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2~ Approach ... bridge gap between
basic and applied research

Basic Unified Code Framework (RAPTOR) > Applied
LES of Turbulence-Chemistry Interactions LES Applied to Low-Temperature
in Reacting Multiphase Flows and Diesel Engine Combustion Research
DOE Basic Energy Sciences Detailed jet flame data for DOE Vehicle Technologies Program
model development but s
low Reynolds number A i 0 '

and simple fuels

Extensive device relevant
measurements but
limited due to complex
geometry, flow and fuels e Lo

TNF Workshop Engine Combustion Network

www.ca.sandia.gov/TNF www.ca.sandia.gov/ECN

« Direct coupling of LES to key target experiments (anchor)
— High-fidelity simulations that match geometry, operating conditions

— Validation, then joint analysis ...
« Fundamental insights not available from experiments alone
- Data reduction aimed at affordable models for engineering

« Work toward predictive models at device relevant conditions
— High-pressure, low-temperature, multiphase flow and combustion, ...

COMBUSTION RESEARCH FACILITY @ Sandia National Laboratories
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CRE  Current focal point ...

- Effects of high-pressure phenomena on fuel injection processes
(current emphasis on Diesel engines)

— Focus on typical conditions when cylinder pressures exceed the
thermodynamic critical pressure of the fuel

— Understand major differences compared to classical spray theory

« Use LES with detailed model framework designed to account
for real-fluid multicomponent thermodynamics and transport

— Compare results with experimental data from the Sandia
high-pressure combustion vessel (see www.sandia.qov/ECN)

— Two cases considered:
- “Spray-H (n-heptane)”
« “Spray-A (n-dodecane)”
— Perform detailed thermodynamic analysis of resultant
multicomponent mixtures to understand the interfacial dynamics

COMBUSTION RESEARCH FACILITY @ Sandia National Laboratories
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~+,. Theoretical-Numerical Framework
CRE (RAPTOR: A general solver optimized for LES)

 Theoretical frgmework 20000 100
(Comprehensive physics) " Near linear scalability

— Fully-coupled, compressible | beyond 100,000
conservation equations - cores

— Real-fluid equation of state
(high-pressure phenomena)

— Detailed thermodynamics,
transport and chemistry

— Multiphase flow, spray

— Dynamic SGS modeling
(no tuned constants)

N

95

L L

10000} = 190

L

= 85

Algorithmic Speedup
Parallel Efficiency, %

* Numerical framework ... - S ]
(High-quality numerics) <A S 180
— Dual-time stepping with 1 10000 20000

generalized preconditioning Number of Cores
(all-Mach-number formulation)

— Staggered finite-volume « Strong (fine-grain) scaling attributes exhibited on the
differencing (non-dissipative, ORNL OLCF CRAY XT system (Jaguar)

discretely conservative) — Single block, 1.28-million cells
— Massively-parallel — 20,000 blocks with 43 cells

. . * Weak (coarse-grain) scaling on 150,000 cores
- Extensively validated, ported benchmarked as part of DOE 2009 Joule Code Metric

to all major platforms

COMBUSTION RESEARCH FACILITY @ Sandia National Laboratories



- 2»  Real-fluid EOS, thermodynamics and

transport for multicomponent systems

n-Dodecane
80 ’ ' Denssity,
kg/m Compound Formula P., bar

50 Compresse Supercritical 800
g Fluid 700 Acetone CH3COCH3 47.0 508
s 600 Benzene C6H6 48.9 562

S 40 _ 500
§ Critical Point 400 Ethane C2H6 48.7 305
o . - 300 Ethanol C2H50H 61.5 514

20

200 Propane C3H8 42.5 370
1 Heptane C7H16 27.4 540
400 600 800 1000 1200 Octane C8H18 25.7 544
Temperature, K Nonane COH20 22.9 595
» Real-fluid mixture properties obtained using Decane C10H22 21.2 618
extended corresponding states model Undecane C11H24 19.9 637
- Designed for arbitrary hydrocarbon mixtures _EEEEE CUZRES 1682 S5l
(Fuel/Oxidizer/Products) Tridecane C13H28 16.8 676
» Validated using NIST library, etc. Ze”adecan C14H30 15.7 693

J. C. Oefelein (2012). General package for evaluation of multicomponent real-
gas and liquid mixture states at all pressures. SAND Report.
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C/ﬁ\;\% Sandia-CRF high-pressure
- combustion vessel (Pickett et al.)

= 3

Peak Injection Conditions

Fuel pressure: 2000 bar
(diesel, gasoline, biofuels)

Peak Chamber Conditions

Pressure: 350 bar
Temperature: 1300 K
Composition: 0-21% O,

Available Data

Internal injector geometry
Rate of injection

Rayleigh scattering images
Schlieren movies

Liquid length versus time
Vapor length versus time

COMBUSTION RESEARCH FACILITY
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| Cé\feli LES at identical conditions ...

Initial Conditions
Pressure: 43.3 bar
Temperature: 1000 K

Composition: (by volume)
0.00% O2, 89.71% N2,
6.52% CO2, 3.77% H20

Baseline
n-heptane injector

Injection Conditions

T ture: 373K - .
Density: 620 kg/m? Computational Domain
Peak Velocity: 554 m/s

Nozzle Diameter: 0.1 mm

Peak Rey: 150,000

COMBUSTION RESEARCH FACILITY @ Sandia National Laboratories
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CRE  Thermodynamic considerations

100 Density,

kg/m®

80 Compressed - Supercritical 800

< Liquid | Regime 700

ﬁ, 60 ; 600

> Critical Point 500

Q40 R il (540, 2 : 400
— Initial Condition

o (373K, 43.3 bar) | 300

100

1 0

200 400 600 800 1000
Temperature, K

n-Heptane is being injected as a compressed liquid at supercritical pressure

COMBUSTION RESEARCH FACILITY @ Sandia National Laboratories
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CRE Thermodynamic considerations

800

Density, kg/m®
B~ (0))
o o
O o

N
o
o

: | N
| BN \
Crltlcal Point ' \
(540 232) ,
-27.4 bar\ |
|

S —
—

-~ .
—_— =

200 400 600 800 1000

Temperature, K

n-Heptane is being injected as a compressed liquid at supercritical pressure
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2~ Effects of pressure on liquid injection

CRE
processes are not well understood

10 bar

mmm) “Low” (subcritical) pressure

— Molecular interface separates injected
liquid from ambient gases

— Interactions between dynamic shear
forces and surface tension promote
primary atomization and breakup

— Spray evolves from dense to dilute
state in classical manner

“High” (supercritical) pressure

— Interfacial diffusion layers develop
presumably due to lower surface tension

— Lack of inter-molecular forces promotes
diffusion dominated turbulent mixing
prior to atomization

— Interfacial region between jets interact in
presence of exceedingly large gradients

Shear-coaxial injection of N2 and He
(N2: p. = 34 bar, T, = 126 K)

W. Mayer, et al. (1998). Atomization and breakup of cryogenic
propellants under high-pressure subcritical and supercritical
conditions. Journal of Propulsion and Power, 14(5): 835-842.

COMBUSTION RESEARCH FACILITY @ Sandia National Laboratories
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. We proceed as follows ...

1. Perform LES assuming real-fluid model is valid
(i.e., no drops)

2. Compare results with available experimental data
to corroborate baseline assumptions

3. Useresults to analyze the characteristics of local
Instantaneous mixture states in the system

COMBUSTION RESEARCH FACILITY @ Sandia National Laboratories
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2~ Comparisons with available data
} " provide reasonable agreement

|

Rayleigh Images

0 01 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9

Mixture Fraction

Large Eddy Simulation

Available Data

= Internal injector geometry
= Rate of injection

v Rayleigh scattering images
v Schlieren movies

v" Liquid length versus time
v Vapor length versus time

COMBUSTION RESEARCH FACILITY @ Sandia National Laboratories



Results facilitate analysis of local
Instantaneous mixture states

M

R

Large Eddy Simulation

0 01 02 03 04 05 0.6 0.7 0.8 0.9 1

Typical flame
Transition from compressed lift-off distance
liquid to supercritical state

Z=0.9

Thermodynamic non-idealities
and transport anomalies

* Mixture conditions vary from compressed liquid to supercritical state
+ Significant thermodynamic non-idealities and transport anomalies

» Classical two-phase flow models do not necessarily account for this

COMBUSTION RESEARCH FACILITY @ Sandia National Laboratories



:ﬁ'

Need to map envelope of mixture states

regime diagram

| N\
a H% n
| to thermodynamic
Pressure [bar]
A 700
600 Farsl Pure N-Heptane
ensiy =27 4bar
%00 Ikg/my =540.2K
400 3
300 \
20 v B
Xidizer otream
100 —434b
1 0 =153
ubble/Dew Point Curve
(Fuel) o %
[ ] @
Mixture o o
Fraction Pseudo-Pure-Fluid Bubble
0 . Dew Point Curve
(Oxidizer) Temperature [K]

| . Ambient Temperature i
¥1OOOV T=1000 K !
aj I |
% 800 F 5
& Best Fit Mixture
a s Temperature |
GE) 600 i / :
I_ 4
% I |
5 400
22 I Fuel Temperature™ |
= 200 - T=373K .

0 0.2 0.4 0.6 0.8 1
Mixture Fraction

Mixture fraction variable

— &= 0refers to “oxidizer” (N2-CO2-H20)

— & =1 refers to fuel (C7H16)

« Temperature conditioned on mixture fraction processed from LES
— Maps temperature of local multicomponent mixture to mixture fraction
— Facilitates development of thermodynamic regime diagram

COMBUSTION RESEARCH FACILITY

@ Sandia National Laboratories
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Mixture Critical Temperature, K
(@))
o
o

400}

200

B

I | I I I I I I ! ! I I

Best Fit Mixture
Temperature

2

¢ =0.86

] | ! ! ]

0.4 0.6
Mixture Fraction

0.8

Mixture critical temperature as function
- of mixture state (T > T, for &< 0.86)
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N
O

30

Mixture Critical Pressure, bar

40t

35¢

I | I I I I I I I ! I I I I

p.= 43.5 bar (Ambient)
p.=27.4 bar (Fuel)

L | ] !

o5l

0 0.2

0.4
Mixture Fraction

0.6

Mixture critical pressure as function
of mixture state (p > p. for & 0.05)
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Envelope of mixture states mapped to

M

‘f ~  thermodynamic regime diagram
2 | | | |
© :
= _
% a
o 1.5r ]
o !
©
(),
s 1 y
3 _
s _
m -
m _
5 0.5_- ]
_"g a
= :
0 [ R N I R [ I N

0 0.2 0.4 0.6 0.8 1
Mixture Fraction
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‘f ~  thermodynamic regime diagram
2 | | | |
© :
5 _
2 i "
O 1.5F “Hecure
o I
'O E
;L
-~ 1' """"""""""""""""""
3 _
O
oC
)
= 091
_"g i
= :
0 ! ! ! | I ! ! | ! ! | I ! L | I ! !
0 02 04 06 08

Mixture Fraction

Envelope of mixture states mapped to
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Envelope of mixture states mapped to
thermodynamic regime diagram

P

=

2 | I I I | | I I I I | I | | | I II | I
© “ Supercritical |
— - upercritica
8 - Temperature :
0 [ Supercritical :
o 15_ Pressure ! |
ol i |
e, ' :
8 . |
e - |
@ - :
oC i |
o i D
= 0.97 |
= i |
B | * — I
S _ ¢*=0.86 |
0 Il | 1 l | | I

0 0.2 0.4 0.6 0.8 1
Mixture Fraction
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Envelope of mixture states mapped to
thermodynamic regime diagram

=

M

2 I I I I I | 1 I I I | I | | | I II I ]
© g 1 O
— Supercritical 5
- Temperature E L3
2 iy =
(7)) 1 5 | Supercritical o 2
O 1.9 Pressure Supercritical '3
o Fluid =
© , g
()] IO
O n [ T ey s
= | ]
o) Lo
2L 2
oC X
® s =
= 0.5F ldeal Gas =g
g | B
25 I * — =
S _ ¢*=0.86 | g

O | L 1 l | Il I ] |

0 0.2 0.4 0.6 0.8 1
Mixture Fraction
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m I I I 1 I I 1 1 1 I : _9 |
— - Supercritical 5
8 Temperature ; =
n | Supercritical . @ /
© 1.5r Tpressure Supercritical | 2/
- : 0 Fluid 5
O ! g il
(b . o -
O 1 A==t - & S IR
- I
O i I o
) - Envelope of L2
[C i Thermodynamic | g ]
o O05F Ideal Gas Mixture States =R
= ‘ -
- — * = =2
= : & =0.86 .
O ] ] ] | ! ] ] | ] ! ] | | ! ! | 1
0 0.2 0.4 0.6 0.8 1

Mixture Fraction

Envelope of mixture states mapped to
thermodynamic regime diagram

Mixing path never enters saturated mixture regime ... necessary but not sufficient proof
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2 Analysis was repeated using

more realistic n-dodecane ...

440 K, 29 bar 900 K, 60 bar

 Shift emphasis to Spray-A case a3
— Fuel: n-dodecane, 363 K PR 1495 s

~ T, =658K, P, =18.2 bar oS
0.1
« Use LES to guide long-distance RRH 1607 pis

microscopy (LDM) visualizations
— Two conditions considered (right) :

0.1
0
0.1
. . . -01
« LDM w/back-illumination shows ogo
ue
01 igament

— Evidence of surface tension at

T
»
-
.
-~
»
T
-
T

T

low-temperature condition :

— More diffusive injection process at 1:;‘;{ - ‘,‘. g
high-temperature condition and 14 _detaches . i

L
01
0
0.1
no apparent formation of drops 0.1
0 -~
Droplets
¢ Why’) 0.1 sgggr:te
01
0
0.1

- g
» . ° » y
Droplets s
- formed
04

0 02 06 08 10 02 04 06 08 1

-
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. CRE

1000 l , . Provides boundary
conditions for application

Vapor Equilibrium of g radient-theo ry

Real-fluid model combined with

equilibrium theory give initial insights

Existence Lines

600 Temperature

| Bt Y OPOE e

400 Low-Temperature Interface State

300

0.2 0.1 0.6 0.8
Mixture Fraction [-]

COMBUSTION RESEARCH FACILITY
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2~ Gradient-theory facilitates

CRE

reconstruction of interfacial structure

* Provides simultaneous estimates of
surface tension, interface thickness

— Established by Van der Waals in 1894
— Reformulated by Cahn, Hillard in 1958

 Thermo-mechanical model of
continuous fluid media

— Multicomponent interface obtained by
minimizing the Helmholtz free energy

— Surface tension, interface thickness
calculated as function of species
density profiles within the interface

« Applied to
— Hydrocarbon mixtures
— Polar compounds
— Vapor-liquid, liquid-liquid interfaces

« Successfully compared to
vapor-liquid Monte-Carlo simulations

p;/ kmol m-3

6.0

5.0

4.0

3.0

2.0

Mdiller et al., Fluid Phase Equilibria
282 (2009) 68-81
; , ;

|
- Hexane/Decane b

| 313.15 K

Pressure |

0 20 30 40 50
z/A
+* Monte-Carlo Simulation
- Gradient Theory

COMBUSTION RESEARCH FACILITY
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| & Gradient-theory facilitates

reconstruction of interfacial structure

T~428 K p= 30 bar 0~12 2 mN/m

T~545 K p= 6() bar a~4 6 mN/m

Vapor quuld Core Vapor 1guld Corg
600+ ' : 1
. A
“. 500} Kn = 7 !
=
vy
= 400r! Mean Free I | Mean Free
> Interface Interface
= Pathway i Pathway ’
2 300F| A ~ 0.92 nm Thickness . LI\ ~ 0.13 nm Thickness _
g — > ( ~ (0.5 nm — '~ 2.3 nm
200F . . .
100F . ! ?
j Kn =~ 1.8 Kn =~ 0.05
0 1 2 3 4 5 6 7 0 1 2_. 3 4 5 6 7
Vapor-Liquid Interface [nm] Vapor-Liquid Interface [nm]

Kn > 0.1: Molecular Interface

Kn < 0.1: Continuum Regime

Transition from spray to diffusive mixing occurs through combination of
vanishing surface tension, broadening interfaces, reduced mean free path

COMBUSTION RESEARCH FACILITY
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2. Predicted trends have been
‘ corroborated by experiments ...

ﬁ

3 us ASI
Long-distance microscopy
with back-illumination, 2
440 K, 29 bar
0_
1_
2_
| I | I
8 9 10 11
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2. Predicted trends have been
/ corroborated by experiments ...

%

Long-distance microscopy
with back-illumination, 10 us ASI
900 K, 60 bar 1
0_
.
_ L5 |
| | | | | |
6 7 8 9 10 11
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| cé\f\eﬂ Model quantifies transition between

spray and dense fluid phenomena

140

—_ =
co O 9 N
o S O

@
(o

Ambient Pressure [bar|
M=
o

N}
=

N-Dodecane/Ng (TF 363 K)

T

Gas—qulud
Interfacial
Diffusion Layers =

Classical
Diesel
Injection
Locations - -

Molecular
Vapor-Liquid
Interface Regime

Mixture

. ..
iesel Engine  cvitical Pressure

P-T Traces

400 500 600 700 800 900 1000 1100

Ambient Temperature [K]
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CRE Summary and conclusions

« Performed detailed analysis of high-pressure injection processes using
LES and real-fluid model and compared with experimental data

— Model captures behavior of multicomponent hydrocarbon mixtures at
high-pressure supercritical conditions

— Revealed that envelope of mixture conditions varies from compressed
liquid to supercritical state (i.e., never saturated)

« At these conditions, the classical view of jet atomization and spray as
an appropriate model is questionable
— Distinct gas-liquid interface does not necessarily exist
— Lack of inter-molecular forces can promote diffusion over atomization

« Combined the real-fluid/equilibrium/gradient-theory models to
understand the interfacial region from a thermodynamic perspective

— Knudsen-number criterion reveals that gas-liquid interfacial diffusion layers
develop not necessarily because of vanishing surface tension, but because
of broadening vapor-liquid interfaces

— As pressure increases, interface thicknesses enter the continuum length
scale regime due to a combination of increasing thickness coupled with a
significant decrease in mean molecular path

COMBUSTION RESEARCH FACILITY @ Sandia National Laboratories
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CRE  Future work

Goal is to combine unique capabilities to maximize synergy
between experiments, simulations, etc.

Approach provides strong link between basic science, key
experiments and related applications

High-pressure multiphase phenomena, hydrocarbon fuels, UQ
will be major future focal points for model development

Exascale computing, multi-core parallelism, GPU acceleration
will be major focal points for algorithmic development

\

Science Base (SC-BES)

Predictive

Combustion
Models
* e.g. Gas Turbines,

DOE. DOD. NASA IC Engines, Liquid
; ' ’ Rockets
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