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https://appel.nasa.gov/wp-content/uploads/2020/11/artemis-1-update.jpg

The first uncrewed, integrated flight test of NASA’s Orion spacecraft and Space Launch System rocket, launching from a modernized Kennedy spaceport
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Artemis Mission and Getting Boots on the Moon

AMS Seminar 3/18/22

« Artemis missions will return humans to the Moon and enable
future manned missions to Mars. Delivering the necessary assets

requires new powerful launch vehicles like the Space Launch
System (SLS)

« NASA Advanced Supercomputing (NAS) Division at NASA Ames

Research center is supporting multiple CFD efforts to enhance
mission success

AMS Seminar 3/24/22 AMS Seminar 3/31/22

IR

Orion Launch Abort System SLS Launch Environment

SLS Ascent Aerodatabase and Booster Separation3
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Computational Fluid Dynamics for
Launch Environments



Ignition Overpressure Wave for STS-1 (1981)

« Launch vehicles experience strongest acoustic loads during ignition and lift off, vibrations can
be dangerous if unmitigated
« Acoustic waves arise from different physical mechanisms

Broadband frequency noise from supersonic shear layers and supersonic impingement of
plumes onto deflector and launch pad

Lower frequency, high-amplitude ignition overpressure caused by engine ignition and
supersonic plume front acting like piston on ambient atmosphere
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Figure 38. Shuttle overpressure data on LC39 launch facility.

line cutter failed NASA NTRS
STS-1/SRB/9 Ignition overpressure significantly larger
than predicted
T RTS_T7S<SMF7 1 Channel A and B MCC PC dritc

“Shuttle flight data and in-flight anomaly list. STS-1 through STS-50, and STS-52 through STS-56. Revision T”, 1993




Damage to LC-39A Flame Trench During STS-124 (2008)

North Flame Trench - East Vlew
STS-124 launch caused = 15 S '
severe damage to flame ST
trench sidewall, knocking '
loose dozens of bricks &
and scattering them
down range of the pad




CFD Prediction of Ignition Overpressure Waves (2008 Simulations with Overset Grids) Nk\

« Shuttle era CFD flame trench and IOP/DOP
studies performed using structured curvilinear

overset grids

« Structured overset can grids provide excellent
solution quality and are computationally efficient

« Reduced geometric fidelity to accommodate grid
generation, which could take multiple months
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Kiris et al. "Time-Accurate Computational Analysis of the Flame Trench”, 2009



Choosing Appropriate Grid Paradigm for Launch Environment

__Structured Curvilinear Unstructured

| Cartesian

0

N s e
SRR 2 SIS '

« Logically rectangular grids are + Robust grid generation for « Automatic volume grid
efficient, high-order methods complex geometry generation
common « High-order methods non- « High-order methods are

« Grid generation usually labor trivial, computationally efficient and mature
intensive, judging grid quality expensive « Isotropic grid cells nonideal for

may require expertise boundary layer resolution 9



Launch, Ascent, Vehicle Aerodynamics (LAVA) Framework
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LAVA Structured Cartesian Launch Environment (2012 Simulations with Single Phase) NA

« Early validation efforts for LAVA Cartesian to simulate launch environment. Predicting pressure
on main flame deflector

« Data from STS-135 launch; reasonable agreement to recorded pressure

\
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Unsteady pressure history at middle sensor location on MFD. Filtered flight data (black ), LAVA-Unstructured viscous (blue ) and LAVA-Cartesian
inviscid (red ) are shown.

S. Moini-Yekta et al. “Towards Hybrid Grid Simulations of the Launch Environment”, ICCFD7, 2012 11



LAVA Structured Cartesian Launch Environment (2014 Simulations with Single Phase) @

« LAVA Structured Cartesian solver ideal for inviscid flow design optimization where geometry
may be changing between design iterations

« The LAVA solver was used extensively for the redesign efforts of the KSC launch pad for SLS

} HH - Pressure

l
{ \ ILow

Kiris et al. “The LAVA Computational Fluid Dynamics Solver”, AIAA SciTech Forum 2014 12



LAVA Structured Cartesian Launch Environment

Ma?imum Total temperature
Mach surface contours
pressure
number
Examining Acoustic Loads on Plume Containment for Redesigned
Launch Structures Flame Deflector

Kiris et al. “The LAVA Computational Fluid Dynamics Solver”, AIAA SciTech Forum 2014 13



Main Flame Deflector Redesign at LC-39B

¥ 4

Courtesy of NASA KSC .

« Supporting larger launch vehicles required an
improved flame deflector

 New steel shingle deflector with finer geometric
details and small gaps between deflector and wall

« Gaps may allow plume to spill behind deflector

M. Barad “High-Resolution Launch Environment Simulations”. Supercomputing 2018



Efficient Immersed Boundary Cartesian Methods for Complex Geometry (2018)

No. Cells | No. Cores | Model | Runfime _

550M 4000 Skylake ~5 weeks
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Towards Multiphase Simulations to Include
Water-Based Sound Suppression Systems

16



Challenges in Modelling Water-Based Sound Suppression Systems

 Plumes and the water system: This is a highly nonlinear
interaction involving very strong shock and expansion waves.
The shocks pass through gas-water interfaces that have a
density ratio of 1000:1.

 Multiple scales: Pressures generated inside the flame trench
are orders of magnitude greater than the signal felt on the
vehicle. It is necessary to predict the very extreme
environment inside the trench and still capture the relatively
weak signals that travel to the venhicle.

Goal: Multiphase CFD capability for accurate and reliable
predictions of IOP with water-based sound suppression

systems




Governing Equations for Multiphase Flow

Equations of motion for 2 fluids with single velocity and single pressure proposed by Allaire (five-

equation model
: ) Ot (a1p1) + V - (a1 pyu) = 0 Conservation of Species 1 Mass

Oy (a2p2) + V- (Oézpzu) — () Conservation of Species 2 Mass
O (pu) + V- (pu®u) + Vp =0 Conservation of Mixture Momentum
OE+V -[(E+p)u] =0 Conservation of Mixture Energy

(9t041 +u- Vozl = 0 Nonconservative Transport Equation

with additional constraints:

a1 +ag =1 a1p1 + Qgp2 = p 1 p1€1 + Qipp2eg = peE

Stiffened gas equation of state for each phase proposed by Harlow

Pr + &Py = prer (Y — 1)
Mechanical equilibrium assumption gives equation for single mixture pressure

Wong et al. “A positivity-preserving high-order weighted compact nonlinear scheme for compressible
gas-liquid flows” Journal of Computational Physics, 2021 18



Physically Admissible Solution Space

« For the launch environment, conditions may be very extreme with strongly nonlinear shocks and
rarefactions waves interacting with material interfaces with huge density gradients

« Common mode of failure for numerical methods with these kinds of interactions is failure to
predict a real speed of sound ( ¢ < (). This leads to loss of hyperbolicity and ill-posed equations

« We adopt a strategy based on previous work for Euler’s equations to devise numerical procedures
that are provably positivity-preserving

« Define set of admissible states such that all solution vectors in that set have positive densities
and a real speed of sound

([ |
a2 P2
G=<W=] pu ,O<ak<1,akpk>0,pc2>0>

ey |

Wong et al. “A positivity-preserving high-order weighted compact nonlinear scheme for compressible gas-liquid flows” Journal of

Computational Physics, 2021

Hu et al. “Positivity-preserving method for high-order conservative schemes solving compressible Euler equations.” Journal of

Computational Physics, 2013. 19




Novel Robust Method for Multiphase Simulations

Define Admissible Set of

Solutions ( (041,01\ )
Q202 ,
First-order HLLC Scheme G=q4W= %1 0 <ap <1, agpr >0, pc= >0
Positivity Preserving
\ \ a1 ) J
Derive High-Order WCNS
Procedure
Lemma 1: G is a convex set i.e.; G is closed under
Flux Limiting for High- convex combinations of elements in G
Order Positivity Preserving
Scheme

Wong et al. “A positivity-preserving high-order weighted compact nonlinear scheme for compressible
gas-liquid flows” Journal of Computational Physics, 2021

20



Novel Robust Method for Multiphase Simulations

! = - i At A A
" / - Wit =wr - 2 (G, - GE )
E Wi L ,'/ Wi r | g 2 Am ’1,—{—% i_%
Define Admissible Set of : 5 ) A B,
| ’ ’ ' GE, = — a1 (00 00 1)
Solutions : y : 71 =Gigy —au i1
t 1 WL )/ WR :
(I
— xy, TR

First-order HLLC Scheme
Positivity Preserving

Lemma 2: The HLLC approximate Riemann solver produces
Derive High-Order WCNS a star state in G if left and right states are also in G

Procedure

Theorem: Under suitable CFL condition, the first-order

Flux Limiting for High- scheme using the HLLC approximate Riemann solver
Order Positivity Preserving produces an updated state that is in G.
Scheme

Wong et al. “A positivity-preserving high-order weighted compact nonlinear scheme for compressible

gas-liquid flows” Journal of Computational Physics, 2021 51



Novel Robust Method for Multiphase Simulations

« Write system in method-of-lines semi-discretization

d  [oF
Define Admissible Set of ™ oz /.
Solutions '

« Hybrid explicit centered compact scheme for high-

First-order HLLC Scheme order evaluation of flux divergence

Positivity Preserving
« Reconstruct high-order fluxes at cell faces for provable
discrete conservation (except volume fraction

Derive High-Order WCNS equation)

Procedure

0G Gii1— Gj—l
(%) - Az

Flux Limiting for High- -
Order Positivity Preserving

Scheme « High-order accurate velocity and numerical flux

reconstruction at cell faces constructed with robust
WENO interpolation and HLLC Riemann solver

Wong et al. “A positivity-preserving high-order weighted compact nonlinear scheme for compressible
gas-liquid flows” Journal of Computational Physics, 2021 59



Novel Robust Method for Multiphase Simulations

Define Admissible Set of
Solutions

First-order HLLC Scheme
Positivity Preserving

Derive High-Order WCNS
Procedure

Flux Limiting for High-
Order Positivity Preserving
Scheme

Limit high-order reconstructed variables at cell faces

<1—9i+%)pc2 (W@-)+9i+%pc2 (WH%) — ¢

*
Wi,

Do this for partial densities, volume fractions, and
sound speed squared

Follow a similar limiting procedure for limiting the
numerical flux so that the update is boundedness
and positivity preserving

Wong et al. “A positivity-preserving high-order weighted compact nonlinear scheme for compressible
gas-liquid flows” Journal of Computational Physics, 2021 3



Novel Robust Method for Multiphase Simulations

« Formally high-order accurate in smooth regions

« Stability shown for forward Euler timestep.
Achieve high-order time accuracy by using Strong
Stability Preserving (SSP) Runge-Kutta methods.

P1 P2 u v p

(kgm™3) (kgm™®) (ms!) (ms’!) (Pa) *
« These methods are linear multistep methods 1000 1 10 10 101325 0.5+ 0.25sin [r(z + y)]
nstr from convex combinations of forwar
constructed from convex combinations of forward Numbor of HLLO PP-WONS.IS
Euler steps
grid points error order error order
« This means each substep is positivity-preserving 8"‘2 4.283e—04 3.136e—05
which makes the overall time integration also ?1);32 ?-égge—gi 8-33 i-g;ge—gg 1’33
L, - . e— . . e— .
positivity-preserving 642 5.450e—05 1.00 1.679e—10 4.85
_ 1282 2.726e—05 1.00 5.382e—12 4.96
« We apply three stage, third-order SSP-RK for all 2562 1.363e—05 1.00 1.714e—13  4.97
multlphase calculations presented for the hlgh' Convergence of volume fraction equation for smooth solution

order WCNS scheme

Wong et al. “A positivity-preserving high-order weighted compact nonlinear scheme for compressible

gas-liquid flows” Journal of Computational Physics, 2021 54



Shock Tube Calculations and Robustness Test
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1D shock tube problem with air-water interface. Comparison 2D Mach 100 liquid water jet. Test of robustness

of first-order HLLC scheme and high-order method

« Initial numerical experiments to assess the accuracy and robustness of the method
« Shock tube problem with shock passing from liquid to air. Reflected expansion
wave, weak transmitted shock near contact
« Mach 100 liquid jet. Extreme problem to demonstrate robustness of the scheme
and ability to accurately capture the liquid-air contact

Wong et al. “A positivity-preserving high-order weighted compact nonlinear scheme for compressible
gas-liquid flows” Journal of Computational Physics, 2021 5



Shock/Water Column Interaction and Contact Resolution
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Droplet interface post-shock

) - Verification of wave dynamics for shocks and air-
] water interfaces

« High-order shows significant advantages in

Validation case of a Mach 2.4 shock passing over prediction of interface break-up at later times

a stationary water column. The top row shows
shadowgraph images taken during the
experiment and the bottom shows a Schlieren

: . . S. Sembian et al. “Plane shock wave interaction with a cylindrical water column”.
type plot for the numerical simulation. Physics of Fluids, 2016,

Wong et al. “A positivity-preserving high-order weighted compact nonlinear scheme for compressible
gas-liquid flows” Journal of Computational Physics, 2021
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Phase Transition for Liquid/Vapor Mixtures

« To account for the vaporization of liquid water, we include water vapor as an additional species in our
system of equations and modify equation of state to include a reference energy

« We say the liquid water and water vapor are in equilibrium if their Gibbs free energies are equal. In
general, after a hyperbolic step the liquid water and water vapor are not in equilibrium

« Adapted phase transition procedure from Chiapolino originally formulated for four-equation multispecies
model, easily extended to the five-equation system we solve

« Solve nonlinear equation (or estimate solution) for saturation conditions that gives an equilibrium
pressure, temperature, and vapor mass fractions

« Positivity-preserving formulation for N species relies on thermal relaxation step. Manuscript in preparation

Yliq' Aliq /'/ Yl?q' aikiq ,’/
Hyperbolic sub-step B ,/L/ Phase transition step . e Next hyperbolic sub-step
(Fluid dynamics) Piiq = p'j,“l’_ Pgas Piig = p"‘”f,f_’ Pgas (Fluid dynamics)
> Tliq * ’Ilwfflap * Tgas > Tl*zq = Tl;a;? = Tg*as >
YGliq ?//./gvap gik,iq’/:, g;ap
// Yvap' Ygas ,// Yljap' ’ YgaS
// Xvap: Agas '," Avap: Agas

A. Chiapolino “A simple and fast phase transition relaxation solver for compressible multicomponent two-phase flows”. Computers & Fluids, 2017
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Validation of Multiphase Solver for
Launch Vehicles

28



Simulating Falcon Heavy STP-2 Ignition (2021)

[/
BN

« STP-2 flight June 2019 L !

* Pressure data available from flame trench ceiling and one
pressure sensor on vehicle body

« 49% relative error in peak over pressure at body sensor

425M 8000 Skylake ~7.5 weeks




Simulating Falcon Heavy STP-2 Ignition (2021)
« STP-2 flight June 2019

« Pressure data available from flame trench ceiling and one
pressure sensor on vehicle body

« 49% relative error in peak over pressure at body sensor

425M 8000 Skylake ~7.5 weeks

—— STP-2 Interstage Sensor Mean + RMS
—— LAVA CFD Mean £+ RMS

PSIG




SLS Scale Model Acoustic Test (SMAT)

Wet Run

b
/‘

« Scale test at Marshall Space Flight
Center provides extensive
measurements of the launch
environment to understand
effectiveness of IOP/SS system

« SMAT case is ideal to validate the
multiphase solver for future SLS
missions

« Performed dry simulations first to
validate geometry, boundary
conditions, and problem setup

« Performed multiphase simulations
including water with phase transition

www.nasa.gov/exploration/systems/sls/multimedia/images

31



SLS Scale Model Acoustic Test (SMAT)

Youtube.com, NASAS Marshall Space Flight Center




Scale Model Acoustic Test (SMAT): Dry Simulations with LAVA (2021)

« Approx. 1M time steps for
complete simulation

« Mesh has approx. 300M grid
cells, finest resolution is 1mm
near nozzle exits

PSIG

Experiment Mean £+ RMS
. —— LAVA Cart Mean £+ RMS
. 2 time-dependent boundary r —
conditions for solid booster e
exits, 4 steady boundary Experiment Mean + RMS
conditions for liquid thruster oy b Mean £ RMS
exits '
- Numerical sensors placed w'*' \\,'\'
throughout domain for /
comparison with available test |
measurements A !
Time (s) kll:/f:g L___ TI

No. Cells__| No. Cores | Model | Runtime |

300M 8000 Skylake ~2.5 weeks 33



Scale Model Acoustic Test (SMAT): Wet Simulations with LAVA (2021)

« Multiphase CFD predicts a stronger underpressure

« Approx. 3M time steps due to multiphase CFL constraint Pressure contours (blue

i low, red high) and
\ isosurfaces of exhaust
s o (red) and liquid water
N (blue).
O
N
[
Exp (Wet) Mean + RMS
—— LAVA Cart Mean + RMS
Time (s)
9
n
m i
—— Exp (Wet) Mean + RMS

— LAVA Cart Mean + RMS 455M 8000 Skylake ~6.5 weeks
e
Time (s) 34



Scale Model Acoustic Test (SMAT): Wet Simulations with LAVA

e

« Slight under prediction in mean IOP wave

EpWen  Mem+rvMs ¢ Larger RMS in simulation
—— LAVA Cart " Mean = RMS

» Relatively good agreement

Exp (Wet) ~ Mean £+ RMS
—— LAVA Cart ' Mean &= RMS

PSIG

PSIG

Time (s)

Time (s)

Exp (Wet) " Mean + RMS
—— LAVA Cart " Mean £+ RMS

PSIG

Time (s) 3 5



Artemis and the Space Launch System

« Future missions of NASA's Artemis program will utilize new
launch vehicle configurations like the Space Launch System
(SLS) to deliver assets to lunar orbit.

« More powerful launch vehicles means greater acoustic loads
on the vehicle and the launch structure like the mobile
launch pad

N\

ARTEMIS

SLS rollout to LC-39B. Twitter @ulalaunch 36



Space Launch System (SLS) at LC-39B: Multiphase Simulations with LAVA (2021)

Volume rendering of exhaust and liquid water mass fractions.

For the liquid water, dark blue is high and light blue is low.

The exhaust plume mass fraction is colored so that high is yellow
and low is purple. Geometry clipped to show flow features.

| —
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Space Launch System (SLS) at LC-39B: Multiphase Simulations with LAVA (2021)

Volume rendering of exhaust and liquid water mass fractions.
For the liquid water, dark blue is high and light blue is low.

The exhaust plume mass fraction is colored so that high is yellow
and low is purple. Geometry clipped to show flow features.

}.L_Z_[.ll—‘-)—

NN
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Space Launch System (SLS) at LC-39B: Multiphase Simulations with LAVA

« Pressure signal for wet case has
been damped and attenuated
compared to dry results

« Wet simulations show benefit of

water-based IOP/SS system =
[al
—— LAVA Dry Mean += RMS
—— LAVA Wet Mean + RMS
Time (s)
—— LAVA Dry Mean £ RMS
—— LAVA Wet Mean + RMS
- —
n
Al
—— LAVA Dry Mean 4+ RMS
—— LAVA Wet Mean 4+ RMS
@)
Time (s) =
ol

Time (s) 39



Space Launch System (SLS) at LC-39B: Multiphase Simulations with LAVA

Maximum gauge pressure felt on the C ; S

; ; : omparison of ignition overpressure wave for dry
gnde_rgde of Mobile Lagncher during the and wet case at two sensor locations on the
ignition of the SLS engines.

vehicle.

9
n
&
—— LAVA Dry I Mean £ RMS
—— LAVA Wet I Mean &+ RMS
Time (s)
 —— LAVADry | Mean + RMS
" —— LAVA Wet | Mean + RMS
9
)
a8
Time (s)
é 5
455M 8000 Skylake ~6.5 weeks
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Summary

 Presented historical development of launch environment prediction capabilities at Ames/NAS
« Shuttle era calculations with simplified geometries (2008)
« LAVA development and validation for Space Shuttle (STS-135) launch environment
simulations (2012)
« Engineering design support for KSC Exploration Ground Systems:
« Application of LAVA solver to dry SLS launch environment (2014)
« Dry LAVA simulations give conservative estimates to assist main flame deflector
redesign for SLS at LC-39B (2018)
« Developed a high-order, robust multiphase simulation capability in LAVA
« Successful validation for SpaceX Falcon Heavy flight and engineering design analysis for
LC-39A at NASA KSC
« Successful validation for Scale Model Acoustic Test (SMAT) for dry and wet simulations
« Validated procedure applied to upcoming Artemis I launch environment to demonstrate
reduced loads on mobile launcher and SLS vehicle due to IOP/SS system

Outlook
« Recent refactoring of LAVA Cartesian code gives a >2x speedup. 6.5 weeks simulation time
will be reduced to ~3 weeks

« Further validation efforts following Artemis I flight

41
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Quasi-conservative Form for Equations of Motion

* Rewrite system of equations in quasi-conservative form
oW + 0, F(W) + 3 (W, VW) =0

with
( a1p1U \ ( 0 \
Q202U 0
FW)=| pu2+p (W, VW) = 0

(F+p)u

0 ) \Uagal )

« System of equations is quasi-conservative. Last equation not conservative, but only
contributes a linearly degenerate contact wave, doesn’t change the genuinely nonlinear
waves

« To derive a numerical approximation, we consider a 1D generalized Riemann problem

44



HLLC Approximate Riemann Solver for Five Equation Model

ST, Sk SR
tn+1

( WL, if S, > 0,
WHLLC _ W, r, ifs; <0 <s,,
W*,R, lfS* SOSSR,
WR, if Spr < 0,
t \
[
t+3 ( Xx*,K (041,01);( \
XK (02p2) g
. . . X*,KPK Sx
Approximate hyperbolic structure with Wik = X« K PKVK
three waves: two acoustic waves, one X K [EK + (sh — ug) (sz* n SKprK)]
contact wave \ o x }
No jump in volume fraction for left and gy e e
right waves o o
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Deriving Approximate Fluxes with HLLC Solver

« To derive a numerical flux, we rewrite system of equations in more convenient flux-source

form
oW + 0,G(W) =S(W, VW)

with Q1 P1U 0
( a;pzu \ ( 0 \

G(W)= [ pu?+p S(W,VW) =1 0

(E + p)u 0
U ) Kal(?wu/

GW)=FW)+ (0000 fa)

 First-order fully discretized form of equations

witt —wr Gy -Gy
At + Ax

46



Deriving Approximate Fluxes with HLLC Solver

« Using previous HLLC approximate Riemann solver, we define the numerical flux

A

HLLC HLLC
Gy = FI +(o 000 Q,H%)

« Nonconservative volume fraction equation makes of use interface velocity from HLLC star state

G;t L :éi:}:%_ali (0000 faﬁF%)T
At /4 A

wnrtl — | —— (G _ Gt )

’ Ax 2 ’lf—%

Lemma 2: The HLLC approximate Riemann solver produces a star state in G if left and right
states are also in G
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Finite Volume Interpretation for Update

tn+1

tn

-~
R T T T .

N[

T

First-order update formula given by

Wit =wr - (65, - 65

From finite volume approach we can interpret the cell averages as follows

1 T T—T, 1 At ~
S —2 W» . WP = - |WP—2—"(F; -G |
Ax /m.l R( At D Z) dz = 2 [ Ax ( G@—z)]

1 Tirl T —X;q1 1 At _
= s W wn S N S oid F,
Az L R( At @+1) dz =35 [ Az (Gz+2 )]

N
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First-Order Scheme is Positivity Preserving

Lemma 1: G is a convex set i.e.; G is closed under convex combinations of elements in G

Lemma 2: The HLLC approximate Riemann solver produces an admissible state if left and right
states are also admissible

Theorem: Under suitable CFL condition, the first-order scheme using the HLLC approximate
Riemann solver produces an updated state that is in G.

Sketch of proof:
Under suitable CFL restriction, neighboring Riemann problems do not interact, and first-order
finite volume update can be written as the convex combination,
1 T T—T;_1 1 iyl T— Tyl
n+l _  + 2 n n = T2 n n
Wi — Az /iL'.l R< At 7Wz—17wz> dx+A$ /:1:1 R( At 7W’L 7Wz+1> dz

By Lemma 2, self-similar solution given by approximate Riemann solver R(%,WL,WR) isin G.
Further, since Lemma 1 says G is convex, Jensen’s inequality for integral equations implies the
updated state is also in G.
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Achieving High-Order Accuracy

Write system in a semi-discretized form

d _ _(9F
dtuz_ ox ).

Hybrid midpoint-node differencing

OF o [ A 192 — 175« 35a — 48
— ) =—(F,_.-F ) Fiog —F, )+ " (Fjg— Fi_
8:1:)@- Ax( ity ~Fi )Y sy B VT 5308 Fit2 2)+
64 — 45
- " (Fiix—F._
3800n; Fi+s ~ Fiss)

Can be written in a flux reconstruction form, conservative except for volume
fraction transport equation

(8F) Fioo1—-F, 1

o

Reconstructed flux requires high-order numerical flux and velocities at the cell j faces

X. Deng, M. Mao, Y. Jiang, H. Liu,. "New high-order hybrid cell-edge and cell-node weighted compact nonlinear schemes.” 2011.

A. Subramaniam, M. L. Wong, and S. K. Lele. “A high-order weighted compact high resolution scheme with boundary closures for
compressible turbulent flows with shocks.” Journal of Computational Physics, 2019
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Interpolation and Flux Limiting Procedure

« High-order accurate velocity and numerical fluxes at cell faces constructed with robust
WENO interpolation

« WENO interpolation is robust but not strictly positivity preserving. HLLC solver must have
admissible states as input. If the interpolated state is not admissible, we compute a limited

state e.g., for sound speed squared we compute
(1 - 9¢+%) pc? (Wi) + 9¢+%PCQ (Ww%) =€

Wi = (1 ~ 9i+%) Wit 0 1 Wi
« Similar limiting calculation done for partial densities and volume fractions to ensure
boundedness (omitted here)

 The high-order reconstructed flux may also fail to give an admissible update, so we also
limit the reconstructed flux with the first-order flux to preserve positivity of volume
fractions, partial densities, and sound speed squared.
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Novel Robust Method for Multiphase Simulations
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Novel Robust Method for Multiphase Simulations
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