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Conclusions (full-load) o 34 »
g 3 g 28 e }
Q Increasing swirl caused: 3 iz \Ved
I Longer combustion duration and lower NMEP at same exhaust '

temperature (limiting factor for all conditions). 4 e e

&

_1 Higher smoke emissions, but within the 3FSN limit E 5 T
1 Lower sensitivity of NMEP with respect to boost, indicating a deterioration % 2.6 s Ll ]
in air utilization. _ “ 22 A
J 3D-CFD spray combustion Conclusions (part-load) Rat Prss. [omr] | casoldesaTe]
. z | ]
related to the spray penetr: O 6 keypoints relevant for NEDC and WLTC were tested. g ¥ ﬁé’:&é- | G el
I The high swirl motion prevents tl Design of Experiments technique evaluated the effects of g 3 '
bowl and squish regions. swirl ratio, EGR rate, rail pressure and injection timing. 3 25 & | i

. . For relatively high loads, high swirl ratio increased both fuel consumption
-1 Combustion takes place mOStly ' and emissions, due to spray penetration issues.

explaining the longer duration ar ., ror jow loads, the optimal SR depended on combustion noise constraints,
1 High local equivalence ratio (>2) due to the interaction between rail pressure, spray penetration and swirl.
U Cycle-based fuel consumption and engine-out NOx/PM were
estimated for a small vehicle application for variable- and
fixed-swirl solutions.

1 A fixed 2.5 swirl ratio geometry introduced a penalty of around 1% in fuel
consumption with respect to a variable-swirl solution, with similar engine-
out NOx and PM emissions.

! In terms of rated power capability, the fixed 2.5 swirl ratio configuration
represented a deterioration of around 1.8-bar NMEP.

10 20 30 40
EGR [%)]

Squish
[l

I Consequently, a fixed swirl ratio configuration may be only applicable to -
mid-to-low power density applications Spray penetration and equivalence ratio distribution for

= ’ Iz = ) 2 low and high swirl-ratio at rated-power.
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Meshing and boundaries conditions

) k)

Intake Plenum
4 mm Intake pipe - 2 mm ‘ “
Exhaust port- 2 mm n

g

Exhaust pipe—2 mm
| Intake part - 1 mm ‘

Cylinder- 1 mm o

Exhaust Plenum 2
4 mm

Embedding type Box Embedding 1

Mode Permanent

Scale 3 LA =#CFD(F EZ15

Base Mesh 4 mm
WebexiRZ
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* Nozzle flow Simulations
— 10-15 um resolution is sufficient to capture bulk flow features

— 5 um or finer may be necessary to capture the transients during the
needle opening and closing

— Needle wobble has a profound influence on plume-to-plume variations
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Figure 14, Long-distance microscopy high-speed

imaging during the start of injection with diffused back 6
lighting. %
L. Pickett et al. SAE 2013 tg—
o Liquid
N —— 1
R b
M. Battiston], A.L. Kastengren, C.F. Powell, S. Som, “Fluid Dynamics modeling of End-of-Injection Process,” 26t AR |

ILASS Americas, Portland, OR, May 2014
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Experimental data : Sandia National Laboratory
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o Experimental data: Meijer et
%5{} 20 Injections al., ICLASS 2012
%"50 Simulation results;|
g 40 » Senecal and Som et al. ASME-
Z;“ 30 |ICEF2013-19082

20 " Xue and Som et al. AAS 2013
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— 125 pm or finer resolutions necessary (recommend to use 62.5 pum)

— Multi-realization averaging is necessary to mimic experimental data (at
least 10 realizations need to be averaged)
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Comparison: Turbulence models

*%7}3_ | O I & Type | Model Notes Initialization
ANL LES  Dynamic structure 20 flow realizations Random seeds
CHALMERS  RANS Standard k-& =235, Uniform k-z
o, =165
) €, =18, L
CMT RANS Standard k-£ Uniform k=
T = 13
POLIMI RANS Standard k-¢ Ei' i ii’i Uniform k-&
R 5
SANDIA LES Smagorinski 1 realization oW
generatar

*+ Increasing C, in standard k- model is a common practice also used in simulation
of turbulent gas jets (see past Proceedings of the SANDIA TNF workshap),

+ LES/Lagrangian: initial flow field and particles generates fluctuations

= LES/Dense fluid: fuel inlet boundary condition generating fluctuations

Slide taken from ECN3 Proceedings , Topic 1.3:
Evaporative Spray and Parametric Studies
(www.sandia.gov/ECN/workshop/ecn3.php)
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e = :I A 4
*Eﬁé%;k& . Positive . Negative
HSUHETHE o
kh_cnst2 cnst3rt cmu ceps1  ceps2 c_s c_ps .
min 5 0.1 0.08 14 16 0 0 E
max 9 1 0.1 16 2 2 02 e
Observations: -
. Cm_& CE;I have greatest importance | i =
* Optimized c_s & c_ps have greatest difference from ot 31 s S

standard practice, but low importance
» Standard k-€ model resulted in best agreement with

experimental data
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Base grid 1.4mm 1.4mm
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. E&A I~ |§xl *&}J n %\J:l:f I\ & |RXI *&7}5 | 0 I Zone 1 embed scale (grid size) 2 (0.35mm) 3 (0.0175mm)
> = /1/ = Zone 2 embed scale (grid size) 2 (0.35mm) 2 (0.35mm)
== Parcel# fuel mass/1.5e-10 4x
'I\Eﬁﬂg—t‘ radius_inject 1/2diam_noz 1/2diam_noz
penet_bin_size 0.000175 0.000175
Breakup model default default

Turbulence model SKE + Adjust ceps1only  SKE + Adjust ceps1 only

ZUEYES

® EEYREFITEL. random
number seedX RS/
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Near-Nozzle Penetration is impacted by the # of processors

Spray A Vapor Penetration (Processer # Sweep) Spray A Vapor Penetration (Processor # Sweep)
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/ Exp Effort (Kurman/Tess') \ ﬂ:omputational Effort {Bravoz’a)\

* Perform detailed measurements + Investigate engineering spray

in HTPV vessel at diesel engine PR breakup models for prediction of
conditions liquid/vapor lengths

V RDECO

» Characterization of single and * RANS/LES computation of spray
multi-hole injection quantities at HTPV vessel conditions
and spray parameters considering various surrogate
c F D‘ﬁ EIE . CO N V E RG E - Establish experimental database fuels for JP-8
for model validation » RANS/LES computation with SH
\ / \M H injector configurations /
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Velocity Conditions

Injected mass = 7.5 mg
diameter =147 um Velocity

quiescent environment

Temperature Conditions
Injected mass = 7.5 mg 74

diameter =147 um

T (ambient)
T (injection)

=900 K
=373K

Clear distinctions among all spray parameters due to various mechanisms

30 30
=——Nozzle1,CFD
—Nozzle 1 Measurement
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Nozzie2 Fumet or — Nozzie6 Plume1 Measurement
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——Henry Hub Spot NG Price

——Brent Crude Qil Price
" Diesel ™ Dual Fuel Diesel/CNG

~—Ratio of Brent crude oil price to Henry Hub spot NG price
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OEREL, vs TUSAKL

Stoichiometric Spark Ignited Dual Fuel Compression Ignited

N
Il'r

® Single Fuel * Knock Limit * Max Load * NOx
* TWC - *Max Load e Lean Operation Aftertreatment
® Low Cost Fuel * Lower * BSFC/CO2 * DPF required
System Efficiency e Infrastructure e Two Fuels
® Ignition System Independence * Fuel System
* CH, Emissions e Retrofit and ATS Cost
* NH; Emissions * CH, Emissions

Copyright © IDAJ Co., LTD. All Rights Reserved.



S

- Your True Partner for CAE&CFD 1CSC2014

u CFDfAzRB/
» IBFERCCIRYMRIFI IR R ET N 5544
n IREFIRRERUREIR CCIR ARBIHCROICOHE

IFIEWV

1
LLT

LLT

=
«a

B
S all |

SMNAZIERHET DT , FERCCIN
EE

Copyright © IDAJ Co., LTD. All Rights Reserved.



_ Your True Partner for CAE&CFD I1CSC2014 |

O RC CI*/\\\*TU—E

IFIEWV

J\ Itb | o] Lambda
E 28
A
N=| e 2.2
m (R~ s 16 H
-
IsoVolume Plots (A < 1) —Exp. HRR 0. 4
= Converge HRR temp
=——Converge Mean Cylinder Temperature 4 \ 4 1000
875
320 1600 5 750
280 // -‘\\ 1400 1 , : ggg
240 / 1200 C7H16
S 200 , 1000% © g5 { ”~ ol 0.0013
1808 3 e [\ 5 T £ \ - 0.0010
672 CA 1372 3 160 (AN 800 & R S R ' re 0.0007
o </ \\ 2 O A ! 0.0003
936 Z 120 " 600 E | N ] b,-‘,,f y 0.0000
500 [ \ e > — :
80 400 CH4
40 ‘L I 200 00117
——— SR | < 0.0087
R J/h"j ....... k«m 0 5 0.0058
670 _ee0N-f10 730 750 0.0029
Crank Angle (deg) 0.0000

BERRES 0 {E5RM | 700 CA 702 CA

Copyright © IDAJ Co., LTD. All Rights Reserved. m




C7H16 Temp. Lambda

CH4

RAIRZR S

m RCCIVAkRzS
m FMYIEER
m BEAE(E

708 CA 712 CA Y
2.2

B o2l o

0.4
Temp

1766
N o Al o AR
900
500
C7H16
00013
0.0010
a o i o wl
0.0003
0.0000
CH4
0.0117

0.0058

0.0029
Y- 0.0000

Copyright © IDAJ Co., LTD. All Rights Reserved.

2200 i

Your True Partner for CAE&CFD 1CSC2014

—Exp. HRR
= Converge HRR
—Converge Mean Cylinder Temperature

320

280

RHR (J/deg)

—_ - [}) M
o r [s3] [=] S
(=] (=] o o o

Y
o

0

1600

1400

1200

1000

/
A

800

600

Tempertaure (K)

r—

\
TN

400

\
P—

200

)

690 700 710 720 730 740 750
Crank Angle (deg)

N
'_ ~—
\\\_1'

0

C7H16 Temp_ Lambda

CH4

BAEE ouzs
. 0029
Y-Plane View 0.002

ot
e

Lambda

718 CA 722 CA 28 !
2.2

1.6

i o 2 o RN

Temp
2200
1766

o 2l o Al
900

500

C7H16

0.0013

| w | W | 0.0010
0.0007

0.0003

0.0000

CH4

B 2ie o alER

0.0000

,'36



O RC CI* \\\lfﬁflzl %

Your True Partner for CAE&CFD

ICSC2014

= Expariment = CONVERGE
7 646
— \h il
3 7 2% Higher~
w
" HERR -
n
5 ag
Lambda % Verv L
& | Very Low
724 CA gg 2 NOx emission 158 oy Higher 439
1] : 10 | Predictions
5 " - u
0.4 NOx co
S % ) —Exp. HRR
emp = Converge HRR
2200 —Converge Mean Cylinder Temperature ——CH4 —HC —CO
. 1766 6.0E-05
g' 1333 1600 r__.-.
& 900 // 1400 50E-05 \
500
1200
C7H16 N z 40E05
o 200 4 1000 o .
© 00013 pu S - \,h g 3
ha 3160 / 4 Wk son 8 S 3.0E-
I 0.0010 z / T “u b @ 30E-05
©
B 0.0007 | F 420 > 0 £ =
0.0003 I \ = 20E-05
0.0000 80 / I \ 400
CH4 40 200 g
f 1.0E-05
% 0.0117 0 ‘fbm#j Y 0 I/I \¥
O 0.0087 690 700 710 720 730 740 750 0.0E+00
\ 0.0058 Crank Angle (deg) 670 690 710 730 750 770 -
S — 0.0029 Crank Angle (deg)
Conical Top Vie_w e

Copyright © IDAJ Co., LTD. All Rights Reserved.

—



_ Your True Partner for CAE&CFD 1CSC2014

EML &F-

Rgia - XE RCC

Copyright © IDAJ Co., LTD. All Rights Reserved.



_ Your True Partner for CAE&CFD 1CSC2014

PRERREE
EML &r-

EERET XS
BERNEB—{ILEIR=

INTAKE PFI
8 a4
- RCCI
5 PCCI
HCCI

Fuef

2600 3000
Temperature [K]

Source: Gurpreet Singh, Overview of the 2011 DOE Advanced Combustion Engine R&D.

Fuel lean

NOx (g/kg-fuel)  HC (glkg-fuel)  CO (glkg-fuel)  CO2 (g/kg-fuel)

Exp. Sim. Exp. Sim. Exp. Sim. Exp. Sim.

0.61 0.04 63.74 53.86 64.59 41.84 2847.70  3005.69
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CONVERGE™ model was able to predict uncontrolled fast combustion
rates in the propane addition case and was able to show pressure
waves with similar frequency but reduced magnitude
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To model PM, we will need to accurately answer a number of open questions.
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U RANS assumptions to model the effect of turbulence in the
reactive flow domain

U Detailed chemistry to model the combustion using a 38-
species, 69 reaction gasoline surrogate (iso-octane) skeletal
reaction mechanism

U1 Grid size can dynamically vary from 4 mm to 0.125 mm
throughout the domain

U AMR strategy available in the Converge code is used to
embed cells of 0.125 mm at the high temperature boundary.
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Today’s CFD Code

Future CFD Code

Highly Predictive Design Tool
Highly Predictive (LES/DNS?)
Capture detailed
physics/chemistry
Resolve cycle-cycle, part-part
variations
Drive for More Efficient
combustion (lean burn, knock
mitigation, multi-fuel, ...)
Clean Combustion (soot free
CI/SI, low NOX/UHC,...)
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RS, Upfront Design :
g’_‘ = Deliver prototype
- design
& Design Verification = Semi-predictive

= Captures design trend »  User-friendly
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o) = \ery User-friendly
LL = Robust/Reliable

1 day 1 week 1 month

Turnaround Time
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