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BEN: Modelling Scope and Obj

Scope:

e Characterisation of lift-off length, ignition delay, and other
available measures relating to gas-phase chemical reactions.

e Both n-heptane and n-dodecane.

Objectives:

e Compare different models against experiment for the purposes
of validation and identification of what works and what needs
improvement.

e Clarify issues of chemistry and turbulence-chemistry interactions
in models.
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BEN. Contributions

Modelling data contributions:

Argonne NL — Sibendu Som, Douglas Longman

ETH — Michele Bolla, Yuri Wright, K. Boulouchos, Giulio Borghesi &
Epanimondas Mastorakos

IFPEN — Julien Tillou, Christian Angelberger
Penn. State — S. Bhattacharjee, J. Jaishree, H. Zhang and Dan Haworth

Politecnico di Milano — Gianluca D’Errico, Tommaso Lucchini, Roberto
Torelli

Purdue — John Abraham, Muhsin M. Ameen

TU Eindhoven - Sridhar Ayyapureddi,Ulas Eguz,C. Bekdemir, L. M. T.
Somers, L. P. H. de Goey

UNSW - Yuanjiang Pei, Evatt Hawkes, Sanghoon Kook
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BEN: Definitions for Ignition De

Experimental definitions
1. Time of sharp rise in pressure.
2. Time of reaching 50% of the high-temperature chemiluminescence level.

Model definitions
Recommended

d1: First time at which Favre-average OH mass fraction reaches 2% of the
maximum in the domain after a stable flame is established.

d2: Time of maximum rate of rise of maximum temperature.

Other

Penn. State d3: Time of 400K temperature rise.

Purdue d3: Time at which temperature reaches 1500K.

ANL d3: Time at which temperature reaches 2000K. (in ECN1 spray

H data-set.)



BEN: Definitions — Ignition Dela

C7H16, 21% O,, 14.8 kg/m®, 150 Mpa UNSW results with two
different models and the

-@-EXPERIVENT
4 1 -l UNSW model 0 def 1 1 two recommended
—_ =E3- UNSW model O def 2 definitions.
" | - UNSW model 1 def 1
£ o|[ "B UNSW model 1 def 2 | -~ Model 0 — well mixed
>
% ~  Model 1-PDF
©
c 2f
o] .
= - Results are essentially the
: . . .
L= same between definitions.
0

1300 1200 1100 1000 900 800 7000 Hence we will generally
Ambient T (K) just present definition 1 if

available.



Experimental definition
OH* chemiluminescence
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@N: Definitions — Lift-off Leng

UNSW model results with different definitions

Model definitions C7H16, 1000 K, 14.8 kg/m°, 150 Mpa
o0 @~ EXPERIMENT | |
=~ Definition 1: 2% OH a
—~50. -& PennState d2: 0.00025 OH s
Recommended £ 2 pue ¢ ‘
d1: First axial location where OH %40 e ,.
mass fraction reaches 2% of the 8 =~ .
maximum in the domain. § > el
P e
10 ‘ :
Other 20 Ambrent 0, % "
Penn. State d2: First location of Y,,;>0.00025 (Penn. State)
Purdue d2: First location of T=1500K (Purdue)
Purdue d3: First location of Y,,>0.05*max(Y,,) (Purdue)
IFPEN d2: Location of 50% AT (IFPEN)
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@N: OH* chemiluminesce

[OH*] (model)

We implemented an OH* sub-
mechanism into the Sarathy et
al. dodecane chemistry model.

—  Known OH* deficiencies at high
pressure.

—  Skeletal mechanism not
optimised for OH* precursors.

—  Results in very small mass
fractions order 1e-11.
Something is probably wrong!

- We integrated the [OH*] along

0 lines of sight.

- The peakin the “lobe” region is
5 I —— stronger than in the
0 i et Sy experiment, with larger drop to
10 20 30 40 the levelling-off value.

X (Mmm)
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| " ; Definitions: Lift-off

[OH] (model)

[OH] line of sight (model)

OH* chemiluminescence (experiment)

0
5 ——
0 R o hziiiﬁﬁidiuiIﬁé;aa'.
10 20 30 40 50
X (mm)
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Ground state OH does not
feature a peak in the lobe
region.

Ground state OH does not
level off and keeps
increasing with x.
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Image Counts

100

80
B0
40 1
20 1

|:| . [ e

o7 T S T 0 S 7]

10

Experiment

. .
Leveling-off value. - '“-;:;cm:-\-__yuur

f L
L|ﬁ_D'ﬁ'—thrEShD|d f ..............................................

40

20 25 30 45 &0

Axial distance [mm]

a 5 10 15 35

Half of the “levelling off” value gives a different result for OH

and OH*.
OH* is further upstream...
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@N.: Definitions: Lift-off Lengt

Effect of the definitions — UNSW model of spray A baseline.

Line-of sight method OH* 50% levelling-off: 17.5mm
2% of Y, rise (recommended): 17.9mm
5% of Y, rise (Purdue): 18.4mm
Line-of sight method OH* 50% peak: 19.5mm
Line of sight method OH: 21.4mm
40% of Y, rise: 21.4mm
You = 0.00025 (Penn. State): 21.8mm
50% of AT (IFPEN): 20.5mm
T=1500K (Purdue): 20.2mm

Definitions make a significant difference and it is not clear which is correct.
Therefore we plotted the best result for each group.
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g BeNs Standardisation

Suggested chemistry models:

C12H26:

- Sarathy, Mehl, Westbrook, Pitz, Togbe, Dagaut, Wang,
Oehlschlaeger, Niemann, Seshadri, Veloo, Ji, Egolfopoulos, Lu

Comprehensive chemical kinetic modeling of the oxidation of 2-
methylalkanes from c7 to c20

Combustion and flame 2011

C/7H16:

— Lu et al. 53 species:
http://www.engr.uconn.edu/~tlu/mechs/mechs.htm

— Seiser et al.

https://www-pls.linl.gov/?url=science_and_technology-
chemistry-combustion-nc7h16_reduced mechanism
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BEN. Models for turbulence-c

Well-mixed:
~ Mixing is fast relative to chemistry.
- Fast mixing causes the scalar PDFs to be close to 5-functions.

~~

; Yo T2 P) = W(Vizl...N T,P)

Presumed PDF/flamelet approaches:

- The thermochemical state-space is low-dimensional and described by
a few parameters.

- The forms of the parameter PDFs are known and described by a small
number of moments
- usually two, e.g. beta functions , Gaussian or one, e.g. delta function.

- There is some way of obtaining thermochemical state conditional on
the parameters.

@; (Yian T, P)» _[ P(’?j:l..Np)a)j (Yino T, P 77j=1..di77j=1..Np

and usually =~ j P(17,).--P(1p) 0y (Vi o T P70 A 7751 g
—— 1674




“Y8@N:; Models for turbulence-

Presumed PDF/flamelets

Chemistry is fast relative to mixing.

Ignition of a one-dimensional laminar non-premixed stagnation flow.
(Or an approximation to this.)

Different table parameter choices possible.

IFPEN — mixture fraction with a beta PDF, progress variable with a
delta PDF, scalar dissipation with a delta PDF.

Purdue — mixture fraction with a beta PDF, stoichiometric temperature
for a progress variable with a delta-function PDF, scalar dissipation
with a delta function PDF.

TUe - mixture fraction and progress variables. Beta PDFs for both.
PoliMI — slightly different transient representative interacting flamelet

(T-RIF) approach, mixture fraction with a beta PDF, but table interacts
with the CFD and evolves in time.

September 2012 ECN 2: Ignition and lift-off 17/44



Le=1 Q, =(Y,|¢=n)

- Q 2Q  V-((uY!]n)(p)Pm)
Species < +(u|n)-vQ, =(N g _ = +{W,
< |77> < |77> 8U2 <,0> P(U) < | 77>
J J \
Y \f
Conditional Molecular Conditional Chemistry
velocity mixing turbulent flux

Equations are solved for species and temperature,
conditionally averaged on mixture fraction.

Conditional fluctuations are assumed to be small.
Mixture fraction PDF is presumed as a beta function.

In some respects similar to flamelets but the “tabulation”
evolves in time and space. (In space, on a coarser grid than
the CFD.)
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B@N: Models for turbulence-che

Transported PDF approaches
(Penn. State and UNSW)

A transport equation is written for the complete PDF of the
chemical species and temperature.

Chemical reaction is closed but mixing requires modelling.

d d d
" (pP) + a_t, (pu ;) +E (,:‘.JSAP]]:

Closed \] _ Turbulent
Cherr.ncal transport I\/I.ol_ecular
reaction modelled by mixing
gradient

diffusion




@N: Models for turbule

Transported PDF approaches
(Penn. State and UNSW)

Equation is very high dimensional (number of species),
hence modelled by a Monte Carlo method.

The most common approach is an approach tracking
Lagrangian particles:

OH mass fraction

E
20 e . 510
I0.8

0.6

N
(@]

- 10.4

Radius (mm)
O

-
(@]

40 60
' Distance from injector (mm)
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”-‘)iaN..J Models
& |

CODE(S)

Turbulence model(s)

Scalar transport

ANL

ETH

IFPEN

Penn. State

PoliMi

Purdue

TU.e

UNSW

CONVERGE

StarCD 4.1

AVBP

Star-CD

OpenFOAM

In-house REC

StarCD

Fluent

RNG k-g

RNG k-g

LES, Smagorinsky

k-¢

k-¢

k-¢

k- (high Re)

k-g, with round jet
adjustment

Gradient

Gradient

Gradient (LES)

mO: Gradient
m1: Weiner process
(i.e. gradient)

Gradient
Gradient

Gradient

mO: Gradient
m1: Weiner process
(i.e. gradient)




Chemistry Turbulence —chemistry interaction

ANL *C7H14: Lu et al., 63 species Well-mixed. (No model.)
reduced.
*C12H26: Sarathy et al. 106
species

ETH e C7H14: Pitsch in Liu et al.  mO: well-mixed.

22 species reduced. m1: Conditional Moment Closure. Equations
solved for conditional moments of species and
temperature as function of mixture fraction,
space and time.

IFPEN °C7H14: Seiser et al. 140 Presumed PDF with flamelet tabulation. Beta
species 1540 reactions PDF for mixture fraction, delta PDF for scalar
dissipation. Table is function of time.

Penn. *C7H16: Chalmers 40 mO: well-mixed.
State species 165 reactions. m1: Transported PDF method. Lagrangian
http://www.tfd.chalmers.se solution of full joint composition mass density
e C12H26: Sarathy et al. 103 function.
species
—_— _ —



Chemistry

Turbulence —chemistry interaction

PoliMi

Purdue

TUe

UNSW

e C7H14: Lu & Law 68
species reduced.

e C7H16: 44 species
skeletal in Liu et al.

e C12H26: Sarathy et al.
106 species

*C12H26: Krithika and
Pitsch 253 sp. and 1437
rxn: Krithika
Narayanaswamy, Pepiot,
Pitsch, to be submitted to
Combust. Flame

*C7H14: Lu et al., 48 sp.
reduced.

*C12H26: Lu 87 reduced
(from Sarathy et al. 106)

Transient representative interactive flamelets
(T-RIF), 20 flamelets per ms, flamelet creation
based on fuel mass.

Unsteady flamelet progress variable.
Tabulation based on mixture fraction, progress
variable, scalar dissipation. PDF of mixture
fraction was beta. Other parameters delta.

Flamelet generated manifolds. Tabulation on
mixture fraction and progress variables. Beta
PDFs for both.

mO: Well-mixed.

m1: Transported PDF method. Lagrangian
solution of full joint composition mass density
function.




Grid type

Grid range

Time
discretisation
scheme

Time step

ANL

ETH

IFPEN

Penn.
State

PoliMi

Purdue

TU.e

UNSW

3D, structured with
AMR

2D, structured, uniform

3D, unstructured
tetrahedra

2D, structured

3D, structured with
AMR

2D, structured

3D, uniform Cartesian,
Y sector

2D, structured

0.25mm- 0.5mm

0.5 mm uniform

0.06-0.6mm,
>2million cells

0.25mm-1.5mm
4 mm (unrefined) to

1mm (refined)

~0.25 mm to ~4.5 mm

0.5 mMm X 0.25mm

0.15x0.4 mm —
4x11 mm

PISO

PISO

Runge-Kutta

PISO

PIMPLE

SIMPLE

PISO

SIMPLE

Variable

1.0e-6 s

1-8e-8 s

2e-7s

5.0e-7 s

5e-8-1e-6 s

5.0e-6

4e-06s



Heat transfer/
evaporation

Collision/ Drag/
Coalescence Dispersion

Injection/

Break-up

HT: Ranz-Marshall
Evap: Frossling

Collision:
O’Rourke
Coalescence: Post
collision outcomes

Drag: Dynamic model
Dispersion: Stochastic

ANL Inj: Blob
Break-up: KH-RT with
breakup length concept

ETH Inj: Blob O’Rourke Drag: Dynamic HT: Ranz-Marshall
Break-up: Reitz-Diwakar Dispersion: Stochastic Evap: Ranz-Marshall

IFPEN DiturBC model Peirano & Leckner  Drag: Andrews and O'Rourke, HT: Infinite lig. k

(Eulerian) (Martinez, Benkenida, (1998). Prog. (1996)., J. Multiphase Flow Evap: Spalding
Cuenot, Fuel 89 (2010) Energy Dispersion: LES
219-228.) Combust. Sci. 24

Penn. Inj: Blob No Dispersion: Stochastic HT: Ranz-Marshall

State Break-up: Reitz-Diwakar Evap: Frossling

PoliMi Inj: Blob Np Drag: Sphere HT: Ranz-Marshall
Break-up: Huh-Gosman, Dispersion: Stochastic Evap: Frossling + mass-
wave based Spalding #

Purdue Inj: Line-source O’Rourke Drag: Dynamic HT: Ranz-Marshall
Break-up: primary — R-T. Dispersion: Stochastic; Gosman  Evap: Frossling
2ndary: Reitz-Diwakar & Loannides

TU.e Inj: Nozzle flow model O’Rourke Drag: Star-CD standard HT: Ranz-Marshall
Break-up: Reitz-Diwakar Dispersion: Stochastic Evap: Standard

UNSW Inj: Group No Drag: High Mach HT: Ranz-Marshall

Break-up: No (inject
small droplets)

Dispersion: stochastic

Evap: Frossling
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BEN: Data requested

Ignition delay
Lift-off length
OH profiles and fields

Spray A Spray H
Baseline: 15% 02, 900K, Baseline: 21% 02, 1000K,
22.8 kg/m3, 150 MPa injection ~ 14.8 kg/m3, 150MPa injection
pressure, 4ms inj. duration pressure, >4ms inj. duration

1. Ambient T variation 1. Ambient T variation

750K — 1200K (Sandia) 750K — 1300K (Sandia)
2. Ambient O, variation 2. Ambient O, variation
13 -15-21% (CMT) 8 — 21 % (Sandia)
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BEN. Abbreviations

Institution Abbreviation

 Argonne National Laboratory ANL

e ETH Zurich ETH

 |FP-Energies Nouvelles IFPEN

 Pennsylvania State University Penn. State

e Politecnico di Milano PoliMI

e Purdue University Purdue

e T.U. Eindhoven TUe

e University of New South Wales UNSW

Example legend / Definition

~8- UNSW Lu 48 red. m0 d1
=€)~ UNSW Lu 48 red. m1 d1

/ I \ Model

Institution T
Chemistry

mO: well-mixed
m1l: other




Experimental/modeling results comparison

All models, ambient temperature variation
All models, ambient O, variation
Drill-downs:

- Do we get the same result with well-mixed models
Implemented in different codes?

- Is there a benefit of using advanced combustion
models?

- Transported PDF methods?
- Flamelet-like methods?




All models, ambient temperature variation




A

Ignition delay (ms)
N

C7H16, 21% O,, 14.8 kg/m’, 150 Mpa

w

=€)~ UNSW Lu 48 red. m1 d1

-@-EXPERIMENT

{ =M ETH Pitsch 22 red. m1 d1

IFPEN Seiser 140 red. m1 d1
= PennState Chalmers 40 skel. mO d3
=€)+ PennState Chalmers 40 skel. m1 d3
=&~ POLIMI Lu 68 red. m1 d1
=~ Purdue Liu 44 m1 d3
- UNSW Lu 48 red. mO d1

—
T

1300 1200 1100 1000 900

Ambient T (K)

800

700

Ignition delay (ms)

N
3

N

—
o

Q
o

C12H26, 15% O,, 22.8 kg/m°, 150 Mpa

= PennState Sarathy 103 skel. m0 d3

| - Purdue Sarathy 106 skel. m1 d3

i -0‘- UNSW Lu (Sarathy) 87 red. m1 d1

-@-EXPERIMENT
- ANL Sarathy 106 skel. mO d2

-€)-PennState Sarathy 103 skel. m1 d3

TUE Kirithika 253 m1 d1
- UNSW Lu (Sarathy) 87 red. mQ d1

-_
T

rF N
T 9
¥
i
¥
[
]
i
[
]
i
]
i
¥
i

1000 900
Ambient T (K)

1200 1100

Good agreement for qualitative trends with some outliers.

Over-prediction for most models in Spray A, and models straddle spray H.

800 70

Absolute agreement generally worse at lower T with over-predicted ignition delay.

Spray H results better than spray A. Lower O, in spray A? Or worse chemistry model?




C7H16, 21% O,, 14.8 kg/m®, 150 Mpa C12H26, 15% O,, 22.8 kg/m”, 150 Mpa

EXPERIMENT
ETH Pitsch 22 red. m1 d1
IFPEN Seiser 140 red. m1 d1
== PennState Chalmers 40 skel. m0 d3
=€} PennState Chalmers 40 skel. m1 d3
=&~ POLIMI Lu 68 red. m1 d1
~»- Purdue Liu 44 m1 d3
0 | =M= UNSW Lu 48 red. m0 d1
" =€)~ UNSW Lu 48 red. m1 d1

-@-EXPERIMENT
-f»- ANL Sarathy 106 skel. mO d2
—#—- PennState Sarathy 103 skel. m0 d3
-€) - PeneState Sarathy 103 skel. m1 d3
=~ Purdue Sarathy 106 skel. m1 d3
TUE Krithika 253 m1 d1
- == UNSW Lu 87 red. mO d1
-~ UNSW Lu 87 red. m1 d1

o

Ignition delay (ms)
o
Tgnition delay logT0(Ms)
o

08 090 1 11 12 13 ‘_ _
1000/T 1000/T

- Arrhenius plot reveals relative errors are however similar across the range of T.
- Most of the models capturing the sensitivity well with a couple of outliers.




C7H16, 21% O_, 14.8 kg/m®, 150 Mpa C12H26, 15% O, 22.8 kg/m>, 150 Mpa
2 2

-@-EXPERIMENT -@-EXPERIMENT
—&ETH Pitsch 22 red. m1 d1 - EXPERIMENT corrected
IFPEN Seiser 140 red. m1 d2 - =<} - ANL Sarathy 106 skel. mQ d1
. =% PennState Chalmers 40 skel. m0 d2 ~#- PennState Sarathy 103 skel. m0 d2
-€) - PennState Chalmers 40 skel. m1 d2 | =€ -PennState Sarathy 103 skel. m1 d2
-€¥-POLIMI Lu 68 red. m1 d1 -~ Purdue Sarathy 106 skel. m1 d2
=~ Purdue Liu 44 m1 d3 TUe Krithika 253 m1 d1
- == UNSW Lu 48 red. mO d1 . = UNSW Lu 87 red. m0 d1
~€r-UNSW Lu 48 red. m1 d1 =€)~ UNSW Lu 87 red. m1 d1

o

)
(8)
o

B
o

Lift-off length (mm)
LN
()

Lift-off length (mm)
W
o

20/ :
20 i
10! |
NI S S e AR oL | | | |
1200 1300 1200 1100 1000 900 800 700 © 4200 1100 1000 900 860 700
Ambient T (K) Ambient T (K)

- Trends also mostly correct for LOL.
- Again, greater sensitivity to models at low T.
- PoliMI result may be a limitation of the RIF model as implemented.



All models, ambient oxygen variation




C7H16, 1000 K, 14.8 kglm 150 Mpa C12H26, 900K, 22.8 kglm 150 Mpa

3
-.-EXPERIMENT S 2 EXPERIMENT
*ANL Lu 63 red. m0 d3 ~<<}-ANL Lu 106 skel. m0 d2
2.5} &y~ ETH Pitsch 22 red. m0 d1 1 1 <« -TUe Krithika 253 m1 d1 1

—&— ETH Pitsch 22 red. m1 d1
IFPEN Seiser 140 red. m1 d1
| =¥ PennState Chalmers 40 skel. m0 d3
-e- PennState Chalmers 40 skel. m1 d3
=8~ POLIMI Lu 68 red. m1 d1
=€} POLIMI Lu 68 red. m1 d2
| =~ Purdue Liu 44 m1 d3
TUe Andrae 137 m1 d1
| =M= UNSW Lu 48 red. m0 d1
-€)* UNSW Lu 48 red. m1 /,,.,_

UNSW Lu 87 red. mO d1
-UNSW Lu 87 red. m1 d1

N
©
fes)

-
o
N

y
lllll

Ignition delay (ms)
a

Ignition delay (ms)
o
o))

©
(&
1
©
N
1

25 20 15 10 20 18 16 14 12
Ambient O, % Ambient O,%

(@)
NO
N

. Generally similar observations as for ambient T variation.

. PoliMlI result was very different between OH based definition and maximum rate of T
rise definition. We've used the latter for later discussions.




B@N. Lift-off length versus O, %

C7H16, 1000 K, 14.8 kg/m 150 MPa C12H26, 900K, 22.8 kglm 150 Mpa
‘ 40 ‘
~@- EXPERIVENT @ EXPERIMENT
80 ~§ ANL Lu 63 red. m0 d2 . -} ANL Sarathy 106 skel. m0 d1

=£%:ETH Pitsch 22 red. m0 d1 o
‘é‘ —&- ETH Pitsch 22 red. m1 d1 —_ TUE Krithika 253 m1 d1
< IFPEN Seiser 140 red. m1 d2 € 30 #-UNSW Lu 87 red. mO d1 1
- 60 | == PennState Chalmers 40 skel. m0 d2 ] = -€»*UNSW Lu 87 red. m1 d1
c =€) * PennState Chalmers 40 skel. m1 d2 z
B - POLIMI Lu 68 red. m1 d1 A =
- <>~ Purdue Liu 44 m1 d3 : 2 20 |
@ 40 TUE Andrae 137 m1 d1 s ¥ 4 )
G -l- UNSW Lu 48 red. mO d1 -
o) *UNSW Lu48red. mid1 2 %

1 . == ‘ y
: 20 | — l“_l: 1 0 | |
9’:0 25 20 15 10 9 20 18 16 14 12
Ambient O2 % Ambient 02%

. Once again, similar situation as for ambient T variation.



Do we get the same results with well-mixed models in
different codes, etc?




BEN: Do we get the same result

C12H26, 15% O,, 22.8 kg/m®, 150 Mpa C12H26, 15% O,, 22.8 kg/m®, 150 Mpa

-@- EXPERIVENT -@-EXPERIMENT
- > - ANL Sarathy 106 skel. m0 d2 -} - ANL Sarathy 106 skel. mO d1

~#- PennState Sarathy 103 skel. m0 d3 - —#— PennsState Sarathy 103 skel. m0 d2 T
~#- UNSW Lu (Sarathy) 87 red. mO d1 8- UNSW Lu 87 red. m0 d1

(8
(@)

-
o

LN

o

Ignition delay (ms)
Lift-off length (mm)
w
o

20+ 1
0.5¢ 1
10- 1
0 . . . | |
0 ' ! ' J ' 1200 1100 1000 900 800 700
1200 1100 1000 900 800 700 g
Ambient T (K) Ambient T (K)

- 3 models with essentially the same chemistry and turbulence-
chemistry interaction model.

- 3 different results.



N
N o

Ignition delay (ms)
(&)

©
»

o

C7H16, 1000 K, 148kglm 150 Mpa C7H16, 1000 K, 14.8 kg/m®, 150 Mpa

-.-EXPERIMENT 80 -.-EXPERIIVIENT
-<}-ANL Lu 63 red. m0 d3 -}~ ANL Lu 63 red. m0 d2 A
- -&-ETH Pitsch 22 red. m0 d1 i -é\-ETH Pitsch 22 red. m0 d1 &
-# - PennState Chalmers 40 skel. mO d3 f 60 ~* PennState Chalmers 40 skel. m0 d2 s
~8- UNSW Lu 48 red. mO d1 5

| ~#-UNSW Lu 48 red. mO d1 %

—
T

---------------------
_____

-
-
-
-‘—‘-
-

N
o

Lift-off length (mm)
N
o

‘ | | 20 15 10
20 15 10 :
Ambient O, % Ambient O, %

For n-heptane, we also get different results.

UNSW and ANL Lu mechanisms should be very similar (ANL
mechanism had NO, but otherwise similar).



Do flamelet and CMC methods give superior results
compared with well-mixed models?
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- Although some results are good, no clear improvement of ignition
delay with flamelet —like models.

- ETH’s CMC greatly improves the LOL relative to well-mixed.

- Purdue UFPV and IFPEN FGM-LES good for LOL but no comparison
to well-mixed was done.

September 201 cCN 2 Igniton and lftoft /44



C7H16, 21% O,, 14.8 kg/m®, 150 Mpa C7H16, 21% O,, 14.8 kg/m®, 150 Mpa
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- No clear improvement of ignition delay or LOL with flamelet —like
models. May be due to different codes and kinetic mechanisms as
direct comparisons to well-mixed were not done.

- CMC probably improved at low T for ignition delay. Good result at
800K and only model to get ignition for 750K.
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C12H26, 15% 02, 22.8 kglm3, 150 Mpa C12H26, 15% 02, 22.8 kglm3, 150 Mpa
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- No clear improvement of ignition with flamelet —like
models. (But again, this is a test between different codes
and chemistry.)



Do transported PDF methods give superior results
compared with well-mixed models?
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1200 1100
- Spray A, T variations:

—  Penn. State: PDF method greatly improves LOL and ignition delay.
— UNSW: PDF slightly improves ignition delay and greatly improves LOL.



BEN: Are TPDF methods better th
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C7H16, 21% 02, 14.8 kglm3, 150 Mpa C7H16, 21% 02, 14.8 kglm3, 150 Mpa
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- Spray H, T variations:
—~  UNSW - PDF method improves both ignition delay and LOL.

—  Penn. State — well mixed is generally better except for ignition delay
at lower T.



C7H16, 1000 K, 148kglm 150 Mpa C7H16, 1000 K, 14.8 kg/m", 150 Mpa
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- Spray H, O, variations:
— UNSW - PDF significantly improves LOL and slightly improves ignition.
—  Penn. State — not much difference.
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C7H16, 21% 02, 14.8 kglm3, 150 Mpa C12H26, 15% 02, 22.8 kglm3, 150 Mpa
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- It seems to be more difficult to capture ignition than lift-off,
particularly in spray A.

- Spray H generally better than spray A.




BEN: Error for T, variations

C7H16, 21% O,, 14.8 kg/m"®, 150 Mpa
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Relative to well mixed models implemented by the same group:

improvement for ignition.

UNSW'’s PDF method gives a large improvement for lift-off and a small

Penn. State’s lift-off improves for spray A but not spray H. Ignition delay is

greatly improved in spray A but only slightly in spray H.




C7H16, 1000K, 14.8 kglm 150 Mpa

C12H26, 900K, 22.8 kglm 150 Mpa
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PDF methods: exactly the same observations as for the Ta

variations.

CMC: greatly improves LOL, slightly improves ignition delay.
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OH comparisons




N: Qualitative OH field
Penn. State - IPDE

[Temperature)
P!

UNSW - TPDF
oy \
\j“)

UNSW - Well-mixed

ETH — well-mixed&=="

- OH fields are qualitatively
different.

- Well-mixed models very thin
profiles < integral scale.

ANL — Well-mixed

i
—t

September 2012 ECN 2: Ignition and lift-off 55/44




BON: OH radial profiles
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Model comparisons summar

Jsen.

< Definitions

Differing definitions are still a problem.

lgnition delay
- Two definitions were trialled and gave close results for most people’s models.
Still there is a question of the relationship to the experimental definition.

Lift-off length

Many groups feel the 2% OH rise is to far upstream and so used other
definitions.

- Without accurate model OH* chemiluminescence emissions, it is difficult to
know what to do.

How to resolve definitions issues?

Experimental measurements of ground state OH, temperature, or something
else we have reasonable confidence in with our models.

Improved modelling of OH*.
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< Well-mixed models

Well-mixed models are attractive because they are easy to implement.

Qualitative trends were definitely be captured. ANL's result was
consistently good.

We compared results from different codes with well-mixed turbulence-
chemistry interaction models.

For spray A, we also had a good convergence of chemical models,
probably because few are available.

Despite this, we still got different results.

Therefore, there is a non-negligible influence of the numerical methods,
grids, etc.

One assumes there are similar numerical issues with the other models.
(e.g. note the difference between UNSW and Penn. State PDF method
results.)

Is it worth trying to improve the agreement between nominally the same
models, or is this a waste of effort?
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< Well-mixed versus PDF methods

— UNSW found slightly improved ignition delay and greatly improved
lift-off length with the PDF method for both Spray A and Spray H,
and for both T, and O, variations.

— Penn. State found greatly improved LOL and ignition delay for
Spray A, but only slightly better ignition delay in spray H. (The
chemistry model from spray H was more rudimentary.)

— Thus, PDF methods appear to improve results.

— Of course, they are significantly more expensive! (About 1-2 weeks
on 48 cores for a 2D spray A case.)

— Can we reduce the cost by dimensional reduction?

<+ Well-mixed versus CMC

— ETH found greatly improved LOL and slightly improved ignition
delay with Conditional Moment Closure.



Model comparisons summa

ECN-

< Well-mixed versus flamelets

Some of the other results with flamelet-based methods were also very
good.

Purdue’s UFPV spray H with O, variation.
IFPEN’s FGM-LES spray H with Ta variation.
- Tue’s FGM spray A and H with O, variation.
Comparisons of flamelet approaches with well-mixed were difficult

because side-by-side runs were not done keeping other factors fixed. This
is recommended for the future.

Flamelet approaches should improve treatment of fluctuations, by
modelling according to non-trivial PDFs of mixture fraction, progress
variable, etc.

However, might be worse as approximations to chemistry. Tabulated
approaches assume very low-dimensionality of the chemistry. How good
is this assumption? (Can detailed chemistry results for ignition delay, etc,
be reproduced?)

Flamelet approaches should be very cheap!

It seems worth to investigate flamelet approaches more systematically
and determine what are the benefits and limitations.
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ANL simulation Strategy

CONVERGE

3D

structured AMR

21 order finite volume

NUEHESELPRETC-CO RO EIC (S -{{l Base grid size: 2mm
SO RERINIIELLLE Finest grid size: 0.25mm
Gradient based AMR on the velocity and temperature

fields.
Fixed embedding in the near nozzle region to ensure the

finest grid sizes

[ EI RSN 400K-450K for 0.25mm
Turbulence and scalar transport model(s) R\ CR &

ST IEVA e[S Breakup: KH-RT without breakup length concept
Collision model: NTC
Drag-law: Dynamic model

Variable based on spray, evaporation, combustion
processes

Direct Integration of detailed chemistry
well-mixed (no sub-grid model)

10 e T P 2N ) B T[] PISO (Pressure Implicit with Splitting of Operators)
Chemistry acceleration JASELN (=1 NE el oIETd

n-dodecane chemical kinetic model: Z. Luo, S. Som, S.M. Sarathy, M. Plomer, W.J. Pitz, D.E. Longman, T.
Lu, “Development and validation of an n-Dodecane skeletal mechanism for diesel spray-combustion

. applications,” under review
.8
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ETH
o e oo Multi-Dimensional-CFD LAV Q/
Conditional Moment Closure Equations

Le=1 Q, =(Y,|&=n)
os Qi vo <inl & Y (U7 e) Pn)
Species > +{(u|n)-vQ, =(N|n) o I >P(77) +{w,| )
N J ~ J ~ /) H_j
Conditional Molecular Conditional Chemistry
velocity mixing turbulent flux

ot c|m\ o = on || on
~ (<UT ‘ >< >|5 77))+ 1 <£5P‘n>+ <WH‘ 77> N <WRAD‘ 77> N <WNALL‘ 77>
(0)Pn) (colm\p et {pln)(c,|m) (plu)(e,ln) (pln)(c,|m)
. J . J
Temperature e N R
Time-varying Radiation Wall heat transfer

pressure

Source: De Paola, Mastorakos, Wright & Boulouchos, Combustion Science and Technology 180 (2008)



Eidgenossische Technische Hochschule Ziirich L AV @

Numerical set-up

= Interfacing STAR-CD / CMC code = 3D CFD code STAR-CD v4.16
= Quasi-2D grid (0.5mm size)
| » STAR-CD |
retulrn msan = Turbulence model: K-£-RNG
values by . )
ptvggmf;gp"_vg& ﬁ:;h‘ (T)Y, «— r??é%ﬂgie[;s = Spray model: Lagrangian
T ) = Atomisation: ‘blob’
Y7=fvi(n)f’(n>dn ——P()=P(n& %) 2 gjf’ = Break-up: Reitz-Diwakar
/\\ | b, P = Combustion model:
s ] ot
SN S = Conditional Moment Closure
CMC code R = Reduced 77-C,H; mechanism
solve conditional = Liu* 22/44 SpeCieS
species and enthalpy
equations = Soot model:
=N T = 2-eq model by Leung**

Wright, de Paola, Mastorakos & Boulouchos, Comb. Flame 143 (2005)

*) Mechanism: Liu et a., Comb. Flame 137 (2004) **) Soot model: Leung et al., Comb. Flame 87 (1991)



ETH

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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~ €Energies
(Qanouvelles
N

Numerical setup

= Numerical simulation of the Spray H

= AVBP LES code co-developed by IFPEN and
CERFACS

= Eulerian mesoscopic formalism for the liquid
phase

= Smagorinsky model for turbulence modeling

= DIturBC model for injection [ to avoid
resolving the dense liquid zone

= Mesh of 22M cells refined in the jet axis (from
60um close to the nozzle up to 600 ym)

Evolution of the fuel mixture fraction for the
1000K 14.8 kg/m3 non-reactive case on the
22M cells mesh

Zoom on the DIturBC
cone

Modelling approach — ECN 2012 124- 08 - 2012
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N
. © 2011 - IFP Energies nouv

Combustion modeling: the ADF PCM approach

= Generation of an ADF look-up table

Modelling approach — ECN 2012



( fP €nergies
nouvelles

w
. © 2011 - IFP Energies nouvelles

'-// |
Combustion modeling: the ADF PCM approach

= Generation of ADF-PCM approach : PDF integration

[1] L. Martinez et. al. Fuel, 2010
[2] J.- B. Michel et al. Combustion and Flame, 2008, 2009
[3] N. Peters. Prog. Energy Combust. Sci, 1984
Modelling approach — ECN 2012 124- 08 - 2012
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Our goal has been to determine the extent to which
turbulent fluctuations are (or are not) important

« Personnel [T
— S. Bhattacharjee, J. Jaishree, H. Zhang and D.C. Haworth .7 L
« CFD Codes i ”@ s
— OpenFOAM and STAR-CD v4 o y 2.
« Geometric Configurations e %ﬂ
— 2D axisymmetric and 3D ) 5
» Physical Models and Numerical Methods \ (p.0).. /

— 2" order spatial discretizations, first- or quasi-second-order temporal discretization

— Two-equation turbulence models with gradient transport

— Standard injector and spray models, using a Lagrangian DPM

— Skeletal chemical mechanisms, in some cases using ISAT

— Turbulence-chemistry interactions (TCI): transported joint PDF of species mass
fractions + mixture specific enthalpy, implemented via a stochastic Lagrangian particle
method or a stochastic Eulerian field method

— Soot and radiation heat transfer models (in progress)

Compare results from tPDF method with those from well-mixed model to
guantify TCI effects

PENN STATE Acknowledgements: CD-adapco, GM, GE and PA, Volvo and DOE

m Department of Mechanical & Nuclear Engineering
The Pennsylvania State University




The computed turbulent flame structure is
gualitatively incorrect when TCI are ignored

t=1ms t=2ms t=3ms

tPDF
method

T{E)

Well-stirred
reactor

2650,
2513,
2377,
2240,
2103,
1967,
1 1830.
1693,
1557,
1420,
1283,
1147,
1010,
8733
7367
600.0

4.50E-03
4.18E-03
3.86E-03
3.54E-03

3.21E-03
2.89E-03

2.67E-03
2.25E-03

1.93E-03
1.61E-03
1.29E-03
9.64E-04
6.43E-04
3.21E-04
0.00E+00

PENN STATE 40-species n-heptane

_Zhw Department of Mechanical & Nuclear Engineering
The Pennsylvania State University




Computed IDs and LOLs change significantly with
consideration of TCI for low ambient T and O,

N-dodecane (Spray A)
— 103-species mechanism
— 22.8 kg/m3, 15% O,

* N-heptane (Spray H) .
— 40-species mechanism
— 14.8 kg/m3, 21% O,

M
|
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S. Bhattacharjee, STAR-CD v4
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Department of Mechanical & Nuclear Engineering
The Pennsylvania State University
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Polimi — modeling approach

CFD code

S
—
#ROUTECH

ey

e OpenFOAME® together with in-house specific libraries and
solvers (LibICE) developed for combustion and spray modeling.

OpenFOAM
(released by SGI®)

(
/

| LibICE |

(ibrary ) ((sovers | ([ |

C o)

Libraries

* Lagrangian spray, wall film, premixed
combustion, diffusive combustion,
chemistry, 1D-3D

Solvers

* Engine simulation (gas exchange,
fuel-air mixing, combustion), exhaust
after-treatment, 1D-3D

Utilities
e Data processing, set-up
\ 9 v/

http://www.engines.polimi.it




J—
A ROUTEC

Polimi — Spray modeling

Sub-model Mesh management
Adaptive local mesh

Blob (Huh, Nurick or Reitz-

Injection . refinement

Diwakar)
. L. Huh-Gosman or Wave (with

Atomization
breakup length)

Secondarv Breaku Kelvin Helmholtz and

y P Rayleigh Taylor (KHRT)

Evaporation Borman and Johnson or Law

Heat transfer Ranz-Marschall

Dispersion Stochastic

Drag Sphere

http://www.engines.polimi.it




Direct-integration of detailed chemistry (well-mixed approach)

Turbulence-chemistry interaction: transient representative
interactive flamelet model (T-RIF) implemented in the unsteady

flamelet combustion model library.

Mechanism reduction (DAC, DRG) and reaction rate tabulation
techniques (ISAT, multi-zone) work in combination.
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Modeling Recipe

« Modeling Tool : STAR CD

e Grid: ?\&srmcn
— Dimensionality ; 3D domain wall
- Type : uniform cuboid cell
- Cell size ; 0.5x0.5x0.25 mm3 oA
- Total grid number 640000 | Domain: Quarter Section.
. Turbulence Model: RANS, k-€ (high Re) e 2X2X10cm?
« Time advancement:
— Time discretisation scheme : PISO
- Time-step (sec) : le-06
e Spray Model: Coupled Two - Phase Lagrangian Model
— Injection/Nozzle flow : Modified MPI
— Droplet Break-up : Reitz & Diwakar
— Atomisation : Reitz & Diwakar
— Collision : O’ Rourke
— Turbulence dispertion : Stochastic
— Heat transfer : Ranz-Marshall

— All constants/coefficients of above models with default settings

Technische Universiteit
Eindhoven
11/22/2012 University of Technology



Modeling Recipe

« Chemistry Model
- Flamelet Generated Manifold Chemistry f (Z,Y)
- Two different tabulation methods:

Temperature

— Igniting counter flow diffusion flames Lk
— CHEMI1D code :
‘Adiabatic mixing line | . ! | "l"l,u
— Homogenous Reactors — % 1
. Mixture Fraction
- N-dodecane mechanisms used: llustration of mixing line, HRs, ICDFs

— by Krithika et al. (consisting of 253 species and 1437 reactions)
- by Som et al. (consisting of 124 species and 476 reactions)

 Turbulence-chemistry interaction Model: FGM-presumed PDF

f - 7.22)P(Y HY ¥2)dzdy

O ey
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« The optimum FGM table resolution:

~ 101x9x101x1in ZxZ"2XYxY "%
- Compared with well mixed model , i.e., with 2D tables 101X101 iZxY
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Key definitions

 Non-reacting spray characteristics
e Liquid length
- Farthest axial location of the cell with void fraction of 0.0015 (0.15%)

« Vapor penetration length
- Farthest axial location of the cell with fuel mass fraction of 0.001(0.1%)

 Reacting spray characteristics

e Ignition delay
- defl: First time at which OH mass fraction reached 2% of the maximum in the domain
- def2: Time of maximum rate of rise of Tmax

o Lift-off length

— First axial location of the cell with OH mass fraction reaching 2% its maximum in the domain

Technische Universiteit
e Eindhoven
11/22/2012 University of Technology
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Transported PDF modelling of spray combustion
at diesel engine conditions

Never Stand Still Project summary
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Methodology: Composition PDF
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> Motivation

= Highly non-linear chemical reaction in closed form

= Good performance on “Berkeley/Sydney lifted flame in vitiated hot co-flow”
flame (H2 and CH4 ) [Xu and Pope (2000), Cabra et al. (2002)]

» Implementation

= Lagrangian Monte Carlo method in Fluent v13.0 and v14.0
= Standard Reynolds-averaged k-€ turbulence model



Non-reacting results

Experiment CFD
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Fields of fuel mixture fraction from
experiments and computations with the
EMST mixing model, C;, =2.5.
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Qualitatively captures the experiment on the
spatial and temporal structures

Excellent agreement of vapour penetration.
Excellent prediction of liquid length.



Non-reacting results
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Radial profile of fuel mixture fraction from
experiments and computations

Axial profile (R = 0Omm) of fuel mixture fraction variance from
experiments and computations with different mixing constants

C¢ at 6 ms. The 95% confidence interval is shown for the
experimental data.

» Excellent predictions of the non-reacting, transient fuel-jet structure
**Mean fuel mass-fraction

**Fuel mass-fraction variance



Reacting results (example: n-heptane)
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OH mass fraction comparison from the PDF (top) and
well-mixed (bottom) models.

» Qualitatively more realistic flame
structure obtained by the PDF model

» Excellent quantitative prediction by the

PDF model compared with a well-mixed
model

¢ Lift-off length

**Ignition delay
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