 10 15

- _ SOl __. (CAD ATDC)
e Improved late-cycle mixing has a greater impact main

on efficiency than reduced wall heat loss

Higher degree of
Stepped-lip Faster late-cycle constant volume Higher thermal
bowl heat release combustion (greater efficiency
expansion work)
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Spray model calibration in FRESCO (review)

 State-of-the-art spray atomization, droplet collision, and sub-grid scale
momentum coupling models have been implemented in FRESCO

* A genetic algorithm-based parameter optimization has been performed
based on quantitative ECN data (Spray A)?
* Numerous model constants with complex interactions are optimized

* Objectives for optimization
e Vapor penetration time-history
* Initial jet penetration
e Absolute value and stability of liquid penetration in near-steady state
* Mixture fraction profiles (transverse and axial)
* Once optimized, the spray model parameters are not adjusted
* This provides a true test of the models’ predictive capabilities
IFederico Perini, Rolf D. Reitz, Improved atomization, collision and sub-grid scale momentum coupling

models for transient vaporizing engine sprays, International Journal of Multiphase Flow, Volume 79,
March 2016, Pages 107-123, ISSN 0301-9322, http://doi.org/10.1016/j.ijmultiphaseflow.2015.10.009.
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Time-resolved liquid scattering imaging data has been used to evaluate CFD
simulation capabilities to predict liquid fuel behavior

SNL high speed
imaging data
-distortion corrected

* High speed Mie scattering data has been collected
and processed at SNL to characterize liquid fuel
behavior for a main-only injection strategy (LTC
operation, DPRF fuel)

* FRESCO accurately predicts initial liquid penetration,
but underpredicts steady-state liquid lengths (criteria
for comparison are still being developed)

* Overall phenomenology of liquid fuel injection is well
captured by the FRESCO simulation

iy

FRESCO simulation results (UW)
-spray models calibrated with ECN data

CONVERGE simulation results
-spray models calibrated with ECN data
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Various 2-equation turbulence models have been evaluated using PIV data from
the SNL light-duty optical diesel engine

No turbulence model predicts the experimental cold-flow data perfectly,
but the standard k- model is slightly more accurate than the RNG and
GRNG models at predicting compression-stroke flow topology.

steppedLip, Rs=2.2, dz= 3.0 mm steppedLip, Rs=2.2,dz=10.0 mm steppedLip, Rs=2.2, dz = 18.0 mm
exhaust CA = -60.0 exhaust CA = -60.0 exhaust CA =-60.0

tangential velocity, v, [m/s]

intake Yy H intake T H intake T H

exhaust exhaust exhaust

radial velocity, v, [m/s]

intake T H intake T H intake T H

| ——exp., PIV — std — RNG — GRNG

For details, see Perini, F., Zha, K., Busch, S., and Reitz, R., "Comparison of Linear, Non-Linear and Generalized RNG-Based k-
epsilon Models for Turbulent Diesel Engine Flows," SAE Technical Paper 2017-01-0561, 2017, doi:10.4271/2017-01-0561.
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Various 2-equation turbulence models have been evaluated using canonical flows
such as a gas jet impinging on a plate

The GRNG turbulence model provides the most accurate
velocity-profile predictions and reasonable predictions of
velocity fluctuations near the jet.

Velocity profile, x/D = 0.5 Velocity profile, x/D = 1.0 Velocity profile, x/D =2.5
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% The RNG and GRNG models both perform

reasonably well for all simulated diesel u
engine-like flow conditions



Various 2-equation turbulence models are evaluated with ECN Spray A data

The Generalized RNG (GRNG) turbulence model (a product of SNL-UW collaboration) has
been determined to produce the best accuracy trade-off between cold engine flow and jet
flow / spray combustion based on comparisons with state-of-the-art ECN data.

Mixture formation is better predicted The GRNG model yields the most
with the GRNG turbulence model accurate flame structure predictions
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FRESCO simulation setup for PLIF comparisons

Engine configuration i Intake region

Exllallstregm:Bd Composition: arbitrary fresh
. . 1: Composition: meas , ar + measured EGR comp

Compression ratio 16.1:1 exhaust p, T mensured oo T from s Pl

Squish height at TDC [mm] 1.36 \

Piston bowl geometry Stepped-lip

| Injection
Operating conditions Adusl timing, duration,
N N injected mass and fuel

Engine speed [rev/min] 1500 composition. Modeled

Intake pressure [bar] 1.5 injector body protrusion

Intake temperature [K] 372

Injection pressure [bar] 860

Start of solenoid energizing 27 CAD BTDC

Swirl Ratio (Ricardo) [-] 2.2

Intake charge [mol fr.] 0% O,

FRESCO solver setup Cylinder

Composition: measured,
mesh accuracy Body-fitted, unstructured hexa exhaust >
p, T: from pressuretrace
time accuracy: hybrid 1st-order implicit (diffusion,
momentum) / explicit (advection)
spatial accuracy: 2nd-order (diffusion) COnflgU rat|0n MIMmICS Opt'cal eng|ne

upwind (advection)

conditions for early injection, low
temperature combustion operation (“LTC3”)
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Comparisons of PLIF data with both bowls

Conventional bowl: jet Stepped-lip bowl: good qualitative
penetration into bowl agreement; questions remain about
reasonably well captured; vortex dynamics resulting from jet-
phenomenology well predicted step interactions

Experiment (ensemble avg) FRESCO simulation Experiment (ensemble avg) FRESCO simulation

/ ’ ‘\\ B //’
i 4 \
\
-
\'\ 15, /'//" ;i N
- e SL, P2, 316.0 CAD atoc_~
/ N\

/f\

/ /@w
|
\ V

\_\

SL, F’3 0 CAD aTDC

N '
RENC, P3,:15.0 CAD aTDC_~"




Jet-swirl interactions / jet-bowl interactions (from AEC presentation)

SEp27b, RENC, P1, CA

Jet deflection and rotation due to swirl are well captured in bowl & squish regions

Mixture forming above the step is broadened by presence of the step - peak phi’s
unaffected

Jet deviation phenomenon at the rim < turbulence modeling




Recap: FRESCO model evaluation

Turbulence modeling

The GRNG turbulence model performs acceptably well for cold flow predictions,
but is much more reliable than the standard k-€ or standard RNG models for gas
jet configurations. The GRNG model is therefore used for all engine simulations
shown here.

Comparison with fuel tracer PLIF images

The latest simulation results compare more favorably with experimental data
than previous attempts with sector mesh simulations for the conventional bowl.
It is not yet certain that the prediction of vortex dynamics above the step
matches the experimental observations.

Moving forward

Application of FRESCO simulations to bowl geometry study — what can we learn
about late-cycle mixing? Do the predictions agree with experimental data?

Crr



Post-processing of CFD results (1/4)

 Vertical half planes intersecting two jet | - CA= 19.0aTDC
axes are used to make a cross section " Emae =

e See cartoon at bottom right

e Top view: vertical plane flow and fuel
concentration

* Velocity projection onto vertical half-planes
e Fuel-air mixture colored by ¢

* Bottom view: tangential velocity

* Depiction of swirling flow structures swirl vel [em/s]
-1500.0 -750.0 0.0 750.0 1500.0

e Still images and videos are shown

N @'
CRF )
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Post-processing of CFD results (2/4)

CA = 19.0aTDC

* Fuel splitting is quantified as follows:
1.A cone containing the jet axes is defined
(see image at right)
2.A level-set field is defined such that the
cone surface is identified by d=0

3.d < 0: underneath the cone (bowl)
d > 0: above the cone (squish)

swirl vel [em/s]

-1500.0 -750.0 0.0 750.0 1500.0
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Post-processing of CFD results (3/4)

To visualize and characterize mixing, the
three-dimensional stoichiometric
isosurface is computed

* The mixtures inside this isosurface are

richer than stoichiometric

The isosurface shown at the right is colored
by the local fuel mass flux

Fuel mass passing into the surface: blue

Fuel passing out of the surface into leaner
mixtures: red

The surface area/volume ratio of the
stoichiometric isosurface is tracked

Higher surface area/volume ratio:

Rich mixture cloud is less compact and
spread over a larger portion of the cylinder

Potential for steeper concentration
gradients

Higher potential for mixing

Crr

fuel mass flux [g/cmzls], CA= -1.0
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Post-processing of CFD results (4/4)

e Swirl-plane images

Cutting plane 1 mm below the head

Velocity field shown with black vectors

Fuel-air equivalence ratio () shown with false-color

Turbulent fluctuation (u’) contours U’ contours

u' [m/s]

phi
¢ distribution 200

1.50

EI.OO

Eo.so

0.00
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Intermediate injection timing: observations about jet-piston
interactions and flow structure

* Pilot injection o
» Does not interact directly This is the injection timing at %‘"
with either bowl rim which late-cycle heat release is jj
* Main injection fuel splitting most effectively enhanced with E'—‘ SOl
* Conv: some fuel redirected the stepped-lip bowl .
down into bowl, some sweeps o
across top of piston toward

wall

* SL: Upper portion of jet
redirected upward at step;
lower portion of jet
redirected down into bowl

* SL: upper portion impinges on
cylinder head, spreads inward
and outward

e Vortex dynamics
* Conv: strong toroidal bowl

vortex
 SL: toroidal vortex forms in T switl vl [ern/s]
N i 15000 7500 0.0 780.0 150000 -1500.0 7500 0.0 7300 1500.0
bowl; second toroidal vortex 00 7500 00 7500 15 e e

forms above step

Crr -
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Intermediate injection timing: quantifying fuel splitting

CA = 20.0aTDC

CA = 20.0aTDC

phi_DPRF58

1.25

e Conventional bowl
* Nearly equal split above
and below jet axes
e Stepped-lip bowl
* Uneven split: “60% of fuel
vapor is directed upward
after impinging on the
conical surface of the step
e Surface area to volume
ratio of stoichiometric
isosurface

Fraction of Injected Fuel Mass (-)

* Higher for stepped-lip bowl
after ~20 CAD ATDC despite
uneven fuel splitting
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Near-TDC injection timing: observations about jet-piston
interactions and flow structure

* Pilot injection

* Does not interact directly
with either bowl rim

* Main injection fuel splitting

* Conv: most fuel redirected
down into bowl

* SL: Upper portion of jet
redirected upward at step;
lower portion of jet
redirected down into bowl

* SL: upper portion impinges on
cylinder head, spreads inward
and outward

e Vortex dynamics

=T

* Conv: strong toroidal bowl
vortex, similar to
intermediate injection timing

* SL: toroidal vortex forms in
bowl, but a well organized,
long-lived vortex does not
form above the step

Near-TDC injection timing:
little difference between
heat release profiles

CA = -15.00 aTDC

swirl vel [em/s]

0.0
1NfIELLL

T

750.0 15000

50000 7500
TR

s

SOlmain
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Mass Fraction Burned (=)
8 8 a8

2

|
\
phi_DFRFSS squish vel [emys] \I
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TR TN

swirl vel [emy/s]
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Near-TDC injection timing: quantifying fuel splitting

CA = 15.0aTDC CA = 15.0aTDC

phi DPRF58 squish vel [em/s] l phi_DPRF58 squish vel [em/s] l
U‘TDH 0.63 1.25 " I]‘EE 2.50 0.0 375.0 750.0 1125.0 1500.0 | 00 0.6 1.3 1.9 25 00 3750 750.0 1125.0 1500.0

* Conventional bowl

° |\/|OSt fuel injected into b0W| —B—Colnv, belowl ' Uneven fuel split; more
—&—Conv, above o & fuel in bowl with 20
H —e—SL, below tional t
* Stepped-lip bow| 0.5/[=e=SL, above P ™

/ More even fuel split with
o— stepped-lip bowl; more
fuel in squish region

* Fuel splitting more even
than for the conventional
bowl, more even than at
the intermediate injection

N
S
- =
N M

-
=)

Fraction of Injected Fuel Mass (-)
=)
w
A(}>I1 isosurface / v¢-1 isosurface (

timing 8
~ o . 0.2 6 -
* ~54% of fuel vapor is Conventional
. 4.
above jet axes
0.1 2l
e Surface area to volume casy |Esperimentaly .
. . . N : determined
ratio of stoichiometric e CAD ATDC
isosurface CADATDE
* Higher for stepped-lip bowl 2\\

after ~10 CAD ATDC CRF‘ a



Late injection timing: observations about jet-piston
interactions and flow structure

* Pilot injection
* Does not interact directly
with either bowl rim

* Main injection fuel splitting
* Conv: most fuel is rapidly

deflected by the top piston
surface toward the liner

* SL: Jets impinge on upper
portion of step; most fuel is
deflected upward and
outward

* SL: upper portion impinges on
cylinder head, spreads inward
and outward

* Vortex dynamics

* Conv: weak toroidal bowl
vortex, bore-sized toroidal
vortex in the squish region

* SL: weak bore-sized toroidal
vortex in the squish region

=T
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CA= 4.0aTDC

8

Late injection timing: small
differences between heat
release profiles
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Late injection timing: quantifying fuel splitting

CA = 40.0aTDC CA = 40.0aTDC

swirl vel [em/s]

- 5 B -1500.0 -750.0 0.0 750.0  1500.0
WIHIIUHIHM WIHII‘HIHIM {
ool [ocorvieow] | [l |
. —e—SL, below
 Toroidal vortex structure appears more —e=SL, above

o
b

organized in the conventional bowl

Most fuel deflected
into squish region

. . . . 0.4r regardless of bowl
* Fuel splitting: little difference between geometry
bowls o3
02} /M’g:/é

* Majority of fuel remains in the squish region

AR
TRr

Fraction of Injected Fuel Mass (=)

e
-

=T
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Recap: overview of simulation results for injection timing sweep
(conventional diesel combustion)

* CFD simulations with both bowl geometries predict significant impacts of varying
injection timing on:
* Fuel splitting / jet deflection
° Late-cycle vortex dynamics
* For intermediate injection timings where late-cycle heat release rates are enhanced
with the stepped-lip piston, CFD simulations predict the following:
* Uneven fuel splitting: ~60% of fuel vapor is deflected upward at the step

* Formation of dual toroidal vortices — well organized, long-lived and energetic; these are
not observed for any other injection timing

* Focus on near-TDC and intermediate main injection timings
* Do optical measurements support CFD predictions of late-cycle combustion structure?

* Do simulations predict enhanced mixing with the stepped-lip bowl for the intermediate
injection timing, but not the near-TDC injection timing? If so, what is the mechanism for
enhanced mixing?

® Crr



outer regions of the squish region.
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Do optical data support CFD predictions of late-cycle fluid dynamics (1/2)?

Fuel tracer PLIF data (LTC); image
taken ~12 CAD after the start of
injection. Note the apparent
encroachment of fuel from the

SOl: 24 CAD BTDC; piston moves up

This phenomenon had yet to be
predicted with simulations...

CFD results (CDC9); image taken ~ 10 CAD after
SOl .in- A void in the mixture is sometimes visible
above the step (see red arrow).

SOI: 9.5 CAD ATDC; piston moves down
CA = 28.5aTDC

et

] 375.0 750.0 11250 1500.0 l
1

0.0 0.6 1.3 1.9 25 0.
IIIWIIIIIIM HII|IIIIIIIM !

\
t phi_DPRF58 squish vel [em/s]

The upper portion of the jet impinges on the head and
splits. The outward bound portion is redirected
downward at the liner. The upper toroidal vortex
transports the remaining mixture inward, away from the
mixture in the outer squish region.
N\
CRFE &



Do optical data support CFD predictions of late-cycle fluid dynamics (2/2)?

* Advanced post-processing techniques have 20 fuel mass flowrate through ¢=101s0s

been developed to provide insight into mixing CDC9, SSE ——0 . Iean
processes predicted by FRESCO CFD simulations — flow in

10f | —— flow out
) :Cagmlentional bowl Stepped lip b%wlm m %‘) —— et flow

B .
| g ="

\ 2
j My ‘.?J i E g
1 ! —10}

solid = conventional
dashed = stepped-lip ™\~

x a2 s

swirl vel [em/s]

0 L 1 L L |
0.0 15000 75’0 0 T'illﬂ ISOOG _10 0 10 0 30 40 50
: crank angle [deg aTDC]
fuel mass flux [g/cm /s], CA= 300 fuel mass flux [g/cm /s], CA= 300

Richer conditions persist longer in the
conventional bowl; natural luminosity
images show a large amount of soot above
the conventional bowl late in the cycle

Conventional Stepped-lip

Exhaust

14 i ! { 14
12 .

N
-
Y Y o
_i\ )& 7
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—

7 [em]

e
N T
\,\ 2

Mixing regions are;

Large toroidal vortex distributed more
leads to slow mixing evenly

-2 -1 0 1 2 -

>N
= fuel in fuel out  fuelin fuel out %
CRF
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Understanding the mechanism of enhanced late-cycle mixing with the
stepped-lip bowl

—— Conventional
—=—-= Stepped-lip

Do CFD simulations predict
differences in late-cycle mixing
associated with thermal
efficiency improvements?

o
o
o

1 SOImain
0.9 CAD BTDC

it
&

Mass Fraction
(=]
f-N

9.1 CAD ATDC

0.2
0.1 /
= _J/
0 Y A . . .
-10 0 10 20 30 40 50 60
CAD ATDC
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For the intermediate main injection timing, jet-step interactions create

significant turbulence in the squish region that persists late in the cycle
Intermediate injection timing

i ) =

e 20 CAD ATDC: shortly before CA50

 Similar turbulent kinetic energy
distributions; impingement on

cylinder head begins with stepped-

lip piston
e 23 CAD ATDC: shortly after CA50

» Stepped-lip: deflection at step,
impingement on cylinder head
create significant turbulence

e TKE distributions in the bowls are
comparable

e 26 CAD ATDC: after CA50

* Enhanced turbulence persists
above the step and spreads due to
impingement on the head,
formation of upper toroidal vortex

=T
[l ]
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23 CAD ATDCeetoni o1
0000400 2.5e+5  Se+5 7.5 e+06

le+5 Se+5 le+6
le+4

tke [em? /2 ]

00e+00 2.5e+5 Se+5 7.5e+5 1.000e+06
[ARENE LITTT
g
let5 Se+5 e+6 le+5 Se+5 1le+6
le+4

During engine testing with the sté;ped-lip piston, a
ring of deposited soot was observed on the cylinder
head above the step region for this injection timing

Crr o



For the near-TDC main injection timing, robust, long-lived flow
structures beneficial for mixing do not form above the step region

Near-TDC injection timing

X i = =

* 07 CAD ATDC: ~CA20

 Similar turbulent kinetic energy
distributions; impingement on
bowl! rims has just begun

+ 10 CAD ATDC: ~CA40 e —
e TKE distributions are comparable

e 13 CAD ATDC: shortly after CA50

 Stepped-lip: impingement on the
cylinder head leads to less
spreading than with the
intermediate injection timing; TKE
is concentrated in a small annular
region above the lip

07 CAD ATDC__

* The limited step-head spacing

et 13 CAD ATDC,.... .,
appears to inhibit flow structures
. [ARENE m———"
that promote spreading e

D



For the intermediate injection timing, the stepped-lip piston changes
jet-head interactions: azimuthal and radial spreading are enhanced
Swirl plane 1Imm below the head

* Early spray development Conv,dz=1mm, - .=+ v el
 Jets propagate outward toward the bowl rim : ]
* Greater upward deflection with conventional ’
bowl (Coanda effect, stronger bow! vortex) zl
 Jet behavior in the squish region "

e Conventional: modest spreading of jet heads,
transition into swirling flow; jets remain
separated

e SL: impingement on cylinder head leads to more
rapid spreading of jet heads, both radially and

H e u' [m/s]
tangentially 2
M # /mﬁ':’z - 1ﬂl
* Late-cycle behavior y %f%,@g = SN .
. . . . . /bl 5 0 u%ﬁ*{ﬁ':‘w )
* Conventional: mixture remains in squish region ;,{in',i,{j,‘ﬁﬁ.ﬁ?ﬁr—‘ig{*ﬁ:é\}\\}\:ﬁ_&j‘_ 5
H H : 1! 1'!"5';: ‘-f' i 3NN A w \;\\t\"‘%}l‘-‘f .
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For the intermediate injection timing, the stepped-lip piston changes
jet-head interactions: azimuthal and radial spreading are enhanced

 Early spray development

Conv,dz =1 ' [m/s]
 Jets propagate outward toward the bowl rim o]
* Greater upward deflection with conventional :
bowl (Coanda effect, stronger bowl vortex) I
* Jet behavior in the squish region Eiﬁf,ﬂ
* Conventional: modest spreading of jet heads, = [ij
transition into swirling flow; jets remain Con, dz = 1m ¢t
separated I
e SL: impingement on cylinder head leads to more j,l
rapid spreading of jet heads, both radially and
tangentially E“
* Late-cycle behavior [jjj
CA = 25.0 aTDC e
e Conventional: mixture remains in squish region ¢ %=1m2 "'fi-/sl
and swirl motion is slow s
» Stepped-lip: upper toroidal vortex transports S|

mixture inward; mixture is more evenly

distributed over a larger portion of the cutting
plane
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Swirl plane 1Imm below the head
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For the intermediate injection timing, mixture and turbulence are
spread over a larger region above the stepped-lip bowl

e 27 CAD ATDC: ~CA70; enhanced late-cycle Convs‘(’l‘g';l frlfrge 1m below the hgad
mixing is expected to occur with the stepped- jo[il/sl
lip bowl based on experiments 6
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e Recall that with the stepped-lip piston for this 2'

injection timing, the majority of the fuel is
redirected upward at the step

e With the stepped-lip bowl, jet impingement
on head leads to significant spreading of
mixture, but also of turbulence %
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For the near-TDC injection timing,

e Early spray development

» Stronger interaction with bowl! rim for
conventional bowl; greater tangential spreading
and slow penetration into squish

* Greater upward deflection with conventional
bowl (Coanda effect, stronger bow! vortex)

 Jet behavior in the squish region

* Conventional: slow penetration; jet heads
merge and continue to be transported by swirl

CA= 0.0aTDC - 0.00

* SL: larger proportion of fuel in the squish; SL, dz = 1 mm

impingement on cylinder head causes jet heads
to spread g
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* Late-cycle behavior 1

e Conventional: squish mixture becomes leaner,
toroidal vortex in bowl carries mixture upward
in the center of the chamber

T

» Stepped-lip: squish mixture is primarily
transported by swirl — no upper toroidal
vortex to promote inward motion
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For the near-TDC injection timing,

e Early spray development

» Stronger interaction with bowl! rim for
conventional bowl; greater tangential spreading
and slow penetration into squish

* Greater upward deflection with conventional
bowl (Coanda effect, stronger bow! vortex)

* Jet behavior in the squish region GA= 7.0aT0C

=T

Conv, dz = 1 mm

* Conventional: slow penetration; jet heads
merge and continue to be transported by swirl

* SL: larger proportion of fuel in the squish;

impingement on cylinder head causes jet heads
to spread

CA = 15.5aTDC

 Late-cycle behavior Conv, dz = 1 mm

e Conventional: squish mixture becomes leaner,
toroidal vortex in bowl carries mixture upward
in the center of the chamber

» Stepped-lip: squish mixture is primarily
transported by swirl — no upper toroidal
vortex to promote inward motion %
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CA = 30.0 aTDC

Swirl plane 1Imm below the head
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SL,dz = 1 mm

CA = 15.5aTDC
SL, dz = 1 mm

1.00
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Summary: theory of late-cycle mixing behavior

e Conceptual models in development to explain the observed late-cycle mixing
behavior
e Jetimpingement, fuel splitting, and vortex dynamics appear to play key roles to
enhance:
* Air utilization
* Late-cycle mixing

Conventional re-entrant bowl: dominated Stepped-lip bowl: enhanced air utilization
by toroidal bowl vortex and late-cycle turbulent mixing
Upper toroidal vortex: forms Fuel split at cylinder head:
if space between step and significant spreading of mixture
Fuel in the squish region head is large enough; and turbulence, if space allows

is transported by swirl I ! transports mixture inward for moderate distortion of flow
Circulation in squish:
® 6\/ g enhances air utilization

Fuel split at bowl rim:
at least half of fuel
redirected downward

Fuel split at bowl rim:
significant portion of fuel
redirected upward;

Bowl: large toroidal vortex tangential spreading begins

transports fuel downward, Bowil: toroidal vortex
inward, and upward; may structure; smaller proportion
limit late-cycle mixing of fuel to be mixed
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Next steps

* Publications
* CIV measurements (Kan; nearly finished)
* Thermodynamic analysis (Steve; nearly finished)
* PLIF / CFD mixing comparison (Kan/Federico)
* Description of mixing behavior and introduction of conceptual mixing models (Steve/Federico)

e Continued CFD simulations
* Combustion, soot formation
* Evaluation of heat release and soot emissions predictions
* Comparison of in-cylinder flow: CIV vs. CFD
* Further development of conceptual models

* Questions for further research
(May be addressed after demonstration of predictive capabilities of the combusting simulations)

* Do heat transfer predictions match the experimentally-derived trends?
* How does changing the swirl ratio impact late-cycle mixing for both of these bowl geometries?
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Questions?
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