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 CrRE. MOTIVATION - Liquid fuel injection

* Inlet is turbulent (+ cavitation)

« Chamber flow high pressure and sonic

« Atomization process not understood

|

=> all these phenomena drive mixing and combustion

Initial Conditions N d
Pressure: 60 bar e e
Temperature: 900K

..k e a high fidelity though
= J \ 6.52% CO2, 3.77% H20 . .
affordable simulation

Spray-A injector "X,
(n-Dodecane) y

1080 d

Injection Conditions

Peak Velocity: 600 m/s Computational Domain

Peak Re,: 117,000

Density: 650 kg/m?

Temperature: 363 K 3
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Zrr MODEL - Euler-Euler spray

’ A simplified but promising approach

= Coupled NS-PGD (Pressureless Gas Dynamics)

can emulate at once

— the inertial behavior of the inemal Cavitation—, %
dense quU|d core Primary Breakup ——

— the break-up and dispersion
of liquid blobs (prescribes size

Of d ropletS) Turbulent Dispersion —
— the dilute spray regime Vaporization —>

Air-Fuel Mixing —> /&

Dense Spray
Regime

Atomization ———
Secondary Breakup —>

Particle Coalescence —

Dilute Spray
Regime

= _.provided some modeling
= need closures!
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MODEL - Sectional method

A cost-efficient way to capture polydispersity

/ . Various drop sizes are treated as a continuum

f94 Coalescence
Break-up
/Evaporation
am @
Gas J
ource
Sk-1 Sk ”s
_2 2
0¢np+0x (np 1) —ZCZ+ fz + 2Ep
0rmy+0x- (M) = Czl-i- B?"i‘zEgl Navier-Stok -
at(mkuk)+ax'(mkuk®"k)=mka+ZC%JFZB;L:"'2EE ~— avier-stokes with sources
— 2 2nh
\0r(myhp)+0x-(Mmphug) =miH;+ Ck+ Bk+2Ep

...many integral source terms to compute
5
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Vool
f & MODEL - Euler-Euler spray (E-ES)

" Pressureless Gas Dynamics (PGD) decouples Lagrangian advection

'+ The coupled NS-PGD* system:

( atpq}}' + ampg}'l}'ug — f.l..’f + ZEEl_R
k
at.ﬁg}f& + amﬂ,:;}riug =y 1E _I;PIFTS]]QCJ'.ES]]! i1# f
Orpgtty + Oppgttg@uy = —0zp + Z (—F R q)
.:
atpge_q + angEgug = —pazuq + Z (_H,I‘-;: +Fk:{ u.!.,:] + h,ﬂE?n Q‘)
- E;,+1+B'*”++C”‘+ EF+E; *+Bp +Cp)
Oimpuy + Oxmpup @up) = Fi + upr B+ By +CF — wp EF +EL “+B +CP7) A& € [1; Neee]
Gimihi + Oxmihiruy” =Hg + byt 1Eh+l+B§,§+ +CM — hy (B + Ek I+BI+C)

pressureless sections

*obtained from kinetic theory or conservation principles

Ouf + Opef + 0.Ff + 0gHf +0,Ef =B +C
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" Zrr NUMERICS

Outline

* 1) Time integration
tailored splitting

- 2) PGD transport

Gas transport .7,

Section transport .7

Coupling #
F+7H+E
= + | Spray sources

B+E

novel semi-Lagrangian scheme

7

COMBUSTION RESEARCH FACILITY

@ Sandia National Laboratories



NUMERICS - Time integration

A Tailored Operator Splitting

)

/ Operator splitting

— Recycle !egaf:y solve_rs Gastransport. 7, | =
— Robust time integration Coupling 42
— Local pl’opertles enforced Section transport %, | = Tre + | Spray sources
— Adaptable accuracy had
 to integrate all phase exchange terms &7 at once (RK4)
— Realizability, conservativity, equilibrium
. Nsec
— Strong couplings U = g l—(%) 7 U
k=1
. Y;\'
* to integrate spray sources 7+ ﬁgu
878
— Realizability and convergence Pses
— Strong particle-particle coupling U= ,';’;
myuy
mkhk 8
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Zrr NUMERICS - PGD transport

’ A robust and accurate answer to PGD peculiarities

Oympug + Opgmpur@uy = 0 [ =SUEED
Osmphy + Opgmphipuy, = 0 (coupling)

{ S s g — A

Lp
. mk m

Projection (?rc;ar:]t?ir)l(r;% mk:uk;) (t,z) — up (t)
th id P
o locations) my T} T
p

Lagrangian
transport :13;‘ + ’U,g At

* Novel semi-Lagrangian PGD transport scheme
— Deterministic: no noise

— Localizes spray info at mesh nodes: good for coupling
— Easier load balancing

— No fluxes to be computed: reduce cost and numerical diffusion
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@ NUMERICS - PGD transport

Transport is 2" order in space

No CFL constraint
(unconditionally stable)

Handles vacuum

« Handles 6-shocks
& .l
©
(/)]
% 05
E B

abscissa

error

0.1 |

0.01 -

0.001 |

0.0001 -

1e-05 |

1e-06 |

1e-07 -

1e-08 |

1e-09 |

1e-10

Integer CFL
=> exact

T
‘conv_gaus.dat’ using 1:2 —+—
‘conv_gaus_deformed.dat’ using 1:4 ------

1/x
1/x**2

1
10

\——I/

100

# of cells

1000
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Zrr RESULTS - PGD transport

7 2D test with prescribed flow field

Mass concentration

(Eulerian)
0-shock?
0 - .
Over L ' o Mass concentration
N R o (Lagrangian)
Number of
under- —2 — - SR numerical parcels
sampled T (Lagrangian)

0 10 20 30 40 50 60 70
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5 @ NUMERICS — Raptor

A general solver optimized for LES

'+ Theoretical framework

— Fully-coupled, compressible
conservation equations

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

— Detailed thermodynamics, transport
and chemistry

— Multiphase flow, spray

— Dynamic SGS modeling (No
Tuned Constants)

— Advanced UQ methods for
error/sensitivity analysis

« Numerical framework

— Staggered finite-volume differencing
(non-dissipative, discretely
conservative)

— Dual-time stepping with generalized

preconditioning (all-Mach-number
formulation)

— Detailed treatment of geometry, wall
phenomena, BC’s

150000 1100
o 2
S i 495 =
) [5)
o 100000F . c
8 | |5
) 190 g
.E — ] Lu
£ 50000} S
5 [ | e5 ®
o Near linear scalability ©
< beyond 100,000 cores o

Lo 480
1 50000 100000 150000

Number of Cores

High-performance computing framework
(Advanced parallel programming model that makes optimal use
of advanced MP-computer architectures)

Results from strong and weak scaling on Oak Ridge National
Laboratory CRAY XK7 (Titan), June 2013

— Test case — jet-in-cross-flow, 500-million cells
— Strong scaling: 24,000 to 120,000 cores, > 90% efficiency

— Weak scaling: 500-million-cells/24,000-cores
to 2-billion-cells/120,000-cores, < 4% increase in CPU time

Currently being refactored for hybrid multi-core parallelism and
GPU acceleration (MP1/OpenMP/OpenACC) 12
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RESULTS — Momentum Coupling

Comparison between E-ES and CLSVOF

v Supersonic injection

— velocity plug-flow
boundary

— no thermal transfer

v" Agreement on gas
entrainment

¥ Liquid density
discrepancy results
from pressureless
assumption

* Jet tip is different
because of lack of
surface tension

CLSVOF
Ax =13.3 um, At ~6 ns

Raptor with E-ES
AX =12.5 um, At =8 ns
Volume
fraction

Zero level-set
isosurface

Axial Axial velocity
velocity

v_g Transverse velocity

mOEso &
= 60
. Y 240 . - =
B " 00 - * o
=40 e
-80 i

—100E 13
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| RESULTS — Momentum coupling

" Entrainment and induced turbulence by jet injection

« Executed with RAPTOR + E-ES

Liquid density [kg/m?3]
1 100
| ‘ |

T 001 5e+03

Axial velocity [m/s]
0 \\\%?9\\ \\\\Iﬁoo

-100 600
Gas density [kg/m3]

| 222 \\\\\\2\2"5\\\\\\\|228
22 23
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CRE. CONCLUSION

Spray tools

— Kkinetic theory L S O e\ E _ aSieaa
. . M‘%ﬁ'ﬁ%{)’/ S5 . °e )l
— microscopic closure =

— dedicated numerics

... are promising to efficiently handle injection.

Perspectives (1 year)

= Dense core dynamics = High-pressure mixing = Combustion

pressure atomization chemistry
turbulence “evaporation” LES closure
surface tension LES closure numerics

7777777

uuuuuu
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