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1. Motivation
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‘Motivation ,

The secret of engine...

Detailed
chemistry is
now necessar

Correct flame structure,

extinction and reignition
Source: Irannejad A, Banaeizadeh A, Jaberi F., Combust. Flame, 2015, 162(2): 431-450. Source: Dorian Parker, University of Hawaii
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Transport equation & diffusion teadv diffusion fl ilb ted
coefficients unsteady dirrusion flame, will be presente
Source: Lu and Law, Prog. Energ. Combust. (2009), C K. Law, P COMBUST INST. (2007). |€EGROUP
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2. Combustion Models
« Representative Interactive Flamelet (RIF)
« Tabulated Flamelet Progress Variable (TFPV)
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RIF

Laminar flamelet concept describes
diffusion flame
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RIF
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1: transport equation in CFD domain 1) Creation of the (2, 2°2) maps N aenad bk ot PO st

2
Z field Z 2 field Y, field

2: flamelet equation and pdf integration
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3: update composition in CFD domain
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Source: D’Errico, G., Lucchini, T., Onorati, A., & Hardy, G. (2014). International Journal of Engine Research, 16(1), 112-124. IH
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HR Table :

Homogenous chemistry table: Progress Variable definition:
reconstruction of the thermo-chemical state

Mechanism, Initial conditions (p, 7, on the whole reaction trajectory
EGR @)

|

Ns
C= Z hyog; + (Yi(£) — Y;(0))
i=1

« Cis equal to the heat released by combustion

0D homogenous reactor solver - C=0: unburned mixture
- C=1: fully burned mixture
l » Track both low and high temperature
reactions
* uniquely characterizes each point in the
Ho.mogenous. lookup table (pmg_r_ess thermochemical state space and is
variable reaction rate & compositions) appropriate for a transport equation.

Definition adopted from: Lehtiniemi et al., Combust Sci Tech 78, 2006
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TRIF

Tabulated RIF
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TFPV

CFD solver
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Expectations

Compared to RIF using a single Lookup table |
flamelet formulation, TFPV model is to (unsteady diffusion flame calculations)
provide a realistic description of the
. : : : TFPV
turbulent diffusion flame, especially in Table
the presence of multiple injections: Table .
e Extinction in the near-nozzle region ‘
where the scalar dissipation rate is @@ [ ] | ), Y (), ¥io ) ]
very high; fl | ~
c
T, +
¢ Re-ignition due to progress variable P L
. . . EGR g TRIF c(t,Z Z’Ffz)
convection and diffusion; p ot
st Yio (c, z,z"i)
~—— Yio(t,Z,272)

e Flame stabilization process
including effects of both premixed
and diffusive flame propagation.

Z,2"2
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Outline

3. Assessment & Investigation
 Heavy-duty Diesel Engine Combustion Modeling
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Heavy-Duty Engine: case setup

Sector Mesh (73000 cells at TDC):

Side view

Spray-oriented region

Top view

Tangential refinement

Engine Specifications:

Bore 128 mm
Stroke 144 mm
Compression ratio 20.5:1
Injector holes 8
Injection cone angle 146°
#injection 1

Simulated operating conditions:
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Chemistry table discretization:

Temperature [K]

400, 450, 500, 550,

600, 650, 700, 750, 800, 850,

900, 950, 1000, 1050, 1100, 1150, 1250

Pressure [bar]

20, 60, 100, 150, 200, 250

Equivalence ratio [-]

1.7,18,1.9,2,2.2,

0,0.2,04,60.5,0.6,0.7,0.75,0.8, 0.85, 0.9, 0.95,
1,1.05,1.1,1.15, 1.

2,1.25,13,1.35,14,1.5,1.6,
2.4,2.6,2.8,3,35,1el5

Mixture fraction variance

segregation [-]

0, 0.001, 0.005, 0.01, 0.05,0.1,1.0

Scalar dissipation rate [1/s]

0,1,3,7, 20,55, 100

Three chemistry tables were generated, each one for operating points with similar oxidizer
chemical compositions at IVC.

Ecrour
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Heavy-Duty Engine: summary

Simulated operating conditions: Very good prediction of Peak Cylinder Pressure and its

- location is achieved within a wide range of engine
UF o
8 .
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Outline

« Evaluation of Turbulence Models in Diesel Spray Modeling
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Spray A case setup

11!
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108 mm cube

- k—wSST:1.0M

cells, much
refined near
nozzle

k — & 0.4 M cells

k — w SST case

hollow cone injector
Reitz-Diwakar breakup
standard k — w SST
with modified y,
Frassodati, 130 species
& 2323 reactions

k — € case

hollow cone injector
Reitz-Diwakar breakup
standard k-¢ with
modified C,
Frassodati, 130 species
& 2323 reactions

Chemistry table discretization

Temperature [K]

400, 450, 500, 550 600, 650, 700, 750, 800, 850, 900, 1000, 1050,
1150, 1250, 1350

Pressure [bar]

45, 55, 65

Equivalence ratio

0,0.2,04,0.5,0.6,0.7,0.75,0.8,0.85,0.9,0.95, 1, 1.05, 1.1, 1.15,
1.2,1.25,1.3,1.35,14,15,16,1.7,1.8,1.9,2,2.2,2.4,2.6, 2.8, 3,

3.5, 1e15

Mixture fraction segregation

0, 0.001, 0.005, 0.01,0.05,0.1, 1

Scalar dissipation rate [1/s]

0,1,3,7,20,55,100

eErour
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Non-reacting: liquid and vapor penetration

Simulated operating conditions ;Z st 0K 28
E xp
_ L- - -~ kEpsilon ==
Tamb  Pamb Pij  Injection Strategy . E 50 -+~ KOmegasST /
P [k [kgim?] [bar] _[ms] [0 Imjector Sl
1 900 228 1500 15 0%  #210370 | _ [P
_______________________________________________________ < Esof psilon N
12 900 152 1500 15 0% = #210370 ~1 £ [rrRome
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5 900 228 1500 0.5/0.5dwell/ 0.5 0%  #210370 | £ eo}

/900 2238 1500 0.5/ 0.5dwell/ 0.5 15% #210370

k — w SST slightly overpredict the vapor penetration
at the initial stage (0.15 ms) where liquids exit.

E
£
6 900 2238 1500 0.5/0.5dwell/ 0.5 15% ECN#306.22§
<

N
o
Uy

: : 0b——mi—
The accuracy is adequate since turbulent spray flames 00 05 10 15 20 25 30 35
Time ASOI [ms]

take place after the transient liquid penetration ||'GEGROUP
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Non-reacting: velocity and mixture fraction

Mixture fraction

Opl@1.5 ms ASOI Velocity
‘ 20 5
I_(a) 25 mm from injector]. Experiment .I 0.14 |_ Experiment (a) 25 mm from injector
>0 |(b) 45 mm from injector_ l — Experiment | 3 0.08 |_ Experiment (b) 45 mm from injector
300 o 2 : =|r—'iwll-
I | :"I‘ | (C) Axial 4 025} 'Ir.\f“ | (C) Axial
N [ Experiment H 1 R I Experiment
250 ™, ) : i 1e” W .
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b ! AN Y i
3’3 0;1'. B > [ S N
.g [ g 015 B |II /
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/ P
ooObl o o ‘ol
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0 10 20 30 40 50 60 ) -
Differences between the distributions predicted by k — e and k —
w SST models occur along the centerline of the spray,
approximately from 10 mm to 15 mm Tolol:
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Reacting: I-x—t plot

I — x — t (intensity - axial distance - time) ()
Is calculated by integrating OH*
chemiluminescence data from
experiments or OH mass fraction from
CFD along the symmetry axis

Features are shown in such plot:
1.
2.
3.

Ignition delay
Lift-off length

High temperature combustion

recession
Flame tip and foot

o~ e N =2
= = = =

S
=

Axial distance [mm]|

—
=

Experiment

Flame tip
\

b

Combustion
recession
o

Vi

04 08 1.2 1.6
Time ASOI [ms]

2

Flame foot

24 2.7
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Reacting (TFPV): k — e vs. k — w SST

kOmegaSST - TFPV

Ignition delay ® P09 KEpsilon - TFPV 70
k—w
Exp. [ms] SST k—¢ 60 60
0.37+0.1 El g
1011+ 0.08 0.44/0.15 0.47/0.16 £ 50 E 50
(a) 900 K - TFPV E i t 8 8
a - ==-==- LXperimmen
150 | " \Epsilon S 40 g 40
——kOmegaSST| 17 R
_ - ﬁ
";,;100 -S .;
2 %20 <20
< 50t 10 10
0 0
0 04 08 12 16 2 24 2/

1.0 15 2.0

Time ASOI [ms]

1 1.5 2 2.5

Time ASOI [ms]

03 Time ASOI [ms]

1. k — w SST predicts longer lift-off due to richer mixture and higher velocity near injector

2. Similar description in terms of flame tip, while k — w SST better captures the burn-out

ek crour
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Outline

» Diesel Spray Combustion with Multiple Injections
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Spray A: high-temperature reactions

Ignition delay ) | [r——— / @_ |——
Exp. [ms] RIF TFPV
0.37+0.1 __60 __60
10.1140.08 0.39/0.24 0.47/0.16 g g
E50 =50
Experiment | @ -]
150 r=a == = =
| RIF g 40 g 40
) I Rz =
E 0o S 30 < 30
= l = s
% l = Z20
T <20 <
< 50t [
. I—. — e o A 0 0
00 05 10 15 20 25 30 0 0.5 1 1.5 2 2.5 0 0.5 1 1.5 2 2.5
Time ASOI [ms] Time ASOI [ms] Time ASOI [ms]

1. The progress variable approach gives better description of ignition and combustion of
the second injection event;

2. TFPV could correctly predict the lift-off and combustion recession IKE
GROUP
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Spray A: low-temperature reactions
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Light-Duty Engine: case setup

Sector Mesh (41500 cells at TDC): Engine Specifications:
Bore 96 mm
Stroke 105 mm
Compression ratio 18:1
Injector holes 8
Injection cone angle 130°
Simulated operating conditions: 12
HI-EGR | A25 | 1400X9 3 low load operation
£ - .
Speed [rpm] | 1400 | 2000 1400 g conditions, where pilot
Load [%] 25 25 50 3 o0 9 injections are present,
#injections 3 3 3 £ ., 9 were chosen.
EGR [%] 40 22 14 0
A 2.3 1.85 1.2 1000 2000 3000 4000

Engine speed [rpm] Il EE
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Light-Duty Engine: HI-EGR

1.0} Hi-EGR {14 Hi-EGR -:
L RN Exp. i 1 2 N EXp. E 'I“
08} . ---- TFPVIL 5 3 ---- TFPV . P
| | -RIF 4o L RIF P
206 P 0.8 & :
s 'oe 5
=9 ' 9 .
& 0.4 :
"
0.2 h
LE— ="
2N

Crank Angle [deg]
TFPV achieves better agreement with experiments in terms of pressure & AHRR

Similar to Spray A case, the progress variable approach predicts smoother AHRR

IEEGROUP
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Light-Duty Engine: A25 & 1400X9

1.0

A25 112
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ax, Exp

o
o

0.0 i " 1 L 1 i 1 i 1
20 -10 O 10 20 30
Crank Angle |[deg]

40

For A25 case, TFPV could predict the pressure and AHRR very well, while
further investigation should be conducted for 1400X9 case.

50

IEEGROUP
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Outline

4. Conclusion
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Conclusion

TFPV vs. RIF:

1. Both models could provide encouraging
results in heavy-duty engine application,
when only one main injection is used.

2. The advantages of TFPV become more
evident in the presence of multiple
injections:

> Ignition delay and AHRR of the
second injection event (Spray A)

» Lift-off, low- and high-temperature
combustion recession (Spray A)

» Pressure and AHRR (LD engine)

k — w SST vs. k — e model:

1. The k — w SST could give a
comparable prediction with respect
to k — € in both non-reacting (liquid
and spray penetration, mixture
fraction and velocity distribution) and
reacting case.

Next step:
1. Comprehensive validation of TFPV in
LD engine with multiple injections

2. Use of k — w SST in practical engine
applications
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attention!!l
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