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Comgutationa/ Combustion Lab

Modeling and Computational Challenges
to Study Combustion Instability in
Rocket Engine Model Simulations

Suresh Menon
Georgia Institute of Technology

University of Tokyo
September 26, 2012

Computational Combustion Lab

Outline

* Liquid Rocket Engines — Challenges
* Modeling Challenges
* Numerical Algorithm Challenges
* Implementation and Computational Challenges
* Results and Observations
— Trans-critical mixing studies
— Trans-critical reacting studies
— Combustion Instability studies
* Conclusion and future outlook

This document is provided by JAXA
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Computational Combustion Lab B

Liquid Rocket Engine

* LREs have been operational since 1950s but are still not
fully understood for a variety of challenges
— High pressure supercritical combustion
— Many small injectors, different types of injectors, complex
geometries including pre-burners and manifolds
* “Perfect storm” events lead to combustion instability
— Enormous heat release (> 10 GW/m?) in confined volume
— Coupling between acoustics-heat release- shear turbulence
— Catastrophic pressure oscillations can grow rapidly
— Small design changes can have large consequences
* Expensive testing needed to develop new engines
— Vulcain: 280+ test firings, 85,000 s of operational tests

Computational Combustion Lab B

Experimental Challenges

* High pressure environment makes measurements
difficult to obtain data inside the thrust chamber

— Typically, only wall heat transfer is obtained
— Some flow visualization, CH, OH-PLIF for some cases
* Laboratory LREs are not properly scaled real system

— Typically single injector in large combustor leads to
different kinds of flow physics — slow/large recirculation

— Limited understanding of injector-to-injector interactions
— Limited multi-injector studies at subcritical pressures
— Typically gas-gas or liquid-gas systems far from LRE

* Flight systems therefore still require extensive empirical
testing with limited in-situ assessment of combustion

This document is provided by JAXA
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Computational Combustion Lab s

Modeling Challenges

High pressure conditions

— Supercritical conditions

— Real Gas Equation of State
— Trans-critical events

3D unsteady features

— Simple geometry but complex
physics in small narrow regions .

RANS cannot capture turbulent
fluctuations and interactions

DNS is too expensive

100

80 |

60
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20

Perhaps LES or something else?
How to validate?

[p(kg/m’):

B -© W

1 211 420 630 8B40 1049 1259

Turbulence Modeling Approaches

Direct numerical simulation (DNS)

— Transient, 3-D, resolve all fluctuations, no modeling
Moment formulation (RANS/URANS-Models)

Comgutationa/ Combustion Lab 7

— Mean, variances, co-variance predicted

— Model the complete spectrum

Large-Eddy-Simulation (LES or VLES)

— Transient, 3-D, resolve large-scales, model ‘unresolved’

scale effect on the ‘resolved’ scale

— Only ‘energy-containing’ scales resolved in VLES

— Energy-containing and inertial scales resolved in LES
Hybrid Schemes: Detached Eddy Simulation, RANS-LES
— New hybrid terms appear that require new closure

This document is provided by JAXA
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Dissipation Range Inertial Subrange Energetic Eddies
L :

DROPLET RANGE RANS — Current practical CFD
Combustion Range

P
Very Large Eddy Simulation (VLES)

Range of possible grid
cutoff for LES Large Eddy Simulation (LES)

Direct Numerical Simulations (DNS)

Increasing Cost

Computational Combustion Lab

Turbulent Signal and Modeling Strategy

i DNS URANS
ES RANS

A A

.
v
m

Mean from DNS or LES not same as
RANS prediction
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Comgutational Combustion Lab 7

Modeling Strategy

* Compressible conservative formulation needed to
capture acoustic-vortex-flame interactions, shocks etc.

* Favre-filtered equations (with many assumptions)
— Gradient — filter commute, top-hat filter, etc.

dp , dpi,
_+_’:0
dt  ox,

i a —_—- o~ o — sgs sgs
7+a_xj(/3u,~uj+p(¢)5,~j—T,~,~+T,~jg +p™6,)=0

a —_~ o~ TN ~ ~ ~ — 52§ 5g8 5gs ~

—+a_xi(peTui+p(¢)ui+Qi,lK_ujTji+Hig +0,% +p* ”z’):O
aﬁf a v ~ T sgs sgs —~
7k+$(p T Y 40 ) =@, fork=1...N;

1

* Filtered Mass and Heat Flux (without cross-diffusion):

— Heat flux:

— Mass flux:

Jix = ﬁ?km

* Filtered Real Gas Equation(s) of State (EOS)

— Peng-Robinson (PR) (@)= ;_)ZRT +p*
— Soave-Redlich-Kwong (SRK)
— Redlich-Kwong (RK)

This document is provided by JAXA
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Comgutational Combustion Lab 7

Thermodynamics and Transport
properties for Real Gas Applications

* Corresponding state principles: _

— Peng-Robinson EOS : 1Y

— Chung’s method for viscosity,
thermal conductivity

Peonity (kgmi

14
)

._‘R

— Fuller’'s method for diffusion o ————
Coeﬁ|C|ent im 200 y::m,\;::l'..s," 0 00
. 02, P=60 bars
* Proven good compromise 1250
1,2 P . < ;
cost/accuracy el [
* Fully conservative formulation §osr Yy oBREOS
requires optimized non-linear E so0r 3
solver L
r TR ennaacaeadk
— Use density and internal energy to % 5 i o

Temperature (K)

CH4, P=100 bars

1J. C. Oefelein. Combustion Science and Technology, 178:229—-252, 2006.
2A. Congiunti, C. Bruno, and E. Giacomazzi. AIAA 2003-478, 2003.

obtain pressure and temperature

Computational Combustion Lab ‘
Subgrid Closure Terms

Reynolds Stress Ty = P (i — uy)
Enthalpy Flux H = p(Eu; — Ew;) + (pu; — piy)
Viscous Work o9 = 5Ty — T
Convective-Species |Yik = plui¥s — w;¥x)
Heat Flux @3 = [hDidYi/0xi — hix DydYy /0]
Species-Diffusive Fluy 0k = AlVisYi = Vix¥a]

Filtered EOS s = 5 ( 7RT - Zfch) —iRY ﬁ (Z/Yva - Z?,j)

* Typically gradient transport for momentum and energy
subgrid transport is used

— Isotropic scalar eddy viscosity
— Need length scale and velocity scale(s)

This document is provided by JAXA
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Computational Combustion Lab

Impact of Filtering on Turbulence

Energy decays too rapid -
before cutoff — teoo much Energy piles up at tbe
dissipation :: Error cutoff scale - too little
dissipation :: Error
/
f

A/\E,&\)/\ k-S/S
Acceptable beyond
_4

= (K) \\ cutoff

D (K)
\ D (k)

/ o
s "N N log (k)
- = -
Energy inertial dissipation
containing range range
scales

Localized Dynamic Kinetic Energy

SGS Stress: T29% = _Qﬁut(g';- - %5:1\) + %Tkkdi_j

tJ

Characteristic length provided by the local grid spacing
* Smagorinsky algebraic model for the subgrid stress

vy = CA2|§| S| = /255

One-equation model tor subgrid kinetic energy (Schumann)

This document is provided by JAXA
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Computational Combustion Lab s >

Compressible Subgrid Kinetic Energy
0pk™ N dpuk*

ot 0x;

=T .+pd.+P,.-D.—-B

k388 k388 k388 k588

— Production Pksgs —Tisjgs_]
L 0X, \
et Ju. _ Ju.
D|SS|patIOn Dksgs = LTij a : _le a ZJ
X; X
— Pressure-Dilatation Correlation | pdj:s: = Pal_, _Pé)('-
— Diﬁusiog/Transport
Thogs = —- <(/_)K ui —p K — ;%) + (wi P — @ P) — (w;7i; — 1 ﬁ)>
£y
— Pressure gradient — density gradient B - alnﬁa_]?
T ox, ox,

Génin and Menon (AIAA-2009, Comp. FI., 2010; J. Turb., 2010)

Computational Combustion Lab ‘
Localized Dynamic Closure

* Scale similarity is extended to test filter level and a
model is assumed for

test
T, =CL;
* Does not employ Germano’ s identity

~~ [ 7S, 1PSu
‘Cz_] — —20,,V A?tE'Stﬁ.-A /): S §p,_\U‘JZJ — —EMOIJ
p p
M, L - = 1= , 1 -
C,, = ——9 v, J \/Iij ./‘Mij = VEktestA (ﬁS,-j — §ﬁskk(\,jj) ‘cij = ‘Cij - §‘Ckk()ij
2 M5 M .

- Denominator is well defined at the test filter level and non-zero
» Approach is stable and robust without averaging in complex flows
* Model is available in many commercial codes (e.g. FLUENT, OF)

This document is provided by JAXA
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Computational Combustion Lab B

The Filtered Reaction Rate Closure

* Most difficult to close even without real gas effects
* Many alternate strategies developed to avoid the closure
* Critical to understand the application requirements

— Assumptions valid in one flow may not work in another

* Mixed premixed-partially premixed-non-premixed regimes

* Scale Separation implicit or explicit in ALL closures

— Turbulence and combustion scales separated in the inertial
range

— Mixing process in the inertial range independent of
chemistry and simplify modeling considerable

— Kolmogorov scaling laws are not modified by molecular
mixing and heat release at the (even) smaller scales.

— Reasonable but is this true at high Re or for Real Gas?

Computational Combustion Lab B

Turbulent Combustion Models in Terms of
Chemistry and Mixing
(Modified from Peters, pg 64)

Premixed Nonpremixed

Combustion Combustion
Infinitely Fast Bray-Moss-Libby Conserved Scalar
Chemistry Coherent Flame Equilibrium Model
Finite-rate w/o PDF Transport PDF Transport

Molecular mixing

Finite-rate with Flamelet Model Flamelet Model
filtered or modeled | o .\ tion, G-z, ATF | Z, ATF, CMC, PaSr...

reaction rate
EBU, FSD, PaSR...

Finite-rate with Linear-Eddy Model Linear-Eddy Model
Molecular mixing

This document is provided by JAXA
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Flamelet or Finite-Rate?

* Flamelet concept is cost effective but may not be valid in
LRE everywhere in the thrust chamber

* Non-premixed burning requires proper treatment of
turbulent and Molecular (including differential) mixing

* Combustion instability can change flame structure

* Unsteady heat release coupling may require proper
estimate of partially burned effects and radical chemistry

— Multi-component diffusion needed
— Finite-rate kinetics needed
* Flame structure may be much more complex

Computational Combustion Lab 15

Turbulence-Flame Interactions

Flame Surface

)  Embedded
’ / adaptive grid for
| | { reaction physics
DNS LEMLES modeling

» Localized dynamic closure for subgrid kinetic energy

» Scale similar closure that is stable in complex flows
»  Grid-within-grid approach

« Simulate large-scales on the LES grid

« Simulate molecular processes: subgrid turbulent mixing,
molecular diffusion and finite-rate at the SUBGRID level

This document is provided by JAXA
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—W@_a/ Combustion Lab ': :7;%‘ -
Species Equation: Two Scale Solver ™

* Resolved Species Equation

a(pY,) A puY,) 0 oY, . :
T, ATTd T pp k= o, + S
at axi axi axi Chemical source Spra;’s-(;urce
——~——— h T term term
(Resolved+Unresolved) scale Molecular diffusion

convection
* Two scale procedure is used: ;= (ﬁ,- + uggs)R + Uy
— Unresolved Scale

o n noyn n .
(p%.) ~(pY,) =_a(p i )+ 0 p"D, W, o, + S
At ox, ox, ox, -

L
! Chemical source  Spray source
v . e
Convection Molecular diffusion

— Resolved Scale

pY, )" =(pv,) O wfm 1\ oo
| k)AtLES( S _ax,.[p (@ +1,), ]

v .
Convection

Comgutation_al Combustion Lab 5%
LEMLES Processes

* NO filtering of the species equations
— Eulerian-Lagrangian solver for species equation
* Reaction-Diffusion processes
— Evolves in a “grid” inside the LES grid
— Full multi-component and differential diffusion included
— Finite-rate kinetics included without needing closure
* Turbulent stirring by eddies smaller than LES grid
— Stochastic process that is based on Kolmogorov scaling
* Volumetric expansion of subgrid field due to heat release

* Computational more expensive than flamelet but no
need for a priori choice of flame type

— Parallel optimization techniques can reduce cost

This document is provided by JAXA



* Stirring in a freely propagating premixed flame

x 10"

o

1%00 1400 1600 1800 2000
dex

Y, in freely propagating
premixed turbulent
CH,/Air flame

Schematic

Interaction between Stirring, Diffusion and

Reactions
0.00025, Stirring Only
Snrn‘ng and Diffusion
B} 0.00020‘_ Stir, Diff and Reac
Initial Profile § '
Fg 0.00015F
% 0.00010F
J 2"
2 )
Triplet map 0.00005

| | $ 1
0.0000955=""15p - dzgo 750
T1 o1nis

Diffusion

30C
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* Acetone spray Chen et al., 2006; Srinivasan et al. (DLES, 2010)

Comgutationa/ Combustion Lab 7

Numerical Challenges

* Many solver strategies in existence but not all will work
for Real gas and supercritical combustion

— Very large density gradients and shear turbulence both
need to be captured in a complex geometry

* Central and compact schemes require local or explicit
artificial filtering or dissipation to stabilize
* DNS high order algorithms will not work in stretched and
body conforming grid
* Hybrid solvers are being developed to capture both
large-gradient interface and shear turbulence
— Hybrid WENO - Central
— Hybrid HLLC/E — Central/Predictor-Corrector

This document is provided by JAXA
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Comgutational Combustion Lab >
Hybrid central-HLLC scheme

* Locally adaptive sensor switches between schemes
* Shu-Osher test at Mach 3 with and without Real Gas

Compressed air,
Z = 0.85 pre-shock,
Z = 1.15 post-shock

Standard airZ =1

Computational Combustion Lab <
Other Numerical Challenges

* Influence of boundary conditions very critical
— Characteristic based inflow and inflow turbulence
* Constant mass, reflected, semi-reflected?
— Choked outflow or characteristic outflow?
— Wall heat transfer — coupled fluid-structure interactions

Perfect Reflecting Inflow Non-Reflecting Inflow

This document is provided by JAXA
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Computational Combustion Lab

PSU LOXGOX coaxial injector at 57.5 bar

* Trans-critical injection with a single species

* Grid independence study with 3 grids:
- coarse (600K), baseline (3.5M), refined (5.5M)

|| Composition | T (K)| U (mis)

Round jet 02 105 23.3
Annular jet 02 269 115
Coflow 02 262 =6

LOX-GOX Studies

* Redlich-Kwong equation of state
* Toroidal recirculation with trans-critical layer
P

B Vel comatat pressure GAgK)

FEVELD

Nadial srance (M)

Cp (J/kg/K)
3500
i

This document is provided by JAXA
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Computational Combustion Lab
LOXGOX Jet Mixing

* |nstantaneous comparison
— Backlit image
— Slice vs line-of-sight

* Time-averaged comparison
— Processing raw data

— Reaches stationary state - : |
|n 10'1 5 ms ove Lo s0L/D

Time of averaging 1 ms

Time of averaging 10 ms

Comgutationa/ Combustion Lab

LOX-GOX Jet Mixing

p-p" _ p=85 _
p’—p” 1080-85 "

* Main metric is dark core length 03<p” =
— Similar to spray penetration
— Important quantity for combustion instability [1]

[1] Chehroudi, B., “Physical Hypothesis for the Combustion Instability in Cryogenic
Liquid Rocket Engines,” Journal of Propulsion and Power, 2010.

This document is provided by JAXA
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LEMLES and LES of LOX-GN2 Jet

( oarse LES-LEM

-

Foalse LES

Comgutational Combustion Lab

MASS FRAC N2

1.0

DENSITY (kg/m3)

X=20D L().‘-&T

l

s

1080.0
-
0.1 85.0

— —~——»
--&\r

Similar flowfields
but scalar mixing
shows some
differences at the
small scales

LEMLES predicts
closer to gradient
diffusion as
expected for this
non-reacting
mixing case
Reacting cases
under study

Non-dimensional dark core length

30

25 |-

20} -

15F s @ L

SRS,
Wide Scatter in Trans-Critical Mixing Data

LES can provide useful trends with correct physics
LES can access flow conditions beyond sub-scale rigs

Survey of coaxial, non-reacting supercritical flows
— Main parameter: momentum flux ratio

fa

F o e
"im,
.....
Ta,

fre,
EXS
.
Sia
- [ ——

Fevs,
nnnnn
AAAAA

(pu2) gas

J=
(p U ) liquid

Rehab with VR = 50

Rehab with VR = 2 / Davis 1-phase

'+ Davis 2-phase

Baseline LES

Baseline LES with doubled velocities
Locke

Experimental data without recess
Experimental dara

Momentum flux ratio
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Comgutation_al Combustion Lab B

Trans-critical Combustion

* Peng-Robinson EoS instead of Redlich-Kwong

* Inflow boundary conditions and their influence

* Role of acoustics at inflow and outflow

* Turbulent combustion closure
— Finite rate chemistry (influence of kinetic mechanism)
— Laminar chemistry vs LEM closure

* LOX-GH2 and LOX-GCH4 combustion studies
— Experiments at Penn State, Mascotte (France) and JAXA

* Combustion instability in high pressure subcritical GCH4-
GOX combustor at Purdue

Computational Combustion Lab B

Chemistry modeling for H2-02
combustion

* Baurle & Girimaji (2003) - reaction kinetics for H2
including 7 steps and 6 species. Radical species include
OH, H and O.

* Conaire et al (2004) - reaction kinetics including 21
steps and 8 species. Addition of H202 and HO2
radicals.

* Shimizu et al (2011) - kinetics including 29 elementary
reactions and 8 species. High-pressure effects better
accounted for. (For H2-Air combustion 5 additional steps
include N2, He and Ar effects)

ALIX31dINOD

\ 4

This document is provided by JAXA
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Comgutationa/ Combustion Lab

Chemistry modeling for H2-O2 System

* Opposed diffusion flame at high pressure

* Good agreement between 21-step and 7-step
H,-O, opposed diffusion flame, 55 bar

T =700K,V =1m/s,T. =811K,V_  =3m/s, strain rate estimate: 200 1/s
ox ox fuel fuel
4
T T T T T T

~

—— Conaire - Temperature (kK)
—— Conaire - O, mass fraction

3.5| — Conaire - H, mass fraction
—— Conaire - H,0 mass fraction
X  Conaire - Absolute velocity (m/s)
3= Baurle - Temperature (kK)
— — Baurle - O, mass fraction
— — Baurle - H, mass fraction

2.5

— — Baurle - H,0 mass fraction

O  Baurle - Absolute velocity (m/s)

2 2
1.5 1.5
1 1
'3 J
0.5 0.5
0 I ! L OX@ ¥ X 5t o RIS 0

0.7 0.725  0.75  0.775 0.8 0.825 085 0.875 0.9 0.925

Distance (cm)
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Comgutationa/ Combustion Lab

Chemistry modeling for H2-02

* 1D-laminar flame at T=298K and p=1atm
* 21-step (Conaire et al.), 29-step (Shimizu et al.)

3.5} ]
3.0
i\éi 2.5F
® 20k
2 2.0
id ® XP Dowdy
g 1.5 ~—CHEMKIN SIMULATIONS—— |
& —— CONAIRE muxture
- = SHIMIZU mixture
1.0 SHIMIZU Mult Soret
: —LESUE SIMULATIONS (TPG / Mixture)—| |
® Cantera - GRimech
—4— CONAIRE
0.5 ~4- SHIMIZU 7]
1 L 1 1 L 1
0.5 1.0 1.5 2.0 2.5 3.0

Equivalence ratio
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Computational Combustion Lab

Scaling from Lab to Sub-scale to Full-scc

Sub-Scale

Lab Scale

Re (LOX) 1.38E+06 5.53E+05 6.18E+04

Re (Fuel) 4.38E+05 1.83E+05 4 .87E+05
Velocity Ratio 4.99 16.93 18.06
Momentum flux ratio 3.15 1.53 11.64
Equivalence ratio 1.28 1.36 13.09
Da 2.63 1.87 58.0

Lab Scale

* Sub-scale multi-injector test case (83 injectors):

— Chamber pressure: 138 bar, far from p, (02, CH4)

— LOX: U =20-40 m/s, T =100-120 K

— CH4: U = 130-250 m/s, T = 240-300 K, $=1.1-2

— Flow speeds much higher than lab-scale single injectors
* Can LES be used to study scaling issues?

Comgutationa/ Combustion Lab

LOX coaxial injector rig

* Developed after NASA CUIP study [1]
* Square chamber for better optical access [2]
* Grid influence study with 4 grids:

* Coarse (600k), baseline (3.5M), I-refined (5M) and IK-
refined (7.5M)

D, ox=2.05
mm
L,=0.35m

[1] Tucker, Menon, Merkle, Oefelein, and Yang. In 44t JPC, AIAA 2008-522, 2008
[2] J. M. Locke. PhD thesis, The Pennsylvania State University, May 2011

This document is provided by JAXA
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1.5 ms

TEMPERATURE (K) MASS FRAC N2 \

* 21-step Conaire et al., 8.5 M grid points
e Strong sinuous and helicoidal modes

LOX-GH2 Flame Structure

* Pure diffusion flame in the near-field @ x/D =1
* Radial profile @ x/D=1, flame structure clearly defined

DENSE LOX CORE
BOUNDED BY RECIRCULATION
TRANSCRITICAL LAYEN

m<>r-m

GH2

POTENTIAL /

LOX CORE
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—Comwgombuﬁion Lab A
LOX-GH2 Flame Structure

* Pure diffusion flame in the near-field
* Premixing present once dense core narrows
* Another reason to use Finite-Rate Kinetics

TEMPERATURE (K)
| 5 ms
'5'3’»00 000

120.000

* New interest in Liquid Rocket Engines (LRE) operating
with methane as propellant.

* Important differences with hydrogen physics:
— CH4 can be injected under both trans-critical and
supercritical states’.
—Pcn, > P2 large range of flux momentum ratio can be
applied in LOX/CH4 injector, which allows different
hydrodynamic and combustion regimes

— Complex chemistry requires to revisit methods
developed for H2/02 combustion (mechanisms, LES
closure of the reaction rate...)

' Singla et al. (Proceedings of the Combustion institute 2005)

This document is provided by JAXA
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Comgutational Combustion Lab 7

Reduced mechanism for O2/CH4 |
combustion

* Lack of reduced mechanism for oxy-combustion of CH4 at
high pressure: at least 12 steps and 16 species’
— Too expensive for real gas LES at this time!!
* Use global 1-step and 2-step kinetics with modified rates to
match conditions at high pressure
* Computation of laminar premixed flames with Cantera:
— Stoichiometric equivalence ratio
— Pressure: 5.6 MPa
— Real gas replaced by thermally perfect gas assumption.
— Mechanisms: comparison of WD12 with GRIMECH.

Sung et al. Int. Symp. Comb. (1998), 2Westbrook & Dryer (CS&T 1982)

Comparison of WD1_, with GRIMECH
— GRIMECH o ——GRIMECH | P garaeaa ot ot e, -
gt;{ s --------- } :g 1 E
= =1 :
o
* Error on the adiabatic Tog (K) | sz (m/s)
temperature < 5% GRIMECH | 3584 2.317
* Nearly perfect correction WD1 5051 11.11
of the flame speed WD1ox 3755 2.283

This document is provided by JAXA
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Comgutationa/ Combustion Lab

LES of Mascotte test case

* Coaxial LOX/CH4 injector (G2)': P=5.6 MPa, ¢g =

* 24 million grid points

|| Composition| T fol s

Round jet 02 3.70
Annular jet CH4 288 63.2

1 Singla et al. (Proceeding of the Combustion institute 2005)

Comgutationa/ Combustion Lab

Turbulent Flow structure

* Strong coherent structures in the shear layers:
entrainment of gas in coaxial jet and dense core wrinkling

* Good recovery of the Kolmogorov -5/3 spectrum

This document is provided by JAXA
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Comgutational Combustion Lab
Flame structure

Experimental flame : Visualization * Good agreement
Short flame: L~6 cm.
Anchored on the LOX tip.
Expansion angle:

— Initial part : a<10°

— Blooming angle : a~20°

LES (MAX): iso surface T=1700K

Computational Combustion Lab 7]

Combustion regime
" : Fama i * Flame index:

00E+04 4300404

FI=VY,, *VY,
FI <0 : Diffusion flame
FI >0: Premixed flame

Mass Froction

* Diffusion flame

* Combustion regime close to the *
laminar infinitely fast chemistry

This document is provided by JAXA
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Comgutationa/ Combustion Lab

3D v/s Axi vis 2D LOX-GH2 Studies

* 3D is essentially the only proper way to do LES but is
computationally very expensive

e Strategy needed for parametric study of unsteady flame-
turbulence interactions that is cost effective

— Axisymmetric, 2D or sector 3D
— Pros and Cons for each approach

* Axisymmetric and 3D sector with centerline injector will
always result in an artificially long LOX core

— Off-center injector may avoid centerline effects but artificial
e 2D avoids centerline issues but no 3D relieving effect,
choking is artificial and energy/volume may be too high
* LES closure is invalid for axisymmetric of 2D but
unsteady effects can be captured

Comgutationa/ Combustion Lab

3D v/s Axisymmetric

* Liquid core length is too long in axisymmetric case

Axisymmetric

3D

This document is provided by JAXA
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Comgutational Combustion Lab 7

A 2D Evaluation Configuration

* 2D simplification of a shear coaxial injector including a
convergent-divergent throat (injector studied by Nunome
et al., 2011 and Daimon et al., 2011)

* Baseline mesh, total ~270,000 points, PR-EOS

* Effect of kinetics, Hydrogen temperature, recess all can
be studied in a cost-effective manner

* Precursor simulations before doing full 3D

Comgutationa/ Combustion Lab 7

Boundary Conditions

* H, inlets are part of the same injector and would react
identically to longitudinal pressure fluctuations

* In 2D pressure waves in inlet lines are not in phase
— BC react differently in the two H, inlets

* H2 inlet BCs linked so that the same inflow conditions
are applied at all times

— The incoming waves are out-of-sync in the long inlets,
the effect is limited

p/ pref
1.23

Out-of-sync

This document is provided by JAXA
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Comgutationa/ Combustion Lab

Effect of Kinetics for T, =50 K

Baurle : 7-step 6-species

Pousee ot b

Shimizu: 29-step 8-species

N — .é_‘;\ - vm...
o T - Sl

1 -

-
MALTE AT
|
- .
¢ b

Comgutationa/ Combustion Lab

Implication of 2D Geometry

* High energy release to chamber volume ratio produces
increase in mean pressure to 140 bar (design = 100 bar)

* Results similar with or without outflow choked conditions
* 2D simulations do not have the 3D relieving effect

[— Downstream|

('mk, PRESSURE
e - Shear layer | - -—
2s5M My 0E+06
Averaged TEMPERATURE (
200M ) » Oms

. 175M 0
&
%‘ 1S0M AVELOCHTY (m
: |
£ 125M 100
10.0M ¢

MACH NUMBER

1.00
-
I5M 0.00

0.027% 0.03 00325 003§ 00378 (OS]
Thirse (s)
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Computational Combustion Lab s

Energy/Volume ratio assessment

* Increase on chamber dimensions to reduce (energy/
volume) ratio with same injector configuration

* Pressure now at design 100 bar but flow field has larger
recirculation at the corner

— Downstream
Center |
Shear layer

== Comer
Averaged

ISOM

125M ¢

100M

Pressare (Pa)

T T —— A-tla_li. 4.1 -
0 00025 0005 00078 001 00128 oS

Thirse (5)

Comgutationa/ Combustion Lab 7

Pressure Spectra

* Both chambers show peak
at the transverse mode
frequency

— Narrow case = 50 KHz
— Wider case = 20 KHz

* Wider chamber has lower
pressure amplitude

This document is provided by JAXA
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Computational Combustion Lab RSSaee

Effect of Recess

No-Recess

Recess

LES of Combustion Instability

* Purdue Subcritical P=1.34MPa

m Flow rate (kg/s) Temperature (K)

Oxidizer  Yp,=0.42 Y,,0=0.58 0.32 1030
Fuel Yopa=1 0.027 400

This document is provided by JAXA
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Computational Domain
* Axisymmetric and 3D studies
* Full combustor geometry with supersonic outflow nozzle
* LEMLES with two-step chemistry

— flame speed correction for rich combustion regime.

Axisymmetric v/s 3D

* Boundary condition on the axis center does not
allow transverse jet flapping

* Flame anchoring identical but long oxidizer core
even for gas-gas case

Axi LEM-LES

TEMFERATURE (0
275000 2175000

3D LEM'LES 1350.000 7000000
-~ - H’

B

This document is provided by JAXA
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Computational Combustion Lab
3D LES Mean Results

Velocity

T=2000 K ‘I m | Temperature
1500 2100

* Velocity field: long recirculation zone, supersonic flow in the
nozzle and high velocity core along the center line

* Anchoring of the flame at the step corner.

* Stabilization of the flame in the mixing layer between the
high velocity flow and the recirculation

* Distributed heat release: the flame is not compact (L; ~8cm)

Comgutationa/ Combustion Lab

Resonant mode Structure

Pressure Amplitude

gx 10’ Heat Release

- © 1% mode
92, ~-2"9 mode
Q <3 mode

Q

=)

mod(P’) (Pa)
phase(P’) (rad)

41}

Heat Release (W
w

\

o o 066 002 008 097 o3 036 8127006 0 006 0.12 0.18 024 03 036 o
X(m) X(m)

Two Standing Acoustic modes in the combustor

-
1 )% 1104 e2m
1000008 1308000 1ot ecn
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Flame Holding: A Complex Triple FIam

Triple point
B h 1 T m 10 ="' Branch 3
ranc - p—
+00 2E+10 4E+10
\
N —
z=z_=0.095 T=2000 K
(black line) (white line)

Branch 1: rich premixed flame anchored at the step corner
Branch 2: lean premixed flame

Branch 3: diffusion flame (stoichiometric mixture fraction)
Triple point : intersection of the three branches

— Location of Maximum Heat Release

Comgutation_al Combustion Lab 5%

Triple Flame Structure

Black line: Stoichiometric mixture fraction
Heat release (W/m?)

White line: T=2000K (progress variable)

tF,=1/6

flame. Start of a new cycle with the generation of a new triple point

This document is provided by JAXA
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#Wg—a/ Combustion Lab N .

Pressure Signal and Spectra

x10°
6

400 4]
w
-
® 200 T . T 2
g Time Trace <
g o i o
[+
-200| t -2
10.998 11 11.002 11.004 11.006 o

i 6 7 8 9 10 11 12 13 14 15
Time [sec] t (ms)

Frequency

lll'

)u

f’" n'r?._-h ot
15000

F (H2)

Experiment LES

—mm_a/ Combustion Lab

Summary Comments

* LRE modeling and simulation are very challenging due
to real gas effects, finite-rate kinetics, flame-turbulence-
acoustic interactions and complexity of the geometry

* LES compressible solver with real gas and subgrid
closures developed to address these challenges

* Application to trans-critical mixing experiments shows
good agreement with data

* Application to trans-critical reacting experiments show
much more is needed to reduce cost of kinetics

* Application to combustion instability in subcritical
reacting cases shows ability of LES to capture dynamics

e Still a lot of studies needed to develop predictive
capability for multi-injector applications

This document is provided by JAXA
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e
@ Background & Motivation
@ Problem Class
@ Reacting Flows
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e Physical Modeling
@ Governing Equations
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@ Quasi-Steady Ablation
@ Finite Element Formulation
e Fully-Implicit Navier-Stokes (FIN-S) Overview
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@ Viscous Reacting Flow with Quasi-Steady Surface Ablation

@ Modeling Arcjet Flows @
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Background & Motivation

@ Background & Motivation
@ Problem Class
@ Reacting Flows
@ Surface Ablation
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Background & Motivation BEEie]s) SN @IEE

The physical phenomenon of interest is high-speed gas dynamics

Physics Numerics
® The compressible Navier-Stokes ® Discretization of the conservation law
equations describe fluid flow for all form of the Navier-Stokes equations is
Mach numbers. required for convergence to physically

. ) valid solutions.
e For aerospace applications of interest

the Reynolds number is almost always ® Convective terms must be treated with
such that the flows are convection some form of upwinding.
dominated. ® Shocks are treated with some form of

® Multiscale phenomena appear in the limiting or shock capturing, both of
form of shock waves, boundary layers, which amount to artificial diffusion
and shear layers. ] which regularizes the problem. )

@
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Background & Motivation BEEie]s) (SN @IER

Aerodynamics

(T
——— 2
Py T

|

QAT AHEXN UMy
.
[LTE il [ ]

...1s concerned with predicting acrodynamic forces and moments on a vehicle
which result predominantly from the surface pressure distribution, but also
from viscous shear stress.

Properly characterizing the aerodynamic performance of reentry vehicles is
critical for optimal trajectory design.

@
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Aerothermodynamics

Heat Transfer Coefficient

...1s concerned with predicting the instantaneous total heat transfer rate and
integrated heat load into a vehicle.

Properly characterizing this environment is crucial because it provides the
design conditions for the thermal protection system:

heat transfer rate — thermal protection material selection
heat load — thermal protection material thickness @’

Kirk et al. (NASA/JSC) Fully Implicit Methods for Hypersonics September 26, 2012 7185
Background & Motivation Problem Class

Bow

Shock Ablation Product
Vissaiis p y Contamination

Interaction

Shock Layer - | & Separation
Radiation

Dissociation & B
[onization 1 ks
SeER i Recompressior
Surface RCS Je
IR - Interaction ‘
Recombination | Continuum
: . Breakdown
Ablation &

Recession _ » & Separation

Boundary Layer i ht‘-ﬂl:
Transition Ayel @/
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R SINGRCAV GEEIEN  Reacting Flows

e When chemical kinetic timescales are approximately equal to flow
timescales, the chemical composition of a flowfield must be determined
as part of a simulation procedure. Such flows are in chemical
nonequilibrium.

T : :
¢ e Molecules and atoms can store energy in various

modes.

e At hypersonic conditions these modes may not be
in equilibrium, resulting in thermal
nonequilibrium.

e The physical models and governing equations for flows in
thermochemical nonequilibrium have been simulated previously with
finite difference and finite volume techniques.

¢ In this work we review the physical models and implement a SUPG finite
element scheme for hypersonic flows in thermochemical nonequilibrium.

Kirk et al. (NASA/JISC) Fully Implicit Methods for Hypersonics September 26, 2012 9/85
Background & Motivation Surface Ablation

At hypersonic entry conditions, surface temperatures may exceed
capabilities of reusable thermal protection system materials.

» Reusable materials typically limited to 7 < 2, 000 K.
» It is necessary then to consider ablative materials.

Ablative materials respond to high temperatures through pyrolysis,
decomposition, blowing, and surface recession.

Typically, ablation analysis is decoupled from the external flowfield, but
we hope to do better.

Additionally, accurately characterizing ground test facilities requires
increased fidelity.

As we will see, however, more accurate numerical modeling results in
unique numerical challenges, necessitating novel numerical algorithms.

@

Kirk et al. (NASA/JISC) Fully Implicit Methods for Hypersonics September 26, 2012 10/85

This document is provided by JAXA




40 FHMTZEWFTE B AR AR RIS B JAXA-SP-12-014

Physical Modeling

9 Physical Modeling
@ Governing Equations
@ Thermochemistry
@ Quasi-Steady Ablation

Kirk et al. (NASA/JISC) Fully Implicit Methods for Hypersonics September 26, 2012 11/85

Physical Modeling Governing Equations

Governing Equations

¢ Extension from a single-species calorically perfect gas to a reacting
mixture of thermally perfect gases requires species conservation
equations and additional energy transport mechanisms.

dps :

8[; + V- (psu) =V - (pDsVcg) + w;
%—l—v-(puu):—VP—l—V-T

OpE ns

W—i—V-(pHu) =-V.-q+V-(tu) +V. thstVcs

s=1

e Problem class may also require a multitemperature thermal
nonequilibrium option.

+ V- (peyu) = -V -4, + V- pZevstVcs + wy

@
v
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IGVATEIBYOLBIEES  Governing Equations

Turbulence Modeling
e We model the effects of turbulence using the Spalart-Allmaras
one-equation turbulence model:
0, o ,__ _ _ [ Vsa\ 2
E(pysa) + 8_xj(puj7/sa) :Cblssapysa - Cwlpr <§)
1 0 L\ Ovg Cpy _OVsy OVgy
* o Ox [(M + Pva) Oxy, ] + o P Ox; Oxy
with closure terms
_ _ X X _ Va
Hr = PVsafvla fvl = 3 T 13)1a fv2 1+va17 - 3 )
1+, /6 . Do
fw:g(m) e=rten (), =g
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Physical Modeling Governing Equations

Turbulence Modeling

e We model the effects of turbulence using the Spalart-Allmaras
one-equation turbulence model:

0 - 9 - ~ _(Vsa)?
E(pysa) + 8—xj(pujVsa) =Cp1SsaPVsa — CwifwpP <7)
_|_li ( + pv. )% +c£—aysa aVsa
o Ox fr P Oxy o Ox; Oxi

and source term .
sa
Ssa = + Sm; SmO — Wf\&

where
S0, Smo 2> —¢2§2
Sm = Q(C‘%ZQ —+ Cv3Sm0)
((CV3 - 26‘1}2)Q - SmO) ,

otherwise.

@
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ISWEEIBYGEENTEES  Thermochemistry

Thermodynamics & Transport Properties

e Thermochemistry models must be extended for a mixture of
vibrationally and electronically excited thermally perfect gases.

emt — etrans 4+ erot 4+ ev1b 4 eelec 4+ hO

ns
=3 el (1) + 3 e (T) +
s=1

s=mol
ns ns
vib elec 0
E csey” (Ty) + E cses s (Ty) + E csh;
s=mol s=1 s=1

Here we have assumed that 7" = 77 = T and 7V = 7 = T,

e Additional transport property models are required. In this work we use

species viscosity given by Blottner curve fits,

species conductivities determined from an Eucken relation,

mixture transport properties computed via Wilke’s mixing rule, and
mass diffusion currently treated by assuming constant Lewis number.

vV v.v .y
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Physical Modeling Thermochemistry

Chemical Kinetics & Energy Exchange

Kinetics:
e we consider r general reactions of the form

No4+M=2N+M
N +O=NO-+N

e When combined with forward and backward rates, these reactions
produce the species source terms wy

e Presently, we use either CANTERA or an in-house library to provide
these source terms.

Energy Exchange:

e Equilibration between the energy modes is modeled with a typical
Landau-Teller vibrational energy exchange model with Millikan-White
species relaxation times.

e Provides the vibrational energy source term wy

o
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IGVSTEIBYOLDIEEN  Thermochemistry

Chemical Kinetics

® We consider r general reactions of the form

No+M=2N+M

N, +0=NO+N

® The reactions are of the form
ns p Bsr ns p Osr
7?/r =k r = —k 7 —
A1) -+ 11(3)

where - and S, are the stoichiometric coefficients for reactants and products

® The source terms are then

(l)s = Ms Z (asr - 5sr) (Rbr - Rf’)

r=1
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IGWVATEIBYOLDIEEN  Thermochemistry
Energy Exchange

wy = Oy + Otransfer
We adopt the Landau-Teller vibrational energy exchange model
5vib ib
ey” —ey
7-svib

tr-vib
QSI‘VI = 9

where ¢''* is the species equilibrium vibrational energy and the vibrational

relaxation time 7)'° is given by Millikan and White

—1
Lvib Dot Xr Y, = crﬁ M — - Cs
- ) r — 5 —
’ Z:ls:1 Xr/ TP M, —1 M;
and
o1
T = = exp [Asr (T—1/3 . 0-015u§r/4> - 18.42]

MM
Ay =1.16 x 1073 1/204/3 ="
Sr 8 SR M + M, @

o
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Thermochenity

Vibrational Energy Production and Energy Exchange

wV — Qv + Qtransfer

When molecular species are created in the gas at rate wy, they contribute
vibrational/electronic energy at the rate

st _ ws ( e;/ib + eglec)

so the net vibrational energy production rate is
ns
_ Z s ( e;qb + eglec)
s=1
Combining terms yields the desired net vibrational energy source term

ns ns

. Atr-vib . vib elec

wV:E 0O, —|—E ws(es + e )
s=1 s=1
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IGWVATEIBYOLBDITEEN  Quasi-Steady Ablation

Ablation Processes

Pyrolysis Gas Ablating
Surface

Char Zone

Decomposition

ak AN
/

Sub-Structure

ST,

Schematic of ablation processes

e Ablation is a multi-scale, multi-physics phenomenon

¢ Sometimes amenable to simplification for predictive simulations @
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IGWSHIBYLEITAE  Quasi-Steady Ablation

Quasi-steady State Ablation Hypothesis

Initial Ablating
surface  surfagg —x 3
T=T. "
S
—=1/ CHAR [PYROLYSIS VIRGIN SUBSTRUCTURE
t e
5{) L‘-ﬂ“) _kﬂy e = 0

@ Steady state in reference frame fixed to the receding surface
® Time variations solely due to motion of the material domain

® Time scale for surface motion (§ &~ 0.1 — 1 mm/sec) much larger than
characteristic time scale of unsteady processes

® 1-D, semi-infinite medium @/
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IGWVATEIBYOLBDITTEN  Quasi-Steady Ablation

Quasi-steady Ablation
m=m) Energy
=) Mass
VCS VCS vCS VCS
N, e e e e
pvwz Ci pchvcs I I
T s aaden o
i n‘,lc e v ch)Ves I pvvcs
ya— I
~ e— V. Chemjcally
TR |
k or = I
ay gas \ oT I I
g — [ kgl |
e R
Ny N
v, hC, —w——ta— I I - 0
P WIZ:; i~ / m ; Ci,ghi | | pvvcshf,v
N B — B — B — B —
Z Jihi VCS vcs
i=1 Char Pyrolysis Virgin
Zone Material
e Assumes ablation timescale < trajectory timescale @
e Assumes negligible substructure conduction
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IGVATEIBYOLBITTEN  Quasi-Steady Ablation

Ablation Interface Conditions
Recession:
Py = M, + M,
Mass: 3
Ji|gas + pv,,Ci = N;i(C;, T) + I’;’Lg Cig; (i:1..Ny)
Energy:
oT A
— k—- o Z hl(TW) Ji‘gas + mc hC(T) - vahW(T)
9 | gas i=1
& oT
+O‘Qr - UETW4 + Z mg Ci,ghi(Tw) + ksa_y|solid,w =0
i=1
e Nonlinear Robin Boundary Conditions
e Enables quasi-steady solves, restarts @
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Finite Element Formulation

@ Finite Element Formulation

@
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Stabilized Finite Element Scheme

oU oUu 0 oU :
E +Ai(‘9_xi = 8_x, (K”é?_x]) + S8

Find U satisfying the essential boundary and initial conditions such that

oUu . ow oUu |
Lo (o) 22 (02
- OW oU U  0G;
/ TSUPG— Ag [(‘% +A; il

ow  ,oU
/VDCO<8x,- g' axj) dQ—in—(g—f) dl' =0

df2

nel

for all W in an appropriate function space.

@
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Finite Element Formulation

Stabilization Parameters

Discontinuity capturing operator:

ou ou 0 ou
HW Alax Oxi (KU@XJN

T 4— i [ O 0
(AUy) AOIAUh—I—g’J( aﬁfﬁ') Ay

D) 11/2

A—l

VDco =

SUPG stabilization matrix:

0o; 0pi . 0;
1 , il 4
TSUPG a z_%):des <| 8XjAJ 8)6]' K]k 8xk>
where -

8xj

o

@
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Fully-Implicit Navier-Stokes (FIN-S) Overview

e Fully-Implicit Navier-Stokes (FIN-S) Overview
@ Verification
@ Parallelism

@
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Fully-Implicit Navier-Stokes (FIN-S) Overview

Fully-Implicit Navier-Stokes (FIN-S)

Implementation Highlights

e C++ application code built on top of the 11ibMesh library.

» 1ibMesh provides all requisite finite element data, parallel domain
decomposition details.

» Inherits PETSc preconditioned Krylov iterative solvers.

» CANTERA used for kinetic rates, in-house thermodynamics, transport

properties.
» Only ~ 30K SLOC

e Fully-coupled (monolithic solves), fully-implicit discretization.
e Rigorous verification using MASA-provided manufactured solutions.

e Testbed for intrusive VV/UQ schemes applied to hypersonics.

@
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Fully-Implicit Navier-Stokes (FIN-S) Overview Verification

Manufactured Analytical Solution Abstraction Library

e Dearth of exact solutions necessitates method of manufactured solutions

e Some manufactured solutions exist for the calorically perfect Navier-Stokes
equations

» Developed in large part by Sandia National Labs
» Specific solutions for field, boundary condition order-of-accuracy verification

e Existing solutions provide a necessary but not sufficient test suite

» Will need to develop many more solutions to verify reacting flows with complex
transport models

e Manufactured solutions are a valuable resource that should be accessible to
anyone

e PECOS is developing the Manufactured Analytical Solution Abstraction
(MASA) library to provide well-defined manufactured solutions and source
terms for a range of physics applications

o

Manufactured solutions are being constructed and will be incorporated into the @
FIN-S regression test suite
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Fully-Implicit Navier-Stokes (FIN-S) Overview Verification

Manufactured analytical solutions (used by Roy, Smith, and Ober) for each
one of the primitive variables in Navier-Stokes equations are:

a
p(x,y) = po+ pysin (a"xm> + py cos ( pyﬂy) ,

L L
a
u(x,y) = ug + u, sin (duzwx) + uy cos ( ”yLWy) :
a
v (x,y) = v + vy oS <av27rx> + vy sin < V)ZT)/) :

p(x,y)=po+px<:08( T )+pysin( 3
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Fully-Implicit Navier-Stokes (FIN-S) Overview Verification

The method of manufactured solutions applied to Navier-Stokes equations
requires modifying the governing equations by adding a source term to the
right-hand side of each equation:

9p , Opu | Opv

o T ox Ty T
Opu 8pu2 +p— T | Opuwy — Ty
ot + Ox + oy = O
Opv . Opvu — Ty, Opv* + p — Ty _
ot + Oox + Oy =0
Ope;  Opue; + pu — UTee — Vg + qx . Opve + pv — UTye — vy + gy
+ + - Qt’z

ot 0x dy

so the modified set of equations has a known, analytical solution.
Symbolic representations of requisite source terms and C-source code have
recently been generated for 2D and 3D calorically perfect gas flows.

@
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Fully-Implicit Navier-Stokes (FIN-S) Overview Verification

@
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Fully-Implicit Navier-Stokes (FIN-S) Overview BRYSEIilzi ()i}
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Fully-Implicit Navier-Stokes (FIN-S) Overview Verification
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Fully-Implicit Navier-Stokes (FIN-S) Overview Verification
Spalart-Allmaras Perfect-Gas Verification
107 107 107
N
10 il 1.52 10 10 ?I 152
;; 10° :ji 10° %‘ 10°
N ; il 1.97 =
10° il 1.8 10° 10° il 198
17— ‘ : ‘ : 107 —— ‘ : : 107 —— ‘ : :
0 ﬁ:gz(ho/rS ¢ ° 0 fogz(ho/h§ ° 0 fogz(ho/rS °
107 107 107
107 107 107
=107 ?: 107 f: 10°
= 10 2 0 a0
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107 . : . 10° . : : 10° . : : . : .
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Parallelism

Fully-Implicit Navier-Stokes (FIN-S) Overview

Need for Parallelism

Large Problem Size

e [arge numbers of unknowns.
» For a Lagrange nodal basis:

# DOFS = (NS + NDIM 4+ NE + NT) x # NODES
» Specifically, for our 13 species ablation model in 2D with turbulence

#DOFS = (13 4+ 2 +2 4 1) x # NODES

e For our implicit scheme, both storage and computational cost scale like

(# DOFS)?
v
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Fully-Implicit Navier-Stokes (FIN-S) Overview Parallelism

Need for Parallelism

Complex Physical Models

e Chemical Kinetics, transport properties for NS species inherently
expensive.

e Temperature is a nonlinear function of species concentration, internal
energy for a mixture of thermally perfect gases.

e Quasi-steady ablation boundary condition is also nontrivial.

@

Kirk et al. (NASA/JISC) Fully Implicit Methods for Hypersonics September 26, 2012 36/85
Fully-Implicit Navier-Stokes (FIN-S) Overview Parallelism

Opportunities for Parallelism

Multiple Types of Parallelism

©® Domain Decomposition: We use a standard non-overlapping domain
decomposition approach provided by 1ibMesh. Local computations are perfectly

parallel, and the resulting implicit system is solved using preconditioned Krylov solvers
from PETSc.

® Multithreaded Computation: The relatively large element matrices resulting for
reacting flows are well suited for threaded assembly. 1ibMesh provides a convenient
interface to Intel’s Threading Building Blocks which can provide further parallelization

on multicore architectures.

© Vectorization: Remember vectorization? While no longer the de facto paradigm for
high-performance computing, modern microprocessors offer vectorized instructions
worth exploiting. We are using Eigen for dense linear algebra and inherit its SSE

optimizations.

v

@
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Fully-Implicit Navier-Stokes (FIN-S) Overview Parallelism

Domain Decomposition
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Fully-Implicit Navier-Stokes (FIN-S) Overview Parallelism

Domain Decomposition
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Fully-Implicit Navier-Stokes (FIN-S) Overview Parallelism

Speedup — Domain Decomposition
10° =
B Ideal
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- ——&—— Fixed-Size (Strong) Scaling
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o i
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2
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100 | | | @
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Fully-Implicit Navier-Stokes (FIN-S) Overview Parallelism

Multithreading

e Modern Parallel systems often contain 12—16 (or more) on-node cores
connected via low-latency network.

¢ On-node multithreading allows an additional parallel mechanism that
can extend scalability in certain circumstances.

e libMesh provides a clean interface to Intel®’s Threading Building
Blocks (TBB) which is we have access to.

e TBB is a C++ template library consisting of

» Algorithms

» Containers

» Mutexes

» Timing routines

» Memory allocators

designed to help avoid low-level use of platform-specific (e.g.
pthread) implementations. @,
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Fully-Implicit Navier-Stokes (FIN-S) Overview Parallelism

Intel®’s Threading Building Blocks

e Requires more work than OpenMP but

» Has better type-safety
» Easier to reuse code
» More natural for use with C++

e Once a standard for loop is selected for parallelization its components
are abstracted as C++ Range and Body objects

e In FIN-S we parallelize matrix assembly, primitive variable computation,
and other operations in this way.

» Some operations perfectly asynchronous — e.g. computing primitive
variables.

» Other operations require locking shared objects — e.g. inserting local
contributions to a global matrix.

» Special care needed when interfacing with 3™ party libraries.
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Speedup — Multithreading
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© Results
@ Perfect Gas Flow over a Double Cone
@ Viscous Thermal Equilibrium Chemical Reacting Flow

@ Modeling Arcjet Flows
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@ Viscous Reacting Flow with Quasi-Steady Surface Ablation
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Background — AEDC Sharp
Double Cone

® A sharp 25°-55° double cone was tested
in N, at CUBRC.

® [t was discovered that freestream
vibrational nonequilibrium must be
properly modeled for CFD to match
experiment (Nompelis & Candler).

e The AEDC Hypervelocity Wind Tunnel
No. 9 also uses N as its test gas.

® A series of tests were conducted at
AEDC using the same model to
investigate the presence of vibrational
nonequilibrium in the freestream.
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Observations

® Four Reynolds numbers were tested in the nominally Mach 14 nozzle.

[Run || 2890 2891 2893 2894
Moo 13.6 13.17 12.73 12.63
Rep 1.12 x 10° 411 x 100 8.44 x 10*  5.86 x 10*
poo || 7.81x1073  296x107%  590x10~* 3.98x10™*  ke/m?
Uso 2006.6 1949.8 1763.5 1682.6 Wsec
Too 52.3 52.7 46.1 42.7 K

® No appreciable vibrational nonequilibrium effects observed.
e Highly unsteady flow observed for all Reynolds numbers tested.

® For a uniform freestream, CFD predicts steady flow for the two lowest Reynolds

numbers.
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Time Convergence, run 2894
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High speed schlieren, run 2890

@
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Computed schlieren, run 2890

@
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Possible Mechanism for Observed Unsteadiness

For a uniform inflow, CFD converges to a steady—state for the two lowest
Reynolds numbers tested.

This is in contrast to the experimental results.

e My conjecture is that freestream noise drives the unsteady behavior at
these low Reynolds number.

Remaining analysis is focused on testing this theory.

e
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Noise Characterization
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Noise Characterization
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Variation of Pitot Pressure Fluctuation
With Varying Reynolds Number
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Results — Flowfield

Kirk et al. (NASA/JSC) Fully Implicit Methods for Hypersonics
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Results — Surface Pressure
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25 kHz, 6% RMS Pitot Pressure Fluctuation
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Frequency Influence
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2D Extended Cylinder
e Laminar flow in thermal equilibrium
e Chemical nonequilibrium, 5 species air (N3, O, NO, N, O)
e 5 reaction model with Park 1990 rates
CN27OO = 0.78, COQ,OO =0.22
U = 6,731 m/sec
Poo = 6.81 x 10™*ke/m?
T =265K
e Blottner/Wilke/Eucken with constant Lewis number Le = 1.4 for
transport properties
e Mesh, iterative convergence
e FIN-S/DPLR comparison
v
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REBI  Viscous Thermal Equilibrium Chemical Reacting Flow
Nitrogen
Temperature Mass Fraction
T(K) w2
9500 0.74
9000 0.72
8500 0.70
8000 0.68
7500 4 0.66
7000 0.64
6500 0.62
6000 0.60
5500 0.58
5000 0.56
4500 0.54
4000 0.52
3500 0.50
3000 0.48
2000 . U.=6,731 m/s
1500 6 8110 kg/m’ p.= 6. 8110 kg/m’
1000 J T_=265K
Nitric Oxide
Pressure Mass Fraction
P (N/n’) Cro
28000 0.06
26000 0.05
24000 0.05
22000 0.04
20000 0.04
18000 0.03
16000 0.03
14000 0.02
12000 0.02
10000 0.01
8000 0.01
6000 0.00
4000
2000
U,=6.731 m/s
p.= 6. 81x10* kg/m’
T =265K @
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Iterative Convergence
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Ablating Boundary Experiments

Mass Fraction
=)
Mass Fraction

TR ST T T O Y N MO IR SN RVEN | M1
0 0.05 0.1 0.15 0.2

Distance from Stagnation Point (m) Distance from Stagnation Point (m)

e Turbulent flow in thermochemical nonequilibrium, 13 species air (N,
0,,NO, N, O, C3, C,, C, CN, CO, H,, H, C,H), 18 reaction model with
Park 2001 rates

e 5 Meter-scale domain, millimeter-scale chemical boundary layer

]
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Viscous Reacting Flow with Quasi-Steady Surface Ablation
Ablating Boundary Experiments

a T (K)
m" (kg/mAh2-5)
015 i?*”’”
1600
'0.012
| £ 1200
0.008
0.004 I 800
7e-5 it
Tv (K)
2000 4000 6000 @/
E ]
200 6500
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Arcjet Flowfields

Motivation

e Arcjets are uniquely suited to perform high enthalpy, long duration
material response testing.

e Modern computational techniques are required to adequately
characterize the freestream properties.
e Analysis complicated by multitude of scales, physical phenomenon:

» Very low speed, high pressure plenum,
» very high speed, low pressure nozzle exit,
» highly nonequilibrium flow about test specimen.

e Adequately treating these phenomenon simultaneously is challenging for
numerical methods.

v

@

Arcjet Flowfields

@
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Arcjet Flowfields
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Arcjet Flowfields
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Viodeng Avee Fiow

Arcjet Flowfields
JSC TP2
H, (Jﬂc_:g)__ 5" nozzle

B AR s
e B
B SEb
5[ 0y

T5E+00
TE#
i S+
HELH

4" Tso-q
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Viodlng ArtFlows

Arcjet Simulations — Enabling Boundary Conditions

Implicit, Characteristic Boundary Conditions for Thermochemical
Nonequilibrium Flows

Consider the transformation from conserved variables to characteristic
variables:

where 60U is a pertubation in the conserved variables, ¢ Uisa pertubation in
the conserved variables, and M~ ! is the transformation matrix given by the
left eigenvectors from the inviscid flux Eigendecomposition for a specified

flux direction.

We will manipulate this statement such that outgoing/incoming characteristic
variables are unchanged at inflow/outflow boundaries, respectively.

Kirk et al. (NASA/JISC) Fully Implicit Methods for Hypersonics September 26, 2012 711785
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Arcjet Simulations — Enabling Boundary Conditions

Characteristic boundary conditions for reservoir-type boundaries.

M: H(), {Cs}, my, f), and Us.

1: Let U = Ujp serve as an initial guess.

2: do

3:  Form the transformation matrix M~! = M~ (U)

4 Define the outgoing conserved variable increment Ut = U — U
5: Compute the outgoing characteristics increment SU = MUt
6:  Define the unconstrained residual r = —U

7 For each incoming characteristic, replace a row of M~! and r with a
8: linearized constraint derived from the reservoir conditions.

9:  Solve for the increment M~'6U = —r = —6U

10: Update the iterate U + U + U

11:  while ||0U||_ > &;

12: Compute F = F (U) as the inviscid flux on the outflow boundary in the weak

statement. )
Kirk et al. (NASA/JISC) Fully Implicit Methods for Hypersonics September 26, 2012 72185

Arcjet Simulations — Enabling Boundary Conditions

Characteristic boundary conditions for vacuum-type boundaries.

Given: Ug and Ppaex = {vacuum fraction} x Peyit.

1: Let U = Upg serve as an initial guess.

2: do

3:  Form the transformation matrix M~' = M~ (U)

4 Define the outgoing conserved variable increment SUT = U — U

5: Compute the outgoing characteristics increment SU = MUt

6: Define the unconstrained residual r = —6U

7 For the single incoming characteristic, replace the row of M~ and r with a
8: linearized constraint derived from the back pressure condition.

9:  Solve for the increment M~ '6U = —r = —6U

10: Update the iterate U < U + 06U

11:  while ||0U||_ > &

12: Compute F = F (U) as the inviscid flux on the inflow boundary in the weak

statement. )
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Arcjet Flowfields — NASA Ames AHF, 7in Nozzle

Mach Number, M
| DN

D20610 141822263 0343.8424650545862

-
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Arcjet Flowfields — NASA Ames AHF, 7in Nozzle

Translational/Rotational Temperature. T(K)
s

GO0 1000 1400 1300 22000 26000 N0 34900 3800 4200 4600 30000 5400 3R 6200 6600
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Niodeling ArtFiovs
Arcjet Flowfields — NASA Ames AHF, 7in Nozzle

Vibrational/Electronic Temperature, T,, (K)

m E
-_ 1

OO0 DGO LEOG VSO0 2300 2600 30060 3400 3R000 42000 3600 50000 5400 5200

@
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Arcjet Flowfields — NASA Ames AHF, 7in Nozzle
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Viodeng Avee Fiow

Arcjet Flowfields — NASA Ames AHF, 7in Nozzle
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Viodlng ArtFlows

Arcjet Flowfields — NASA Ames AHF, 7in Nozzle
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Arcjet Flowfields — NASA Ames AHF, 7in Nozzle
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Viodlng Avt Fiows
Arcjet Flowfields — NASA Ames AHF, 7in Nozzle
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Ongoing Challenges

@ Ongoing Challenges @
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Ongoing Challenges

Full Disclosure

Opportunities for Further Enhancement
@ Linear Solver Strategy: Preconditioned GMRES is highly effective but

potentially overkill for early, highly nonlinear transients. Mixed implicit/explicit

schemes may provide a fast alternative.

® Improved Shock Capturing: Robust shock capturing is still a challenge. Current

scheme is fragile on bad meshes, and often convergence stalls.

@
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Ongoing Challenges

Additional Focus Areas

@ Physics Modeling

» Weakly lonized Flows
» Additional turbulence models
» Fully coupled radiative transport

® Unsteady ablation coupling
® Adjoints

» Sensitivity analysis
» Adaptivity

Kirk et al. (NASA/JSC) Fully Implicit Methods for Hypersonics

@

September 26, 2012 84 /85

Ongoing Challenges

Thank you!

Questions?

Kirk et al. (NASA/JISC) Fully Implicit Methods for Hypersonics
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The Direction of Fluid Dynamics for
Liquid Propulsion at NASA Marshall
Space Flight Center

Presented by Lisa W. Griffin
Chief, Fluid Dynamics Branch — ER42
NASA Marshall Space Flight Center
Lisa.W.Griffin@nasa.gov

Advances in Rocket Engine Modeling and Simulation, and its Future
Tokyo, Japan
September 26 — 27, 2012

" Proputsion =
NASA MARSHALL SPACE FLIGHT CENTER /"Zﬁfﬁ;r :
N“.E,B"

Marshall Space Flight Center (MSFC) is one of ten NASA field centers. MSFC supports
the Agency goals of lifting from Earth, living and working in space, and understanding our
world and beyond by providing propulsion, space transportation, space systems, and
scientific research.

MSFC is the NASA-
designated center for
the development of
space launch systems.

MSEC The center is
G/ particularly well-
known for propulsion

system development
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Propulsion =

Systems *

PROPULSION SYSTEMS DEPARTMENT e Dopartwont
x.‘ '0 - 9#

— ER02
Resources Management
Office
| ER31 | |
. . ER41 ER51
Engine st?ezr:m Branch 2’3’;’2;“;?;:{;2?3: Structural & Dynamics Solid Launch Systems &
P Analysis Branch Analysis Branch
| ER32
ER22 Co_mbustion Devices ) ER52 )
Main Propulsion Syst Design & Devel. Branch ER42 Solid Separation &
pulsion System . . .
Branch Fluid Dynamics Branch Manufacturing Systems
ER33 Branch
Valve, Actuators, & Ducts
ER23 Design and Devel Branch
Spacecraft & Auxilliary ER43
Propulsion Systems ER34 Thermal Analysis Branch
Branch Propulsion Detailed
| Design Branch
ER24
Propulsion Research and TVC Svst ER3|5 t ti
Technology Branch ystems ‘ntegration
& Components Branch Page 3

g Propuision -
-

_System

FLUID DYNAMIC BRANCH STRUCTURE

Branch Chief — Lisa Griffin
Deputy Branch Chief — Tom Nesman
Technical Assistant — Denise Chaffee
Computer System Administrator — Dennis Goode

ER42 is comprised of four

teams of approximately forty-
five employees
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Pmpufna: -

FLUID DYNAMICS BRANCH APPLICATIONS " Dopareet
%""bc W""df

The Fluid Dynamics Branch (ER42) is responsible for all aspects of the discipline of fluid
dynamics applied to propulsion or propulsion-induced loads and environments. This work
begins with design trades and parametric studies, and continues through development,
risk assessment, anomaly investigation and resolution, and failure investigations.
Because of the skills in the branch, ER42 also works non-propulsion items such as for
telescopes and payload racks on an as needed basis.

* Tank Dynamics

* Cryofluid Management

* Feedline Flow Dynamics
* Valve Flow and Dynamics

* Pump Dynamics
* Turbine Dynamics

* Injection Dynamics
» Chamber Acoustics
» Combustion Stability

* Motor Dynamics
* Nozzle Dynamics
» Combustion Stability

* Nozzle Dynamics

ER42 is a Discipline-Centric
branch, not analysis-centric

» Feed System Dynamics

* Coupled Pump/MPS
Dynamics, e,g,, Pogo

* Thrust Oscillations and its
Impact on the Vehicle

*Tank Slosh and its Impact on

Vehicle Stability and GN&C

« Liftoff Acoustics

» Separation Acoustics

» Overpressure

* Inflight Plume Generated Noise
* Noise Mitigation

* Hydrogen Entrapment

» Liftoff Debris Transport

or test-centric. Integration of
all discipline methods into
one branch enables efficient
and accurate support to the
projects.

Page 5

FLUID DYNAMICS ANALYSIS

| Pm'pufsian -
B o

=" Dopartmoot
s“"wuma M"“’I
Scaling Methods Lump Parameter Mc.)deh.ng
" Gt pl=pz;d7P=ml_m2
= : s i C,
£ X ER42 conducts all levels of o
- \ fluid dynamics analysis from
ol . _ 4+ _ . scaling methods through 3D
m———— Unsteady CFD
p—— - Xsin(o (@, -7,))
‘:-: _:-: sin(wt; ;) +6,wcos(wT; )
... s yw)= o

= (@) Fsin (w(?,./ —?”))

- sin(wz, )+ ng)cos(wfm)

Finite Element Modeling

) Gain / Phase Plots

Opentoon Gant]

System Stability Modeling

Computational Fluid
Dynamics
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FLUID DYNAMICS TESTING

Dopapnxeln
S,h'. Excel-Orived ©

) Propulsion =
gms ¥ o
—

ER42 conducts and supports
testing for hardware and
technology development and
verification, and analysis
validation

l * Primary responsibility for cold flow

- gl and scale model acoustics tests Scale Model
Watgflow - g » Secondary responsibility for hot Acoustics Testing
Testing in oD l system and component testing

Pump Facility

I

Airflow Testing in
Turbine Facility

Testing
testing in = .
Nozzle Test = Solid Rocket
Facility Testing ..

Engine and
Component

MAIN PROPULSION SYSTEM

* The Main Propulsion System (MPS) is

FTW ."‘.“_'ﬁ,gmé defined as the propellant delivery system

from Tank to Engine Interface.
= Tank with all of its intermnal components

» Valves
» Feediines with all of its internal components

= ER42's primary analysis tool for MPS is CFD

LOX Tank

Tank Exit

Engine Interface
Page &
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LIQUID PROPELLANT TANKS - SLOSH

" Propulsion =

.
//flz’:;:mr
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ER42 performs high fidelity
CFD analysis of complex
geometry and/or complex
accelerated propellant tank
sloshing to determine slosh
modes and their respective
frequencies, amplitudes, and
damping characteristics

Slosh Frequency of a 1/3.75 Scale Model of (
167 LOX Tank

—— Present CFD-Simulation
= Experimental Data

Frequency Paramter

0.4 0.6 0.8
Liquid Depth Ratio h/(b+c)

0.2

Improvement to Classic Mass-Spring Model

Next challenges with future
simulations include
implementation of massively
parallel gas-liquid interface
tracking methods and
efficient hybrid implicit/
explicit methods to address

Earth to Orbit
Simulation

disparate time-stepping
requirements

Page 9

LIQUID PROPELLANT TANKS -
PRESSURIZATION AND DRAIN

) Pm;ufsio: =
%m!
4’%.,,“ Excel-Orive?

Assessment of Anti-Vortex Baffle Design |

» Near Term Work
+ Validation of robust method
for simulating mass transfer
across the gas-liquid
interface

temperature

ZUOL0EE 004 s

= Tank Pressurization
* Flow through diffuser
* Interaction of ullage gas with propellant
surface (mass transfer, multiphase heat
transfer, surface evaporation, chemical
species)
= Tank Drain
* Analysis of vortical flow in pipe
» Assessment of anti-vortex baffle efficiency

20180 00| sec

Helium concentration

LH2 Tank Pre-press Analysis

Page 10
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VALVES
Partially Open Liquid Fuel and ER42 conducts high fidelity CFD simulations of
Oxidizer Ball Valves valves to predict fluid flow patterns, mean

pressure drops, and unsteady fluid environments

Tranisent 3D Simulation of Poppet Valve

Still Images of Mach Number as Valve Closes

Still Images of Mach Number as Valve Re-opens

Valve Resistance Coefficient

Time-accurate Forces on Time-accurate Pressure
Poppet During Valve Stroke Oscillations During Valve Stroke

CFD Pressure Probe Value vs Time

Valve Position [Valve Open Fraction]

——

Future work aimed at implementation
of valve component force and
friction models

Page 11

POPPET VALVE ANIMATION
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FEEDLINES

Dopartment /3
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ER42 performs high fidelity CFD simulations of liquid
propellant feedlines to predict pressure drops through
bends, articulating joints, and splits, flow uniformity dues
to bends and wakes, and unsteady pressure environments

——/ -

CFD Predictions

T e —

Waterflow Test Article . s
s
-
1.20
1.15 Station 700
Y 110 025 j : T
$ 108 : : i | ——PU 600E
g L A LLLLLLEM p— : ; U 6661 ]
1.00 Data : ; : : PU 600N
gm 1 ] e 16.3 Hz 71 | A | —— PU 600U [
B 00 | | | | | - J I SRS RSSO 5. AN S — e R RGReat IORRESREE - LAB
Mogs Velocity Profiles | g E : 5
n 0 h T 0 h
R I I I ; : : : :
f0.80 ‘ ; : : : : :
075 | | | 0 5 10 15 20 25 30 35 40 45 50
0.70 Frequency (Hz)
10 -08 -06 -04 -02 0.0 0.2 0.4 0.6 0.8 1.0
Span foo’] Harmonic Analysis of Pressure Tap Data
Page 13
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ER42 supports the design, development, and
certification of high-speed turbomachinery

= Quick turnaround CFD design parametrics

= Time-accurate rotor-stator CFD analysis

= Highly instrumented pump waterflow test

= Component and engine test support

Pump Waterflow Test Article

Hotfire Engine Test

Turbine Unsteady CFD Analysis

| Pump Unsteady CFD Analysis

Page 14
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Spatially Resolved First Rotor | Unsteady Loads Development

= All flow features which significantly modify fluid forcing functions

~550 Million Grid Cells of interest must be modeled

= Must show spatial and temporal resolution of unsteady forcing functions.

= Full 360 degrees models are necessary for most rocket turbines due to
large regions of separated flow. Periodic models corrupt the unsteady
forcing functions and are not sufficient.

Instantaneous Entropy
Contours

v\Toroidal inlet manifold causes
significant distortions of unsteady
forcing functions in downstream
blade rows

Highly Separated Flow

-

55353

)
I

Bow Shock

(O000(((

D)

Instantaneous Pressure

Contours

Fuel Turbine Computational Domain |

Page 15

g Propulsion -
Systems® .

=" Dopartment_48

% Exel-Orived

TURBOPUMPS - TURBINE ANALYSIS

Unsteady Loads Delivery
= Unsteady pressure history saved at all points of all blade
Instantaneous Unste-.ady Pressure surfaces Must show spatial and temporal resolution of
Fuel Turbine unsteady forcing functions
= Unsteady pressure histories from blade surfaces are
interpolated onto stress grids for structural analysis. All
blades must be used if rotor-rotor or stator-stator effects are
to be captured
= Unsteady pressures may be delivered in temporal or
frequency domains

CFD Solution

Stress Grid

D)D)

S—
N
N
N
N
N
N
N—
N
S—
~ S —
N —

Pressure Interpolation onto Stress Grid
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TURBINE AIRFLOW TESTING

Pressure {psi}

Testing of Highly Instrumented Turbine
Models in Scaled Air Conditions

= Steady and unsteady pressure loadings

= Interstage cavity pressures

= Performance mapping over a wide range
= CFD validation

Fourier Transforms of First Stage
Blade Suction Side at 13% Axial
Chord and 50% Span Location

FFT of CFD Mode:
\
\

kﬁn&.‘M&.‘M-’n}M l~-u-.ft¢mm} A

Individual Cycle FFT from 1s to 2s - Ch 24: Pu-1rB42-$13-50, Mean

-M—JL—A——L—.&-

Frequency {Hz} 2xIGV 3xIGV 4 xI1GV 5xIGV

Page 17

PUMP WATERFLOW TESTING

Low pressure pump with upstream main
propulsion system element simulation

Comprehensive steady and unsteady pump performance
is evaluated at scaled engine operating conditions.

2N - ; Dense instrumentation suites, velocimetry, and flow
2-blade inducer with on-rotor dynamic force visualization are utilized in mapping pump characteristics.
measurement system

Page 18
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A Pm;m!sion -
Systerms*
PUMP WATERFLOW TESTING - Depegment £
thmg‘ Orives ®
; ;BMZ::::: Smooth Tunnel // 1N Pressure Tracking // Near Leading Edge
b 2 » Groove, 0 81% Clearance 0.1
£ N 0.1 0.09
§ a1z LN |
3 N il | 0.08
_% 008 \\."\j‘_\. 0.08! 0,07
3 \ | ]
7 g 0.07}
o S | 0.06
Z 0.06! -
000 8 J' ' 0.05
ab az T oy 30 'y L2 = 0.05} ‘
Normalized Flow Coeffickent 8 | )
s | ' 0.04
8 0.04; ¥ ~
' "4 0.03
0.03} . ;
0_02.! 0.02
001 : | oo
87 08  os i i
Normakzed Flow Coefficient

Evaluation of steady pump performance parameters,
cavitation oscillation trends, and high-speed flow
visualization provides early risk reduction for a turbopump
during its preliminary design cycle. Sometimes,
comprehensive waterflow is used to identify unsteady
loadings and/or performance deficits within certified flight
pumps during anomaly investigations.

sM.Euvd Drives ®

) Pm;m!sian B

PUMP CFD e il

"

CFD calculations effectively capture tip
vortex dynamics for inducers operating

minimal tip clearance (without cavitation

suppressor).

Non-cavitating CFD is used to identify
critical unsteady flow interactions between
inducer blades and cavitation suppression
grooves. These interactions are thought to
promote higher order cavitation oscillations
within the cavitating turbopump. The time-
accurate CFD predicts slowly rotating/high
cell count progressions very similar to
higher order cavitation instabilities
measured in waterflow test.

Time accurate CFD provides insight into
the complex flow field behind higher
order cavitation. Higher order cavitation
is a potential forcing function for primary
inducer bending modes.

with

Page 20
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COMBUSTION DEVICES

Scope of branch responsibility in support of
liquid rocket engine thrust chamber assembly
design & development
* Large and small engines
* Analysis and testing
* Performance
* Pressure, acoustic and thermal environments
» Combustion stability

Manifold
& Valve

Test cell design

& operation
- W
ili i Cold flow testing b
Stability rating P y
bomb test Facillty
Igniter simulation ‘

Upper stage
engine start
transient

COMBUSTION STABILITY ASSESSMENT APPROACH &
SKILLS LEVERAGED BY ER42

* Branch asked to assess the combustion —) - Skills Required
dynamics / stability of an engine design
*Chug
«Acoustic — Acoustics
*Other oscillation modes (e.g., buzz from upstream
supply system)

« Common to all three generic stability types are
two main assessment questions:

*What is the margin associated with the stability type?

*Requires accepted definition of stable, unstable, and
marginal

*What margin is acceptable for a given engine design?

- Assessment comes from a combination of two | Reduction)
approaches:

+ Analytical
sLinear: system stability approaches; energy based
approaches
Non-linear: limit cycle waveform evaluation etc.)

* Testing
*Non-linear: waveform characterization of damp times
and amplitudes

— Unsteady Fluid Transients and Dynamics
— Heat Transfer and Thermodynamics

—  System Dynamics and Linear Analysis
(Stability Theory, State Space, Transfer Matrix)

—  Electronics (Fluid Circuit Analogies, Linear
Analysis)

— Mathematics (DDEs, Model Development,
Linear Analysis)

—  Control Engineering (System Identification,
Nyquist Plots, Bode Plots)

—  Stability Theory (Nyquist Criterion, et al.)
— Signal Analysis (Data Characterization and

— Instrumentation and Data Acquisition
— Combustion Devices and Propulsion

— Combustion Processes (Spray and Flame
Dynamics, Mixing, Atomization, Vaporization,

Page 22
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COMBUSTION STABILITY ASSESSMENT: ' “”";’" g~
EMPIRICAL STABILITY ASSESSMENTS .”'"*-"""
% Excel - Orive®
Example engine test data - 1L mode instability exhibited = i, ppr
during testing program |
« ~300 - 400 Hz stable to unstable signal i /A |
* New methods created to judge spontaneous stability R TS :‘,ﬁ-#'\‘_;%{;xfgf—, |
.. . . ’ “¥'\ . 4 Sl R *W
- Offered new way to approach characterizing signal via ~ § " kS VAPl
statistics and frequency variability ' o |17 »
» Gave metrics on how to divide stable vs. unstable :;:::_“:,:TJ:::T.;‘S',‘ iy
* New methods created to judge dynamic stability Sl el-ohroginf e lal G
» Assess statistical character of data prior to bomb ™ e e -
» Track when amplitudes reach back within ‘statistically s S
significant limits’ T R APTISE
Damp Time =t
Assessment
\'  ;| "': Stability Map
é Ol | " f r
,;m_ )“_ Stable Test
' swtenin Page 23
COMBUSTION STABILITY ASSESSMENT: ' ""’;'" i~
ANALYTICAL ASSESSMENTS - .”"'"‘-’"'"
% Excel Orive?®
Branch analytical models encompass: CFD of Chamber Fluid
: . . - Properties N
» Classical linearized stability models Oy
«  Computational Fluid Dynamics (CFD) P
* Finite element modeling (FEM) o
* Linearized models are used for chug and acoustic mode ¥
evaluations
» State-space and impedance models |
 CFD and FEM used to better characterize complex '
flowfields and geometries
» Accounts for distribution of fluid properties :
«  Coupled acoustic modes better evaluated using CAD SEgIEE HEk o L

geometries and CFD inputs

=

)?sin(w(fm —‘7'”))

X(w)s ———
sin(w7; ) +6,wcos(wT; )

Chamber Mode

A= s )= o

_— — sin(w7; ) +6,wcos(w; ) < j

— — Gain / Phase Plots |

e — i A L

———— T i 5\ YRy

— S ==L -
== —— FT 4 = |

= [ Nyquist Stability Plot
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COMBUSTION STABILITY ASSESSMENT:
IMPROVING THE STATE-OF-THE-PRACTICE

Objective of Improvements
*Advance the predictive capability of current, state-of-the-practice tools and
methodologies used in combustion stability assessments
*Facilitate
-Confident identification & characterization of combustion instabilities Rayleigh Index”
-Successful & efficient mitigation during propulsion system development { : ?f {54
*Minimize development costs &improve hardware robustness TR ”!As&j

Approach to Improvements LN ]
*Improve state-of-the-practice stability assessment capability by use of higher- 3 D L
fidelity, physics-based information either integrated into the engineering tools or Oscillation Dec.
used separately in the assessment process e et |3l et
*Extract physics-based models/information from focused state-of-the-art CFD =
simulations

*Validate new capability by exercising the improved capabilities on relevant
experiments

Fluctuating Pressure ? PSD ‘ ~ Mode Shape
. .l =
o || 1

ure [psid]

50

50}

Magnitude (psi>Hz)

i | ] \
| 10—*!‘4\, L |
K 1 L.Nh: i ;N. .\”M' Ilyly',f”‘;vl(‘n LLJ"H“
- L Ml L e, L
Bs 95 10 105 11 115 12 125 e 000045000 -
Frequency (Hz}

*Courtesy of W. Anderson/Purdue University

Dynamic Pressi

COMBUSTION STABILITY ASSESSMENT:
IMPROVING THE STATE-OF-THE-ART

Instantaneous 2-D snapshots from RANS simulation of a reacting like-on-like
a 3-D non-reacting simulation of a impinging doublet element

gas-centered swirl coaxial element X-Z Planes. Contours of T (K)

— -

Larger momentum of LOX jets
LOX displaces RP1 jets

RP1

RP1, Soot and CO near faceplate
Immediately reacts with LOX

Density

(Flowfield is periodic in X and Z)

Pressure in
fuel manifold

Ongoing improvements for injector CFD
* Flamelet formulation for efficient simulation of reacting flows

» VOF & atomization for 2-phase flow
* Low dissipation schemes better resolving turbulence & acoustics

Page 26
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SOLID ROCKET MOTOR OVERVIEW

Scope of branch responsibility in support of Areas of erosive
solid rocket motor design & development burning potential on
» Large bhooster-class motars large motor
= Small motors-ullage settling, booster separation &
launch aborl

» Performance
* Epvironments-pressure, acoustic & thermal
= Stability

| Aft dome heat
transfer
' coefficients

Tamperah]ra
Mode shapes 1 : contours during
from finite Hot Fire Oscillatory Pressure ignition
element analysis | Characteristics L —
Page 27

SOLID ROCKET MOTOR THRUST OSCILLATIONS;
WHY ARE THEY A CONCERN?

* SRM thrust oscillations during

* If these forced accelerations match

flight can deliver forced ;
accelerations to vehicle structure
and acoustic mode frequencies

+ Space Shuttle System
* Arianne 5

Oscillations

appropriate vehicle structural
modes, then vehicle resonance can

occur Vehicle
« Aresl Resonance
ke

Page 28
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SOLID ROCKET MOTOR THRUST OSCILLATIONS : gl
CFD INPUTS TO INCREASED UNDERSTANDING iy

M Oapa.rmmn
OF FLOWEFIELD Yo Excel-Grives
L™ /A.
— —~ / .
oy — ¥ 1 (3) 1L,2L,3L acoustic mode
X [ b o ‘ shapes create subsequent
n.-m-uJ, ! 8Dy sastie thrust oscillations

LAj

(2) Wave generation
rate tunes with SRM
1L, 2L, 3L acoustic
modes

(1) Vortex shedding within internal SRM Oséltidtiving Ut shn otoe sevtamener vanlties
flow field causes pressure perturbations o1 SMite, A L6 " b 0dm 0

Ongoing Improvements
« Efficient LaGrangian particle tracking
* 2-phase capability to model slag
dynamics
* Acoustic source location and mode
extraction from CFD results

Page 29

) Pm;m!sian B
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Department
S""u Excel Orwves ® ;,i"‘

SOLID ROCKET MOTOR IGNITION

* The ignition transient is a critical part of motor operation
* Elevated thrust rise rate is too high threatens vehicle structural integrity
» CFD ignition simulation

— As-cast motor geometry mesh with ~ 150M cells

- Simulation execution complete on 2400 CPUs in less than 2 weeks
- Results are being used to help understand test stand dynamics issues

Pressure field during first ~ 0.6 s of large motor ignition transient

- {TUdend
et Tew D

e Ongoing Improvement Efforts
« Efficient LaGrangian particle tracking
* Propellant grain recession capability to
enable appropriate propellant geometry
during longer transient simulations

CFD results compared to head end
pressure trace from static test

Page 30
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@ LAUNCH ENVIRONMENTS

- 1D Linearized Physics Models

ER42 Develops the Fluid and Acoustic
El Environments for Launch
I = Liftoff Acoustics
= Overpressure

|
/ \_ _) » Sound Suppression

» Liftoff Debris Transport

= Hydrogen Entrapment
ER42 Uses Multiple Levels of Analysis
and Testing to Accomplish this Work

Scale Model Tests

Page 31

Fropaiston =

_ Systifs ¥

=== Dapartmon

q"“"-‘lr mm-"'

@ OVERPRESSURE - ANALYTICAL MODEL

Overpressure Predictions Using Analytical
Models
Broadwell &Tsu Model: Linearized 1-D physics-
based model for overpressure ina ducted
launcher
»  d-wave model: Acoustic modification to
incorporate resonant canditions [ 4-Wave Physics Model I
+  Attenuation Model: Empirically based on Shuttle Z;L

data or other motor/ engine correlations
*  Knockdown Faclors for water suppression or
pressure wave diffraction: Empirically-based or 0P
CFD simulation-based Propagation
«  Margin: Technical agreement based on CFD Fisng ”
simulations and unknown

+  Improvement — Continually improve models e
based on CFD, Test data, and Flight data \

Fropagatio

n

Plaime

-— DoP

-

[ Broadwell and Tsu Model Application ] L7, 27 1]
AL L L2 AL
Page 32
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OVERPRESSURE - CFD

CFD has recently shown to
represent overpressure very
accurately without the inclusion of
water
= Demonstrated ability to capture IOP and
DOP waves at several locations for dry
tests

Provides ability to address
limitations of Analytical models
= Accounts for complex flow scenarios
and three-dimensional launch pad
geometry
Provides parametric studies where
unknowns currently exist

Ongoing improvements include
modeling water suppression
systems, multiphase solid booster
effluent, and capture higher
frequency spectral content

ASMAT Simulation

CFD simulations with (right) and
without (left) liquid engine plumes

Comparisons of CFD predictions
with ASMAT data

Page 33

OVERPRESSURE - CFD ANIMATION

Page 34

This document is provided by JAXA



96 FHMTZEWFTE B AR AR RIS B JAXA-SP-12-014

LIFTOFF ACOUSTICS

DESIGN NEW
LAUNCH VEHICLE
Liftoff noise is generated by the mixing of rocket exhaust flow with the surrounding
DERIVE LIFTOFF atmosphere and its interactions with surrounding launch pad structures.
ENVIRONMENTS
) ER42 creates initial liftoff acoustic environment derived from Saturn V, Space Shuttle
flight data, and Ares I-X flight test data. for the development of Ares I and the proof-
l of-concept vehicle, Ares I-X. Parametrics and identification of sources from CFD
) Use acoustic scale model test to validate liftoff acoustic environments and water
VALIDATESCALE
MODEL ACOUSTIC
TEST

Page 35

* Determine model scale using
Strouhal Number

[
VZ

fd,
Vi

St =

* Design test article to this scale;
fire; acquire data.
+ Data Processing

W,

4
URE ST
~—

553G T Com § Pt 340 )

Typical pressure time history with analysis window (a) and analysis window overlaid on chamber pressure
measurement and RMS OASPL time history (b) and a one third octave plot for the test data compared to the

scaled data (c).
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A Propulsion =

SCALE MODEL TEST MOVIE g 4

ASMAT VALIDATION OF CFD
(COMPARISONS OF FREQUENCY WITHIN DUCT)

A Pm;u.'!sion -
LSystems * .

Dopartmont 48

Simulations of 5% scale rocket to model transient
startup of motor

Validated pressure temporal/spectral accuracy of
CFD vs test data.

Simulations showed good correlation with test data.

— Matched pressure content above deck to 1000-1500 Hz
— Matched pressure content below deck to 2000-3000 Hz

Provided rationale and confidence to use CFD to
predict environments for full-scale vehicles (up to ~
150 Hz)

38
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APPROACH TO ACOUSTICS " Propusion =

PROPAGATION CHALLENGE ST il
%""bc""d,

Solution: Implement hybrid approach of
CFD + Computational Aero Acoustics
(CAA) for liftoff acoustic fields

» Use high-fidelity CFD modeling to
capture important plume physics (multi-
phase plume, plume mixing and
impingement, gas-water phase effects
from deluge, etc.)

+ Capture acoustic sources originating
from plumes, impingement, capture
water suppression effects

* Propagate using CAA from acoustic
source surfaces enclosing noise source
regions

Acoustic Wave
Propagation and
Structural Loading
with Acoustic BEM

High-Fidelity CFD
for Noise Source

&ﬁﬁcation

Which CAA method is best suited for this application?

» CAA acoustic field propagation method must be able to resolve
reflections, refraction and attenuation from interaction with structures
such as launch platform and tower

» Two approaches under evaluation:
+ Boundary Element Method (BEM)
» Farfield high-order Euler solution

CHALLENGE: IDENTIFICATION OF THE "’"’;'"";":‘.
ACOUSTIC SOURCE REGIONS E

« Major challenge arises in defining envelope of source regions for handover from CFD to
CAA

* Plume boundary shape is quite complex due to interaction with launch pad

+ Example: Visualization of Noise Source regions for ASMAT Plume Impingement

Iso-surface of Acoustic
Source regions

40
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g Propulsion =

CHALLENGE: SIMULATION OF WATER EIV. il
MITIGATION IN CFD oo Eace O

Using Lagrangian Particle model to
simulate water injection into launch pad
plume environment for SLS concepts,
Space Shuttle, and scale tests.

i H H Reduction of Plume Temperature by Water
Injecting water at up to 200,000 gal/min Deluge

Simulating up to 30M active particles

Liquid drop emission from booster holes,
trench deflectors, or from rainbird systems

Modeling water break-up and phase change |

Considerable changes shown in turbulent
kinetic energy on deck, plume temperature,
i and ignition overpressure propagation.

Propuision -

SUMMARY 0y

= The Fluid Dynamics Branch at MSFC has the mission is to support NASA and other
customers with discipline expertise to enable successful accomplishment of program/
project goals

= The branch is responsible for all aspects of the discipline of fluid dynamics, analysis
and testing, applied to propulsion or propulsion-induced loads and environments,
which includes the propellant delivery system, combustion devices, coupled systems,
and launch and separation events

= ER42 supports projects from design through development, and into anomaly and
failure investigations

= ER42 is committed to continually improving the state-of-its-practice to provide
accurate, effective, and timely fluid dynamics assessments and in extending the
state-of-the-art of the discipline

Page 42
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Cavitation Number o

o is criterion of cavitation generation.

D, : Inlet static pressure

o=P P
1 , D, :Saturated vapor pressure
2 P U : Tip blade velosity (RQ)
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No. 2

Background

Pur

_TﬂK]’D 'I[E

Water Cavitation Cryogenic Cavitation

In1894 In 1999
English ship “Daring” Broken inducer of H-ll rocket

The performance of English ship The accident of H-II rocket was caused

“‘Daring” dropped unexpectedly due by unsteady LH2 cavitation

to water cavitation —The clarification of behavior of

—Research in water cavitation started cryogenic cavitation has been
especially in ship engineering field. demanded.

Cavitation prediction method available for pump design is strongly desired
associated with CFD simulation, recently.
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No. 3

ELCH—

Pursuing Excellonce

Soyuz-FG, Russia Saturn V, USA HII-B, Japan
(freight only)

Manned Transportation into Space__mK

Launch rocket without solid rocket boosters is ideal for manned mission.
To do this, reliable liquid rocket engines with sufficient thrust are required !!

No. 4

Cavitation Performance Curve _TﬂK}’D‘/
Pursuing Exe A/
When Cavitation Number ( which is a non-dimensional number for Net Positive
Suction Head, or NPSH) approaches 0, Cavitation Breakdown occurs. It means
that Head Coefficient ( which is a non-dimensional number for Pump Head) is 0.
Just before Cavitation Breakdown,
there is a region in which Maximum Head is obtained.

Region with cavitation ﬁ'
T ,I L

0,=02%0

/ =

Breakdown | Vs |
/ D_S 1

EAUITATIUH NUMEBER. o

=
L

HEAD COEFFICIENT, w
o
ﬂ

Inducer of Turbo-pump
One of the most important
components to decide performance
in a liquid rocket engine

[=]
e

[ Establishment of a Design Method for Cryogenic Inducer Allowing Cavitation
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No. 5

. ; ?2? o
What is Thermodynamic Effect ?“ _TUK/”/EE,

Cavitation absorbs latent heat from ambient liquid as it grows.
Then, the ambient liquid temperature decreases.
As a result, cavitation growth is suppressed.
This phenomenon is called “thermodynamic effect”.

¥

Head coefficient

Cavitation number o

fluid with greater thermodynamic effect is less subject to

[ Therefore, it is well known that }
cavitation breakdown.

: - 77 No. 6
What is Thermodynamic Effect ?* —ral(/;q” ECH—

Cryogenic fluids have greater thermodynamic effect than cold water.

—Cryogenic pump is too high safety margin by using design method for water.

—More efficient cryogenic pump may be available by using specific design
method to cryogen.

Thermodynamic Function 108
This parameter shows the Rea_l fuel temp.
magnitude of thermodynamic LH2: 20[K]
effect. It depends on a variety of 106

fluid and fluid temperature. Experimental

- temp.LNz: 80[K]
2(];):%[m/sé] 10t | —
pL CPLTZGLaL2 \ — LN2
p oo it Realfue ~ o
p,:liquid density 102 temp.LO2: 90[K]
T ,:liquid ambient temperature Experimental
L,,‘laten heat ¥ temp.H20: 283[K]
c,,:liquid specific heat 1 ‘ ‘ |

Brennen’s thermodynamic function X

a,:liquid thermal diffisivity 0 100 200 300 400 500 600

Temperature T, K
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. » No. 7
Previous Studies _TDK/’D/EL‘ ,

Pursuing Excellonce

In order to understand cryogenic cavitation in a rotating inducer,

its visualization is the best.

However there have been just two examples of visualization of cryogenic
rotating inducer due to experimental difficulties.

It was conducted
by liquid hydrogen.

It can be
only for liquid nitrogen.

© JAXA

NASA test facility JAXA test facility

The both can not conduct to visualize water cavitation in a rotating inducer
and can not compare cryogenic cavitation with water cavitation.

No. 8

Target of Present Study _m,(/,u?[EL.Hr_

Pursuing Excellonce

© JAXA

NASA test facility Target of Present Study N JAXA test facility

1: Visualize a rotating inducer in liquid nitrogen.

2: Visualize a rotating inducer in water in the same flow geometry. To do this,
Keep the tip clearance between the inducer tip & the shroud casing
at either of liquid nitrogen temperature & water temperature.

3: Compare cryogenic cavitation results with not only water cavitation results
we conducted but also water cavitation results the others conducted.

4: Clarify the thermodynamic effect for a rotating inducer.

5: Feed knowledge back to a efficient cryogenic inducer.

This document is provided by JAXA



HHEKY oy b2V rET Y7 TRT MU — (JAXA fE s gE) v Ry w A 129
oy hm Py alb—y g O, L TEDR~ %E

No. 9

B/ lEE Jftm—

Pursuing Excollonce

Schematic View of Test Facility

Vacuum
ump/Gas [
P .p R Tank P Basic specification
Max. rate of the inducer | 6000rpm
S Motor power 3.7kW
Tank P | 2
Tank volume 600L x2
. , Liquid nitrogen
Working fluid Water

Inducer =Real LE-5 size

Inlet P
nie

-‘ Inlet T
Tip diameter 65.3mm

Pitot tube

Driving Section I

(for flow rate)
—
Outlet P Number of blade | 3
( - "‘ Hub length 52mm
: i Inlet blade Angle | 10°
\

Test Section for either LN, or WateLT

l No. 10
; Furwmqfx"'.‘lh nee
LN2 experiment was failed by ice generation inside bearing.

Simulation result
of temperature profile

Section of new test facility

Waterproof heater
for bearing outer race
(power 160W)

Around

Heater for
290[K]

bearing inner race

(power 15W)

twel Around
330[K]

~ Slip ring and brush

bearings _ for supplying Boundary Condltlon
electricity -Surfaces in contact with LN2:76K

(isothermal wall)
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No. 11

- 1a ELCH—

Pursuing Excellonce

Schematic View of Test Section

Outer view Inner view
window window [ Structure ]
(acrylic) (polycarbonate) (SUS304)

y -

7

4 NS ?hrortd cellsm? ~ j‘
. c quartz glass -5
S ©
E z
c ] Tip Clearance c
E c 0.5mm (SUS304) c
S - s
=
g [ —
M

(Teflon tube

+stainless spring)
J

Cryogenic O-ring ]

No. 12

- 1a '/EL' G
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Photo of test facility Framework drawing

Overview of Test Facility

3010mm

S

QQ
1810 V
<« mm
—
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Cavitation Development _/ No. 13
with Decrease of Cavitation Number %mmmnm
Cold Water

A variety of Cavitation

Tip vortex cavitation:
occurs from the leading
edge on the tip.
Backflow cavitation:
occurs along the blade tip.

0=0.072

Liquid Nitrogen

Flow coefficient ¢ =0.1

Cavitation Development 7[ No. 14
with Decrease of Cavitation Number %mm.ﬂm

Cold Water A variety of Cavitation

Tip vortex cavitation:
occurs from the leading
edge on the tip.

Backflow cavitation:
occurs along the blade tip.

Tip Vortex Cavitation

ead|n

0=0.072

Liquid Nitrogen

Flow coefficient ¢ =0.1
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Cavitation Development No. 15

: o s —TOKyO TECH—
with Decrease of Cavitation Number g /#iméssiee

A variety of Cavitation

Tip vortex cavitation:
occurs from the leading
edge on the tip.
Backflow cavitation:
occurs along the blade tip.

Backflow Cavitation

Cold Water

0=0.072

Liguid Nitrogen

"' Blade tip

0=0.038
Flow coefficient ¢ =0.1

No. 16

Cavitation Development — ./ e
with Decrease of Cavitation Number %K il

A variety of Cavitation

Tip vortex cavitation:
occurs from the leading
edge on the tip.

Backflow cavitation:
occurs along the blade tip.

— In both fluids,

ficaid G ocen cavitation develops
e from tip vortex
cavitation through
backflow cavitation
to breakdown. The
. same trend is

o=saan observed at any ¢.
Flow coefficient ¢ =0.1
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M . . No. 17
Tip Vortex Cavitation S——

Purswing Excellence

At any o, ¢ and a variety of cavitation, the same brightness difference ‘was observed.

Cavitation at high o w=0.30, ¢=0.099 Cavitation brightness
R is moderate.
Cold Water | |

Cavitation consists of
big bubbles, so it
contains small surface
area per unit volume.
Light reflection is low.

Cavitation brightness

Is clear. ‘

Cavitation consists of
small bubbles, so it

contains large surface
area per unit volume.
Light reflection is high.
. . ; No. 18
Backflow Cavitation s pLZD i i

FPursuing Excellonce

Linearly stretched backflow cavitation is not observed in cold water but in liquid nitrogen.

Cavitation at low & There are lots of

£ - . 2 linearly stretched
Colel Yhuizs gl SO IR backflow cavitation.

2

Higher Weber number
of each cavitation
bubble due to a bigger
bubble

There is not linearly
stretched backflow
cavitation.

Lower Weber number

~ of each cavitation
bubble due to a smaller
bubble
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No. 19

Water Pump Falls into Breakdown,
] ECH—
But Nitrogen Pump Still Works. pursuingExcalence

Big water bubbles can not condense, but small liquid nitrogen bubbles can condense.

Developed figure along blade tips

Cavitation at =0

Cold Water When the cavitation crogse_s t_he throat...,
avitation area

Cavitation plugs

Cavitation
chan

plugs B
channels e\ade
between
blades.

Throat
High pressure area

Cavitation plugs channels between blades
because cavitation bubbles are big.

Liquid Nitrogen Therefore, the pump does not work.
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Cavitation  Cavitation condenses
condenses

between
blades.

Throat

High pressure area
Cavitation condenses between blades

because cavitation bubbles are small.

Therefore, the pump works.

No. 20
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Pursuing Excellonce

Cavitation on the Hub

There are some cavitation on the hub in liquid nitrogen, but there no cavitation in water.

v =0.11, ¢ =0.11 There is no cavitation.

45.1K increase of temperature is required to
genarate cavitation at stationary flow region.
It is because there is the flat gradient of
saturation vapor pressure ;-

curve at the lower non-
dimensional temperature
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There are some

w=0.17, $=0.12
o iy cavitation on the hub.
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Non-dimensional temperature  7*

Just 0.6K increase of temperature is required to
genarate cavitation at stationary flow region.

It is because there is the steeper gradient of
saturation vapor pressure curve at the higher

LiquidsNitrogen non-dimensional temperature 7%,
Liguid Nitrogen

This document is provided by JAXA



HERKF vy b VT VU7 IRT U — (JAXA RESE ) R YT L 135
o4y hZrPryIal—3i g L OEE. FLTEFDOR~ %l

Performance Curve e e

Pursuing Excollpnce

¢ -w curve depends only on inducer geometry in non-cavitating condition.
This curve is independent of rotating speed and a variety of fluids.

0.3
< 0.25 o A Liquid Nitrogen . 0
= 0, X o L* NAL(Liquid Nitrogen) AR Q
) : o3
S » Head Coefficient
Hq:) 0.15 ¢ x‘ AP
o .‘ l// = —
(&) 01 ® IDLRTz 0
§ ., ‘A. Q :Flow rate, m’/s
I 005 A A A: Crosssectional Area, m’

R, : Tip radius, m

€ : Angular speed, rad/s
0.2 AP : Head, Pa

Flow coefficient ¢ p, : Liquid density, kg/m’

(e

0 0.05 0.1 0.15

The data are a little bit scattering along the performance curve
corresponding to the previous experiments by NAL (present JAXA).
It means that the measured data are not sufficient, but not bad.

No. 22

Cavitation Performance Curve
at Constant Flow Coefficient @ = /rwsimémcoion

0.25
S ¢=0.08 Cavitation | e Cold Water A Liquid Nitrogen |
£ 02 A 9eve|opme|nt Non-cavitating
2 v
£ 015
]
o
O o1
o
©
[<}]
I 0.05

0 <«——Point1 (Breakdown)

0 0.2 04 0.6 0.8 1 1.2 1.4
Cavitation number o

Cavitation Number o By normal camera By high-speed camera

o is index of cavitation possibility.

p —p, P :Inletstatic pressure
1 v

O =
, P, :Saturated vapor pressure

1
2P U Tip blade velosity (R2)
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No. 23

nclusion
Conclusio A .
As a result, the following three results were obtained. Pursuing Excellence

- The same performance curve in liquid nitrogen and water at 6000
rpm is obtained as previous experimental results by NAL (present
JAXA) using the same inducer in liquid nitrogen at 16500 rpm. It
means that measured pump heads and flow rates are not bad.

- Liquid nitrogen cavitation consists of much smaller bubbles than the
water cavitation bubbles. The small bubble cavitation may cause
“thermodynamic effects,” which decrease cavitation number or NPSH
at cavitation breakdown compared with water values.

- Only in liquid nitrogen experiments, hub cavitation occurs. At the
higher non-dimensional temperature 7%, there is the steeper gradient
of saturation vapor pressure curve. In addition, at the higher 7%, there
is the larger Brennen’s thermodynamic effect function X, namely, fluid
has the greater thermodynamic effect. Therefore, in cases of fluid with
greater thermodynamic effect, hub cavitation more easily occurs due
to heat inflow.
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ETLFHEGD TFHESER)

> 5tE A iE(GAUSSIANO3ZEf# )

> HEXMER  ;H2-H2, 02-02(HEE®D#H), H2-02
> EFHEEI L RCCSD(T)
L (0,00 H (9090,0)  Z 45,450y
> EER ; aug-cc-PVQZ (_(D i - E
> BEm ;L,H, X, T,and Z%! X (90,90,90) T (©900)
(RERDLE) (Patkowski et al., 2008)
—1
cc-pVDZ |ccpVTZ cc-pvVQZ cc-pV5Z ~~
H2 |2s,1p 3s,2p,1d 4s,2p,2d,1f 5s,4p,3d,2f,1g
02 |3s,2p,1d |4s,3p,2d,1f |5s,4p,3d,2f,1g [ 6s,5p,4d,3f,2g,1h

(Bartolomei et al., 2008)

RT3 LB ERS (H2-Hz, 02-02, H2-02)

(M. Koshi, S. Tsuda, K. Shimizu, Mol. Sim, 2012) L
V(R, Ha,ﬁb,¢) = 472'2 Vlalbl(R)Yll(l)b (9a36b9¢) - 5’ i, \ s
11,0 @ ¢ / ':._.-' [ X

+ % V2 (R)+ 2\/154V222 (R)+ \/g 2 (R)}PZ2 (cos8,)P; (cosh,)cos2¢

\/g : 220 \/? 222 \/T 224 1 1
+T_V (R)- m (R)-4 m (R) |P, (cos@,)P, (cosb,)cos @

+/5 {V”" (R)- 2\/51/”2 (R)+ 6\% 24 (R)}PZO (cos 8, )P (cosb,)

- 5-term or 6-term potentials (VOOO, ..., V224)
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Superiority of high-order schemes

* To resolve a wide range of scales, acoustics, etc.,

High-order method

Obijectives

* Propose an approach for simulating supercritical cryogenic fluids, while using high-
order central differencing schemes and general EoS

* Explore some distinctive characteristics of supercritical cryogenic jet mixings
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Present idea inspired by i interface
Fluid | ' Fluid 2
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|. Karni (JCP, 1994), Abgrall (JCP, 1996) ;
- maintaining velocity and pressure equilibriums at interface
» Spurious oscillations when using a conservative form in compressible multicomponent flows
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Two-component shock tube problem (calorically perfect gas EoS)
7
Discretization of the governing equations
- The Euler equations in an |-D form
- Central difference discretization plus Numerical diffusion term
- i interface
n+1 n EDC[ A ] . ' .
Pi = Pj Agld pU = Ap Fluid | : Fluid 2
At RN .
+1 . s —0
(pw)i ™ = (pu)j = 5 (Df lpuu = Apub+ D5 [p]) :
n At '¢-~- E
E; = EY — EDJC [(E+p)u _:‘AEI: '
e.g., u?“ =u; =u
DS[f] = (fj+1 — fj—1)/2| :central differencing operator TR
p;,  =Dp; =P

DS [A]

:numerical diffusion term

8
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Velocity equilibrium

Considering the mass and momentum equations,

At ‘A
n+l _ n c 4P
=0 = e | —:‘7}
_ — é Apu —_— uAp
TA
n+1 n c 1 pU
(pu)3™ = (pu)} — A—uuDJ l T }

- The velocity and pressure are uniform across an interface at a time step

» The velocity is unchanged at the next time step (oscillation-free)

n+1:un:u

u] J

Pressure equilibrium

Considering the mass and energy equations,

Ax 7 )
Ul uy, At no 2 N2 A,
(peftp=-)5" = (pe b p)f — A uDj | —peftp )

- The velocity and pressure are uniform across an interface at a time step

— | Ag :Ape+%Ap

The energy equation is reduced to the internal energy equation:

n n At
—> | (0e)} " = (pe)} — TuDj lpe — Ay]

10
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Pressure equilibrium (contd)

with a calorically perfect gas: p=(y—1)pe
At
n—+1 n
(pe)j+ = (pe)j - A_mUDj [pe — Ape]
l Ape = pAy
1 n+1 1 n At 1 uu
_ _2tupe |l — Ap=—A,+pA
(7—1>j (7—1)j Az [7—1 AW] & BT e

- a well-known advection equation by Abgrall (JCP, 1996)

» The pressure is unchanged at the next time step (oscillation-free)

Summary of numerical diffusion terms (fluxes)

a calorically perfect gas

A, 1 0
Ay | = u | A, + |0
Ag % p

- serving as an interface-capturing

A, | - velocity equilibrium
- pressure equilibrium
1 I
{ﬁ — AW} - pressure equilibrium

* Ap and Ay modeled by extending the LAD method (Cook: JCP 2004, Kawai: JCP 2008)

12
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2-D shock-bubble interaction Density contours

* Experiment of Hass and Sturtevant (1987)
* 1300%361 with Ax=0.005

Present method  Pressure gradient

FC method

Extend to general EoS: pressure equilibrium

n n At
(Pe)j+1 = (pe); — A_xUDj [pe — Ape]

l

1 \"! 1 \" At 1
= —1 > = —_— —_— el —— —
P e (7— 1>j (7— 1)j Az {7— 1 AV}

Considering a Mie-Gruneisen-type or a van der Waals equations of state,

the calorically perfect gas !!

p(p,e,Y;) = F(p,Y;)pe + G(p,Y)

(/) = (1 F); — RouDi [(1/F)
- At

(G/F);™ = (G/F)} = T—uD; [(G/F)]

K.M. Shyue, JCP, 2001

14
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* More complicated EOS

_RT B asrp(T) - cubic EOS
PV b VIt bV e
p = pRT (1+B(T),0+C(T)p2—|—---) :virial EOS

Look-up table-typed EOS

Attempting Abgrall’s and Shyue’s ideas seems to be difficult to general EOSs

Pressure evolution equation

p:f(p,e)

- (c-1)

Dy _ (09 Do (0p\ De
Dt \dp), Dt de ) , Dt

- Karni (1996), Fedkiw (2001)

- Single-species case considered

-- (c-2): Pressure evolution equation

Op
E—FU'V})

@) o (@) (5 rea)] o
\Y%

16

This document is provided by JAXA



HERKF vy b VT VU7 IRT U — (JAXA RESE ) R YT L 189
oy Ry Vv al—3a rOEER, £ LTEDOR~ #%il%E

The proposed governing equations set

% + V- (pu) =|V- (vap) ) - Interface-capturing

dpu , —_

5 +V-(puu+pd—71)=V- (Qp(u ®g)Vp)|, - Velocity equilibrium

dp _ 2 ap (1 I

91 +u-Vp=—pcV-u+ i (pv (T u q)) , | = Pressure equilibrium
_RT B asrpo(T)

b= V- bsrk V2 + bsrksv

Disadvantage: the energy is not conserved, resulting in incorrect shock strength
or speed, while the mass and momentum are conserved

Numerical methods

¢ Sixth-order compact difference scheme
¢ Eighth-order low-pass filtering (a free-parameter: 0.495)
* Third-order TVD Runge-Kutta scheme

o CFL = 0.4

* One-point jump at initial condition

* FC method: conventional fully conservative method

18
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Advection of a contact discontinuity

* 51 grid points with Ax=0.02 * 5.0 MPa

* Nitrogen single-species flow

Present method

1.01
— Exact

~o- Cp=0.002
-v- Cp=0.01
-0 Cp=0.05

Nondim. pressure

I 1 1 1 1 1 1 1 1 1 1
0'990.0 02 04 0.6 0.8 1.0

N> LN> N>

¢ Density: 500/50, Temperature: 123/332 ¢ 0.5 1.0

FC method

12
— Exact
~0n Cp=0.00
L - Cp=001
3 -0 Cp=0.05
Z 10 ; 7 u =
5 09 °°°v°°
E Wwvwv vag:u TR 95:%
g 5 F : i
0.8 |poooooaed el Dunﬂgo é @ DDDDDDDD
e
Il 1 1 1 1 1 1 1 1 1 1
9700 02 0.4 0.6 0.8 1.0
Xm

19
Unfavorable characteristics of a full conservation form
Present method FC method
10 Q 40 : —O— Density
S — —O— Density L e {----- Temperature
L 8 T {3----- Temperature 3 7\\ -—#—- Velocity
g L :2 0F v —-=[J---- Pressure
=% =3 Y
g g \
= <
E: E
< g
= =
(Ul 1 1 1 |‘¢ 1 1 1 1 L—rl 0 1 1 1 1
0.0 0.02 0.04 0.06 0.08 0.1 0.0 0.02 0.04 0.06 0.08 0.1
Cp CP
20
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Performance of the proposed model

* Cryogenic nitrogen jet: Density: 800/50 kg/m3, Temperature: 83/332 K, 5 MPa

Conventional (FC) method

Proposed method

21

Validation of the proposed model

* Supercritical 3-D round jet in Mayer’s experiment (Mayer et al., HMT 2003)

Case 3: T =126 K,4 MPa Case4: T =137 K,4 MPa
500 200
o O Experiment | O Experiment
400F 05 HPooy 00000 Coarse grid — Base grid
"’E B — Base grid ME 150
E‘J 300 F —-= Fine grid E‘J
oy = 2
100 T ITNRe
"""" 50 F
- 1 1 1 1 1 1 1 1 1 1
0 10 20 30 0 10 20 30
x/D x/D
- dALE w1740
2423 108.1

520 - - ary w F=EEED =

Density iso-surface and contours

22
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Conditions Per = 3.4 MPa, T, =1262K, p., = 313.3 kg/m’

» Two-dimensional planar N2 (single-specie) jet in supercritical pressure conditions

» 4 and 8 MPa

800 - Q SRK EoS
- L e Ideal gas EoS

elnjection (jet) ' 600
- 800 kg/m?, 82 K, 20 m/s = -
2 400p._  DS400
=] .
y eChamber () A T
[ - 50 kg/m3, 272 K, 4 MPa 200 T Ree.
X 1 |- ..... ' . -I —

1 1
0 100 200

Temperature, K

*Pseudo-critical temperature: 128 K at 4 MPa

Table 1. Conditions for 4 MPa case.

Pjet kg/m? Ujer M/s Tt K Rejer x10%  poo kg/m3 T K

800 20 82.1 1.2
400 20v/2 126.9 3.6 50.0 271.13
200 40 132.9 4.5

*the same momentum used for jet

23

A unsteady jet mixing

T=100 K injection, 5 MPa b - N
=By Y

|
DS800/T82 '

o TRy Br
T NG -

DS400/T 127

» Statistical data obtained over 10 ms ~ «%@ -

DS200/T133 i ‘ &

24
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DS800
800 |-
Results: mean properties on centerline
'g 400 -\\
* 4 MPa 8 T
200 |-
0 ' l(‘)O ' 2!")0 3(‘)0
Temperature, K
1.0 == 1.0 F—== — DR
3 ——— DR: 800/50 DR: 800/50
B 400/50 N 400/50
08F i —mmm 200/50 N === 200/50
A 08F L \0
Co06f N -
=t Eos}
04} R
sl 04
1 1 1 1 1 1 1 1 1 1 1 1 1 1
0.0, 20 40 60 80 025 20 40 60 80
x/H x/H
= T = —  — =
P Pinj — Poo ng - Too
25
Why it happened: mean specific heat distributions
x10° 8
L ——— DR: 800/50
TN e 400/50
6l —mmim 200/50
2
on
=
E
1 1 1 1 1 1 1
0 20 40 60 80
x/H
20
) DS400/TI127
i ! - 4 MPa
15k i —— 6MPa
E e 8 MPa
o
£
e
DS200/T133
l(l)O I 2(I)0 I 300
Temperature / K
26
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8 MPa case

1o DR: 800/50 10 DR: 800/50
- 0050 | RN 400/50
08} —mimim 200/50 - 200050
| 08
0.6 . [
o | = 06
04F — e e,
o 04k "‘-“‘"'1.\'\-/"\‘ . S
02} N
1 1 1 1 1 1 1 0.2 1 1 1 1 1 1 1 N
0 00 20 40 60 80 0 20 40 60 80
x/H x/H
x10° ¢
B DR: 800/50
---------- 400/50
6 === 200/50
% -
2
S 4r
s b
1 1 1 1 1 1 1
0 20 40 60 80
x/H
27
3
H H =3.4MPa, T, =1262K . = 313.3 kg/m
Demonstration on 3-D jet per o T  Per e/
» Three-dimensional round N2 (single-specie) jet in supercritical pressure conditions
» Injection geometry just changed: 2-D slit to 3-D circle, others are the same as the 2-D conditions
» Casel:4 MPa, 82 K, Case 2:4 MPa, 133 K
DS800
800 SRK EoS
S S T Ideal gas EoS
A
& 600} '
B0 1
ol o 1
2 400 .
= AN 1
) S,
] T '
200 F
1 1 1 _'—l-.-.—l ..... 1 1
0 100 200 300
Temperature, K
*Pseudo-critical temperature: 128 K at 4 MPa
» 398x293%293 grid points used
28
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3-D Results Per =34 MPa, T.,.=1262K, pe = 313.3 kg/m®

» There is no clear difference of vortical structures

DS800/T82

DS200/TI133

» Flattened temperature distribution appeared also in the 3-D round jet *Pseudo-critical temperature: 128 K at 4 MPa

3
250 x10° 5

------- DS800/T82 ~eeee- DSS00/TS2

— DS200/T133 - —— DS200/T133
% 200 v 10}
2 5
3 o
g = T
£ 150 A
I 9]
8 .

100}
-l 1 1 1 1 1 1 1 1 1 1 1 1
0 10 20 30 40 0 10 20 30 40

29

Summary

* A strategy for simulating gas-liquid-like flows under supercritical pressures proposed

Satisfying the pressure and velocity equilibriums is a key to robust application of high-order
schemes to severe thermodynamic fluid conditions

Terashima and Koshi, J. Computational Physics, 231(2012)

* A unique characteristic of supercritical jets successfully explored

The distinctive features of temperature caused by the interaction of multiple factors:a very
low temperature injection, a variation of the specific heat, and mixing process

30
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RIEERENBZTRON-RET L EEHI W
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y

b

¢ HEREHER o " 250
HEAEH] - LOX/LH2 8 ‘\\ Lqug(;:JngE 200
PRIEIE : (6MPa), 7.5 MPa, 9 MPa 5 2 s W‘*‘W‘W .
/bb:ltt 4 ~8 %6 W | 1so§
LH2WESHRE : 40 K ~150 K 2 IRIREE

(Rump test) ¢ { e
ESHEEL : 11 ~ 40 ’ (MBS B e
%'}iﬁﬂ%rﬁ 20"'30*’1‘ 0 — 0
5 10 15Time [SEC]ZO 25 30
& FEER

- JEAROEEREYE T ARG RBFRERR - RAMREF O E T
- BBREOFRERR : REGBEOHE, BROETILE, BHEVROZE

RARIAXAHSEREEE JoRODL

y . 4

H2
¥ v UG LI AL MBS
v RS ENR RS
*
LOX
= ZRRE HEHE

RRIAXAHRSEREREE JoRODL

This document is provided by JAXA



HERKF vy b VT VU7 IRT U — (JAXA RESE ) R YT L 201
oy Ny Py Ialb—a O, FLTEDTR~ %RlE

@ HERAEE (HEE 112) HHA

)R EHEHE

DUTNILAVMAERERTIE, TROLIGERETLANENDRZRRELT-

APre3  APre2  APrel
SN TN N
Static pressure — > Pre3  Pre2  Prel (Pc)

differential pressure ———

1/2do |1/2do |1/2do !

LH2 e

: ; § JERANEEDES
o | § APre1 = Pre1 - Pc
| do i

APre2 = Pre2 - Pre1
APre3 = Pre3 - Pre2

LH2 —_—
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M.P.Burke, F, L.Dryer, and Y.Ju, AIAA 2010-776
M.P.Burke, M.Chaos, F.L.Dryer, and Y.Ju, Combust. Flame, 157 (2010) 618-631
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N2H4/NO2D [H RIS HIBEDOREE.

Available Information

1. A N2H4 thermal decomposition mechanism:
Konnov A.A., Ruyck, J.D., “Kinetic modeling of the decomposition and
flames of hydrazine", Comb. Flame 124:1060126 (2001).

2. A review on N/H/O elementary reactions:
Dean, A.M., Bozzelli, J.W., “Combustion chemistry of nitrogen”, in Gas Phase
Combustion Chemistry, ed. By Gardiner, W.C.Jr., Springer-Verlag (2000).
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Reduction &Lumping

DRG: Directed Relation Graph
T.Lu, C.K.Law, Proc. Combust. Inst., 30 (2005) 1333

PCA: Principal Component Analysis
S.Vajda, P.Valko, T.Turnyi, Int. J. Chem. Kinet., 17(1985) 55

CSP: Computaional Singular Perturbation
S.H.Lam, D.A.Goussls, Int. J. Chem. Kinet., 26(1994) 461

ILDM: Intrinsic Low-Dimensional Manifolds
U.Maas, S.B.Pope, Combust. Flame, 88 (1992) 239

RCCE : Rate-Controlled Constrained Equilibrium
J.C.Keck, D.Gillespie, Combust. Flame, 17,237(1971)
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2.1 RCCEZMDFFRLMER

RCCE (Rate—Controlled Constraint—Equilibrium)
Jones and Rigopoulos, Combust. Theory Modelling, 11, 755 (2007)

Gibbs Free energy and chemical potential
N

g=>.un, (1) N:number of chemical species. n;, :mol/g
=1

,uj=,u;.’+RTlnpj/p0=,LT;’+RTlnnj/n (2) p° :1bar

0_ 0 0 _ 770 0 0
M, =p;+RTInp/p"=H;-TS;+RTInp/p (3)

nzzjnj (4)

Constraints

b= an, (i=1..M,) (5) M_=number of elements

N
dkzzckjnj (k=1.....,.M)) (6) M_=number of constraints

Lagrangean:L L=g+Y Ab+Y, Bd;

oL “
o =0 =n,=n exp{— R—}j GXP(Z,- Aay )exp(zk ﬂkckj) (7)
J

A =-A/RT, B,=-p, /RT

This document is provided by JAXA



220 FHMZEHIE S RIRE  JAXA-SP-12-014

For H,p=constant conditions

Thermodynamic h= ZjH.n. (8)

constraints p=npRT (9)

Kinetic constraints  d(d,)/dt = Zj ¢, (dn; /dt)= Z; c,W,  (10)
W, < From detailed chemical kinetic nechanism
Index 1 Solution: Solve the algebric Egs.(5),(6),(8),(9) and differential eq. (10).

Index O Solution: (constraint potentials) formulation
Differential equations for M+ M+ 2 variables

o T, A (=1 M), B, (k=1,... M)

From eq.(7)

y =7 77" -—  (11)

on. ﬁnj anj 1 H;) on. n,
——=aq;n. ——=Cn, —=— n,;
04, o op, oY A /

Solver of DAE used in the present study: DASPK
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RCCEETEERIEESNhEHHN?

H,P=Const. DI E D ETERR ()
(To=850 K, P=10 atm, (|)=1)

Time Step /s

CHa/Air C2Ha/Air nCaH1o/Air nC7H1e/Air
Species/Reactions 66/337 48/249 111/426 373/1071
VODE 0.85 0.73 2.02 9.19
RCCE 0.61 0.45 3.37 8.97

(# of constraints) (9) (12) (36) (26)
10’ 10°
10" 10"
10 1074

- 1074
1074 -

= w = nC4H1 0iAlr, HP=Caonstant
1074 IH!] o107 T0=850 K, P=1 atom, phi=1
10°4 CH4iAir, HP=Constant % 1 e neeR R EeE
s T0=350'K, P=10 aim, phi=1 E 1

Red: RCCE, Black: VODE .

"
10 "
10°] 10"

m@DD 1 02 03 04 05 06 07 08 o8 1o " obo 002 004 006 008 010 042 014 016 048 020

Time i = Time /s

CFDAG)RCCE: MDA H A H

<13537_1:7J'45—7'ﬁ5£ﬁ0)i§é>

o, ® g [r p :
ot 6x pu pul+p 0
Q: 5 E= 5 S = k=1 N
e (e+ p)u 0 Sy
oY, o, o, N: speciesD #

2"d order Strang-type Fractional Step method
0" = LﬁELé’DEL;%‘EQ"

1A aQ
Lipg ot a_o e GAEE

d
Y LY =S (s RGEE @ p, eH—FEDRCCEE

ODE dt
REHEIZBT5IEEEORER (NMZEESTHIN?
OPYe (OPY o k1N
ot ot
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LemoRER
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Yo =W, 13DT
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ot ox
a, EHHFTKZONTORELDE
opb, N opub, _
ot ox

NHDEREFEXDKHOYITM(<<N)FE DK ZEEZ (T[T KLY,

=0, k=1..N

=0

RCCE%:F &

RCCEEZHEAT H&ITKY
1. e RICAFER
IEFREOMD AEX (B ~%T)
=S>HREFHEDOMS AER (1)
2. BRAREK
IEFZEOBR(BEa~&T)
=S>HREFHEDOER ()
RERDRE
RCCE;&MDAEM LY stifflZZE>TLED
BEMNHD
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2.2 REEFERXDEEER;
MTS (Multi TimeScale)i%

* H2/02 = 2.0/1.0, T=1000 K, p = 0.1 atm
*11 species, 34 reactions

* The characteristic time evaluated with CHEMKIN-II library:

Temperature { K

* Time integration with the Euler explicit method

3000 |
Al=]le=8%
Al=le-94
Solution diverged ¢
2000 |-
11m 1 L L L A L L
02 04 0.6 0.E Lo
Time /ms » 1

» The computation with At=1.e38 s failed

Charactenstic time | §

= RGO R ]

dYy Wi
28— o —=
dt k p
ar _thkak
dt pcp
Xk
T = — wr, =Cr—D
k Ds k k k
@ Point solution diverged
10°p ;
10' b — Hi
14 H
1loﬂf'- - g
:u-hl"‘-‘:-?:'“mx ot
0% NN i
lﬂ.—-‘l o "-ﬁ_‘ - Tl ]
10 s . H“. X cid
10<f- B
107§ . Pan =
10 b
Lﬂ.q." \."-c --------------- |
b
02 04 06 0B 10
Time / ms =i

» The characteristic time could be comparable to the time step size required
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V3 -H‘*\H H-
Ref.: X. Gou, W. Sun, Z. Chen, and Y. Ju, 5 I 0
Combustion and Flame, 2010 g i — N 9
g ;\\ N He
g 104} SO o
;o) Nl
W ] —
\ 1o — |
1o b SO
; FaSt.eSt group: . . . o Il? r'LI asd iy ("} 1
é consists of species with relatively small characteristic time T | s g
A
- Atp Atar
Pt >
v Intermediate group
A :
: AtF AtM Ats .
| > > < < > >
Slowest group:
¥ consists of species with relatively large characteristic time
Time Atpase

* An assumption: Fast groups are expected to converge quickly

Multi-timescale (MTS)iZD#HE

: may correspond to CFD

MTS & VODE (B2f@i%) D L 8;

* nC4H10/02 = 2.0/13.0, T=1500 K, p = 0.1 atm, 146 species, 554 reactions)

I VODE
4000 s \
] |\~
£ 3000
E }
Lol /
1 - L : - -
R0 [H] 02 03 0a
Thime /o P i

| VODE

4000 MTS W

|
g
E 00K
= oo b _
£ ____,__.--'
e ol 02 03
Thme fmd xl0!

i

1o A

Mnle fracasom
=

iy

ol

02
Time ! ma

* nC7H16/02 = 1.0/11.0, T=1500 K, p = 0.1 atm, 373 species, 1071 reactions)

03 [LE]
]l

w
T8 Ho
5m s
'] o
e P
s “c0;
§ [l
W
T
Won B 02 0.3
Time / ma =10"
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MTSEVODED T E R D He 8

* Computations on iMac, quad core, Intel Core i7

/02 species # tenigietri:‘iure pirelistsgie VODEPU fme 1/\/[STS Saving / %
H2 11 1000 0.1 9.53 7.99 16.1
CH4 68 1800 0.1 231.3 40.26 82.6
C4H10 146 1500 0.1 537.7 53.67 90.0
C7H16 373 1500 0.1 2424.0 100.03 95.8

* Saving = (VODE-MTS)/VODE

* Note: elapsed times are different among each case; CPU time not proportional to

species #

* Note: VODE without initialization parameter provides much faster CPU time

MTS;EZDCFDA DA A A DY : FrE FREE

* Stoichiometric H2/02 mixture at 1000 K

* 11 species, 34 reactions
* p_left/p_right=1.0/0.3

-~ T1 086 m R
e T (MY o | |
Mar - t'g;-ﬁ 3000 Ti: 0T s Ly
g e v T 0070 ms 1
E 5 goanbyation wave (T3, T4) — ‘{_
¢ 2000 =3 =
E E comtact (T2)
= L.-_.qw = eomat (T . ; L ‘l 1
! 1000 '-'“'_.______.:J e
15 2 ] 5 10 15 20
X lem il t/cm -
e TH: D D02 .
2000 === T& 0044 nis K,
. . . . . 3 F =— T3:0.08E m [
* Stoichiometric CH4/Air mixture o 40,110 mm ,
* 68 species, 334 reactions by KUCRS 3 L. RO '
* p_left/p_right=1.0/0.3, §- - el
T left/T_right=1000/2000 5 i i
= i
| :' |
1000 —
] g 10 20 3;3 ain 50
x/em

Time histories of temperature profiles with MTS
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L FE DA L < BEVODE &Y KiE < 5 3

‘MTS;ZDCFD D HAFHDEEF
MTS: LB fRETHE-OF - HF

SHDEE

A EREZI A KD EHLEEEZEE

1B - LB E R <= DL FE DReduction
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> A—RRU TR THHDIRILT—E55D
(ZXRINF=T—KHA9)L)

J

Prog. in Astronautics and Aeronautics,
Vol. 200, AIAA, 2004.

closure (Ni etc...)

Injector
elements

Severe conditions electro-formed

Temperature ~3600 K copper
Heat flux ~160 MW/mZ
Heat flux Copper inner liner
BAEapnRgs= MR EER s HER

AR BENAERPAICHLTCFDOER

[ BERNOEH h

> INSIRENEREREENCEmE ST S
> A—RRUTEBITHOHDIRILT—E55D
(ZXRNNHAE—T)—FHA4H)L)

J
Prog. in Astronautics and Aeronautics,
Q Vol. 200, AIAA, 2004.
[ IUOUBRICE RBERNAOEY: N
> BEZENERMITHEL . NEMIZIRIILF—FFD
vV RSN OYERREEBR I IDENDHS:
PABEN R . mEAIM RN, BMRE R

v BAESEMEREZTRIT 4!

o BRGEST ZMA. S EN#A B D B E EGR

- BEERE
\_* AHMRLOEHBALRRE W

— =
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TI)U

- EMEBEETILORE
- YEETILOES
— FTEEBEDL—FA D

« AT HR—DE
- STEETEER

<

TR DL

Rectangular duct flow

Backstep flow

VERBORE = PEETILORAE

heated w.

a1

»

(b) Conyex heated wal [1111
Curved duct flow

Supercritical &
Turbulent Coaxial flame

Supercritical coaxial jet

= -4

Radiation

Heat
conduction

Backstep flow

, 3 o

Turbulent
boundary layer

Nozzle flow
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Basic cases Slngle element Multi-element mm

| Boundary layer |— -5| Supercrltlcal jet
I

= erd T s [ > Supercritical flowfield ]
Backstep flow > Coaxial flame

> Recirculation flow
» Heat Flux

Water-cooled
chamber

7I Demonstrator engine |
I

[ > Fullscale phenomina ]

> Heat Flux

> Interaction between flames 4
» Effect of geometry & conditions

]

1| > Heat Flux T

'(" > Combustion flowfield ] LH2 or LCH4 cooled chamber |

|
)

» Effect of geometry and conditions

E > Heat Flux and wall temperature
S S . > Effect of entrance, curvature, surface roughness
! . > Influence of manifold

i Cooling channel

->| Heated tube flow |—>| Heated rectangular duct flow

Validation and study

» Compressible flow
» Heat Flux

Heat condution

RELT7YTAR
[FIR)E#LANIILDOEHANRE#ETHSIEE
[RB )R BETLMrBENGEWNRRDRIEE

| Computational speed | | Combustion model | | Conjugated fluid and heat transfer | Red:works now in progresg

R F &

» Solver: CRUNCH CFD developed by CRAFT Tech.
» Governing eq.: 3D compressible RANS

Real gas model Radiation model

[Tool development][

» Convective terms: 2nd order upwind

» Viscous terms: Central differencing

» Turbulence modelj Low-Re-type k-& model papp, srr, 2011

> Combustion model:|Laminar finite rate (8species and 21 reactions)
Shimizu and Koshi, JPP, 2011

\

» Equation of state: Soave-Redlich-Kwong EoS g2
RBET IV

» Transport properties: Ely and Hanley model
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Turbulent

_ : Boundary Layer Turbulent Boundary
Recirculation flow on on Heated Flat Layer with Pressure

Heated Expansion Tube Plate Gradient

EERRRICSEALEEIEEEET ILOFTEEEE

11

= _ | St Il
= L
Basic cases 4 Single element Multi-element mm
Boundary layer | » Supercritical jet Water-cooled [ N - |
T :[ I — ] chamber | Ii)emonstrator engine
S 1| > Supercritical flowfiel I
> Uand T profiles : f
-g i > Interaction between flames 7 [ - RlEEE AiETamlis ]
-l‘-nl f E > Heat Flux
s Backstep flow > Coaxial flame > Effect of geometry & conditions
| = q . v T T
ol RECIFCLIHBtIOI'\ flow ] | || > Combustion flowfield LH2 or LCH4 cooled chamber |
- > Heat Flux i| > Heat Flux T
'| > Effect of t d diti
'..2.. E SUTT LR AR > Heat Flux and wall temperature
© Nozzle flow D e e e .| > Effect of entrance, curvature, surface roughness
=) ! - > Influence of manifold
= |Bl > Compressible flow | Cooling channel
S [\ > Heat Fiux |
-,>| Heated tube flow |—>| Heated rectangular duct flow
Heat condution — !~ .
I | > Supercritical heat transfer > Effect of entrance, curvature, surface roughness
[ > Temperature profile ] E > Heat Flux and wall temperature > Heat Flux and wall temperature
! > Difference between heated tube and rectangular duct
(i )
c 1 1 Feedback 1 1 1
()]
§_ Basic features Key physical model
L~/
g | Numerical scheme | | Turbulence model | | Heat condution |
[)]
= Grid system | Real gas model | | Radiation model |
© ;
|2 | Computational speed | | Combustion model | | Conjugated fluid and heat transfer | Red:works now in prog;?ess
—
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DOZRILAR

DOFRILKRE
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[
* Exp.
25 T+= Y+ . 50 . . . T T
----- T+ = 110.482"In(Y+) + 3.8 ® EXP. " ® EXP.
20 | ——CFD Model 1 <1 = 40| Bartz({%Ea =) i | ——CFD Model 1
CFD Model 2 E  [—CFD Model 1 i — CFD Model 2
15 1 = 30|——CFD Model 2 iah {13
+ g. ; =)
T 5 ' 5
- >
2 20} E
©
5 1 £ 10}
o 0 0 0 w0t O B 01 006 0 o 40
+ 02 -015 -01 -0.05 0 0.05 0.1

X [m] X [m]

(Near-Wall Model | ME#THR | /X)L | BHAE
ad

Model 1 (Low-Re) Fair Good B
Model 2 (Two-layer) Good Fair Good

« ANGORHICEOT, BULERIEEENELD,

13

T b GH2/GO2YY) MILAVMRIER

r—

=y _ N e
Basic cases 4 Single element Multi-element mm
| Boundary layer |— » Supercritical jet Water-cooled [ | -
I [ T — ] chamber 1 Ii)emonstrator engine |
1| > Supercritical flowfiel I
> Uand T profiles : f
i (> Interaction between flames 4 [ > CllEele phaznil ]
Backstep flow Coaxial flame |— L> Effect/bf geometry & conditions
| T
> Recirculation flow > Combustion flowfield LH2 or LCH4 cooled chamber |
> Heat Flux N > Heat Flux : e e

» Effect of geometry and conditions
9 v > Heat Flux and wall temperature

L reeeeeeeeeTTTTTTseseeeeeee? | ________ . > Effect of entrance, curvature, surface roughness

| i > Infl f manifold
i Cooling channel nfluence of manifo
'I’| Heated tube flow |—>| Heated rectangular duct flow

i
| > Supercritical heat transfer > Effect of entrance, curvature, surface roughness
E > Heat Flux and wall temperature > Heat Flux and wall temperature

! > Difference between heated tube and rectangular duct

1 1 Feedback 1 1 1
Basic features Key physical model

| Numerical scheme | | Turbulence model | | Heat condution |

j

Validation and study

» Compressible flow
» Heat Flux

| Heat condution l—

—

» Temperature profile ]

Grid system | Real gas model | | Radiation model |

[Tool development][

| Computational speed | | Combustion model | | Conjugated fluid and heat transfer | Red:works now in prog;‘r‘ess
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BEWIERET VN GH2G02YY) MIVIVMRIERER

o XZR: GH2IGO2 YUy VIL AU MRIGEE BR

v & Marshall et al. (Penn. State Univ.),
- JRBEE J1 =5.2MPa AIAA-2005-3572, 2005.
- PRRLRE =800 K] -
- BREFIRE =711 K] ol

— BAFHRE = 3.31 X 10-2 [kg/s] t ™
- EAEFIFEA = 9.04 X 10-2 [ky/s] |
- BERE-TMAGHYETE ERSE) £ _|
' *%% 400 N
— 322000 ;= 0 005 01 )?.[1;] 02 025 03
— FwDEFIE =0.3 um (Y+ < 1in all zone)

Constant mass flux ”
No-slip adiabatic wall ="

No-slip iso-thermal wall Symmetry

Super
sonic
outflow

70
Points

15

Single Element Injector Expansion Tube
25 T T T 7
® EXP. 5 ® EXP.
=~ 20 — CFD Model 1 i CFD Model 1
E ——CFD Model 2 5 ——CFD Model 2
= 151 1 m
= Q4
pas =
= 10} - E 3
3 2y
I St 7 1R
0 1 1 1 O
0 005 01 015 02 025 03 0 5 10 15 20 25 30 35 40
X [m] X [m]
L | —
Temp. with Stream line Vel. with Stream line
o YU WIVIVMEATRER S i (EModel 2 DA DY, Modell kY HBULMER
LTS,
- IRELRICIERZRED.

o YUY MVIVAMNTIEBRERBEISE T OBRRL N )L @) <5
TEHEEmE ﬁéﬁh%ﬂbéﬁ WENDS.
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No-slip iso-thermal wall Symmetry

Constant mass flux

No-slip adiabatic wall <=~ Super
A sonic
e \?
outflow

Axis
Penn State GH2/GO2
Single Element Injector

® EXP.
25 ; ; ™| —RANS(JAXA)

— a0l /- U EEEES LES(SNL)

P~ Y ---= LES(GIT)

= 5 o e --e--RANS(MSFC)

= i

3 49

L
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0 - - -

0 005 01 015 02 025 03

E ——— + RANSERATICL TIEZEHTZAY,
— i - D - TNAT-IVERGERR T ILEIR/NSLY
Temp. with Stream line =>J:U7lbx’r—}bl:_5&l,}*)‘7 A=
PABEAF COBRREDN LR
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v

..... I 5 ~ 1 >
T P
g = Radiation

(a) Concave heated mnr 11 * . T{”

= | Rectangular duct flow =
-------- Heat
(b) Convex heated wall 1111 conduction
Curved duct flow

¥

Supercritical &
Turbulent Coaxial flame

Ss
~
S~
~.ae

Supercritical coaxial jet

Lot i R, L,

Turbulent Nozzle flow
boundary layer

Backstep flow
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Detailed Chemistry
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Laminar Equilibrium Flamelet Model
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Turbulent Non-Equilibrium Flamelet Model
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Table Look-Up from Flamelet Model

Detailed Chemlstw with Eh-s.-rrus‘tr:,.ur Frozen for x > 100 in T

3.600e+03
2.826e+03
2.050e+03

1.275e+03

Table Look-Up from Flamelet Model 5.000e+02

I .

oy
o -

I - _
Detailed Chemistry with Chemistry Frozen for x > 100 inys; 120

1.000e+00
» Laminar finite rate B 7 /L (+EHIRIEETIL) ED L, oo
— X=150mmLUFTILEE R BN —EELY RIGEITHIEES S ?505*‘-‘91

000e+00

— FEMRIGETIVIZTXx=100mmLLE CTRIGZ R HEIMIZEIE T 5.
Flamelet®ET )L CEERIN-EEBRTZBIETES,
=[FlameletETIILDRRALEENEILHENERIGHEITMRIEFES,

21

WIRETIIL FlameletETILOFER

* FlameletET ILZE AL EARDIEBFIHEH-T-,

—[FI=R]
o AREXDOHMFHRICELLERL TR,
5+2+8 AR M L5+2+2K (IR = 5T E R EL2E
« BIRITIEHANBITNEET S,
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« BVEL EHAZILETHSIRICERATHICIIHENDE
 BENREILGWERIGETMNIEFS,

V

R E N EIZER T = (ZFlamelet®T ILZFAL.
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l Demonstrator engine |

Basic cases Multi-element
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|
Backstep flow > Coaxial flame

I [ > Fullscale phenomina ] J

» Heat Flux
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* 6MPa case of LO/GH, combustion experiment by the P8 combustor at the DLR
(Ivancic and Mayer, J of Propulsion and Power, 18, 2002, 247-253.)
BHT W HED Coolng
o 1% - toakeg il ——a
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= z Harzia
b
PRRE - BRAE R - N—DH R BT
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Velocity [m/sec] 25 310 300
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Density [kg/m?] 925 11.4 4.81
Reynolds no.[-] 1.15x10® 2.86x10% 6.63x10°
P namber IMPA] 6.0(P,,=5.04MPa Z#8% 5) 5
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* B. Ivancic et al., AIAA Paper 99-2211.
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* T. Shimizu et al., AIAA Journal 49(10), pp.2272-2281, 2011. -
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Sloshing Prediction in a Model Tank with Baffles @
RSR : Sub-orbital Reusable S_ognding Rocket /

As the evolutional program of RVT,
JAXA/ISAS worked out
the conceptual design of reusable launch vehicle for sounding missions.

RVT : Reusable Vehicle Testing
VTVL flight demonstrator

o

Sloshing Prediction in a Model Tank with Baffles @
RSR : Sub-orbital Reusable S_ognding Rocket /

As the evolutional program of RVT,
JAXA/ISAS worked out
the conceptual design of reusable launch vehicle for sounding missions.

Reusable sub-orbital rocket vehicle was designed
T for upper-air observation around 120 km height,

for microgravity experiments
during its weightless flight for 180 sec and

as a test bed to clarify
the actual costs and reliability
of the reusable launch systems.
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Sloshing caused by slight d_isttﬁ)an—ce in lateral
direction under low-g condition during
coasting flight of upper stage.

Numerical code : CIP-LSM
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57 i : MARS + LSM
(Himeno, 2003)
Distance Function MARS
Distance function ¢ VOF distribution

From the distribution of 4

v
e = \Vfﬁ".

Curvature

| V¢
k= v = Vel =5
.= ¥ ()

are precisely computed |

SREEE : MARS + LSM

(Himeno, 2003)

Distance Function MARS
Distance function ¢ VOF distribution
overset re-constructed with

From the distribution of 4

Re = \\‘¢|

Curvature

, | Ve
k= v = Vel =5
Ve [W\]

are precisely computed
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Simulation for Surface Tension Devices @

Future Works on Satellite Tanks

RIEFHF (SEZ) % THERER (HI-535)
We are now conducting the simulation
to design surface tension devices for satellite tanks.
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Tank Sloshing behavior

Red : Evaporation
Blue : Condensation
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Boiling
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Cavitation inception

Airfoil : NACA0015
Angle : 8 deg
Flow velocity : 8 m/s
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Table 2 : Heat transfer from gaseous phase
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