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Smooth Solutions

Acoustic Waves
Turbulence

Vortex Dominated Flow
Rarefaction Fan

s e =

Vortex-dominated flow near helicopter
(Advanced Dynamics Inc.)

Discontinuous Solutions

Shock Waves

Contact Discontinuities
Material Interface
Detonation Front

s =

Numerical schemes should be
able to solve both smooth and

F/A18-F in transonic flight (NASA Gallery) diSCOHtiHUOUS SO]UtiOHS



Difficulties in Designing Numerical Schemes

High Order Schemes based on

High order FVM, DG

Smooth Solution == polynomials: Sufficient

High Order Schemes

Discontinuous Solution equipped Limiting Processes

Lots of efforts have been made so far

Finite Volume Method (FVM):
TVD ENO WENO WENOM WENOZ WENOCU TENO

High Local Reconstruction (HLR):

DG-TVB DG-WENO DG-AD DG-MOOD
Above schemes try to solve inbuilt paradox of current high order schemes

Numerical oscillations Numerical dissipation

years
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The so-called high order schemes fail in some cases

2D Riemann Problem: Kelvin-Helmholtz instability

03 a4 os 0.8 or 0.3 o4 0.5 o5 L 0.3 a4 5] 0.6 or

(a) WENO3-S-VL (8002) (b) WENO3-S-VL (1600?) (c) WENO3-S-VL (3200?)

[k 04 of 06 0.4 e 0.5 1] ar [ K] 04 V] 06

(d) WENO5-S-VL (8002) (e) WENO5-S-VL (16002) (f) WENO5-S-VL (3200%)
(San, Computers & Fluids,

20140
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1.1 Research Background

The so-called high order schemes fail in some cases
Stiff C-J detonation waves
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Shock-Bubble Interaction 5 /

Right moving shock R22 bubble
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_ (® Wrong position of detonation (2) Un-resolved flow structures
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. fonbiffused material (4) Smeared waves

intoerfacro



1.2 Research Purpose

New Schemes are Necessar

1. How to reduce numerical dissipation besides using high order
schemes?

-Boundary variation diminishing (BVD) algorithm
2. How to deal with discontinuous solutions?

-Non-polynomial based reconstruction



Section II. Formulation of Boundary Variation

Diminishing Algorithm




Section I YXSuttyiRi@Pection I11  »Bection IV >SectionV_>
2.1 Formulation of Boundary Variation Diminishing Algorithm

Finite Volume Method
dqg dflq) _
o T ox Y

1 Xigl12
gi(t) = — / q(x, 1) dx
ﬁ,l: Xi-172

dg(t | R x
% = —E(ﬁﬂﬂ = Ji-112),

- _ pRiemand 1 qﬁ Lots of schemes have been made so far to
fivrp = i+1/2 [\ix1/2-9i+112] reconstruct values at cell faces

|Ajs1 2] (] P

- ]
R L
;'+11¢ﬂm[*?fl|fzﬂ ‘i"ilu] =3 (ﬂfi’;ﬁl;z) + f{‘i’ﬁlu)) ) Fiv1)2 ~ ‘5’;'+|,fz)b )

Numerical dissipation term
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2.1 Formulation of Boundary Variation Diminishing Algorithm

Reconstruction Processes

MUSCL/Piecewise Constant (PC)

: 1 |@js1/2]
R L R L L
;'+11E;2m':‘3"f+|f2= Giv12) = 3 (f(‘i'm,fz) + ﬂqﬁuﬂ) T T (‘?ﬁuz - ‘?infz)) )
L
Giv1/2:!
— :

qﬁuz/

High order reconstruction

A non-polynomial reconstruction function will be considered to
discontinuities

represent
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THINC Reconstruction

{E(LE)THINC — Gomin + Q'n;a:r: (1 19 tanh (ﬁ ( L —Tj-1/2 B fz)))

Lit1/2 — Li—1/2

where ¢ynar = max(qi—1, ¢iv1) — gmin and 6 = sgn(q;+1 —¢;—1). The jump
thickness is controlled by the parameter (.

1 Xit1/2 T — Gi1(x) | & x
gi= — Gi(x) dx. ~ e 2 ‘/qi( )
X Jxiip | /' ------ -6 ™~
' : Q-I' 1 4 ‘t
i x| N 1160,
i Gi_q(x) ' \-._‘ E
t“\\ gty Gi+1(x)
-._,___:E_{) q 1 ~ :
. ; e '{‘ Gi+1(X)]
| | N — .
X 3 ,
i_j Ei_l II—% Ei xi--l-% Ci+1

1.Sharpness can be controlled by beta

2.Bounded function




2.1 Formulation of Boundary Variation Diminishing Algorithm

BVD algorithm

The reconstruction function (high order or jump-like THINC function) is

determined through minimizing boundary variations. Thus numerical
dissipation can be reduced.

s 1 |@is1/2]
R L I _ L I+ R L
s+lﬁ?dnn(@f+uzs Giv12) = 3 (ﬂ‘?m;z) + f{qﬁlfz)) T Ty (‘?Huz - f},-+”gJ),
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2.1 Formulation of Boundary Variation Diminishing Algorithm

Examples of BVD algorithms

Using polynomial-based schemes ( like TVD, or WENQO) and THINC as two
candidate reconstructions

1. Compute the TBVs of the target cell i using WENO and THINC and its two
neighboring cells respectively,

TBVY =g (x1) —q" (xi_ Dl + g} (xi, 1) — a1 (x:,0)

TBV] =gl (x;_1) = q] ()l + 1] (v, 1) = gl ().

2. Choose the reconstruction function for cell i by

W

g" if TBVT <TBVY,
qgi(x) = . ’
q;" otherwise
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2.1 Formulation of Boundary Variation Diminishing Algorithm

Numerical Results

WENO-THINC-BVD

WENO

L, error
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The proposed scheme achieves that for smooth solution high order reconstruction
will be used while for discontinuities THINC function will be applied.




Section III. Limiting-Free Discontinuity-

capturing schemes: Adaptive

THINC-BVD
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Small beta can be used to solve smooth solution,

Large one can be used to capture discontinuities.
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3.1 Limitinﬁ-Free Discontinuit;-caﬂturinﬁ schemes: Adaﬁtive THINC-BVD
Adaptive THINC-BVD scheme
: "% fir

§ 1
I'BY, |‘i'; 12~ 11!2' |‘?L+1fz ‘?Rmz'

I RTHINCI

LTHINCs

RTHINCs

{ I :ql
- » I 2
I'BV; lq: 1/2 q: 1f2|+|q:+1!2 i+1f2|' !
! |
l
i g'(x) if TBV: <TBV] | A
4{(.3;?) = .j b b
gi(x) otherwise g b
—_— +_
) 2

Very simple scheme
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3.1 Limiting-Free Discontinuity-capturing schemes: Adaptive THINC-BVD

What’s the performance of the new scheme
Schemes Mesh L, errors Ly order L, errors L., order
40 4.547 % 107° 1.025 % 107!
Minmod 80 1.337 % m—i 1.77 4347 x 107 1.23
160 3812x 107  1.81 1.795 x 107 1.27
320 1.031x 107 1.89 7.298 x 107 1.30
40 2,101 % 107 5.151 x 107
Van Leer 80 5.568 % 107 1.92 1.952% 1072 1.40
160 1.408 x 1077 1.98 7302%x 107 142
320 3423 x 107 2.04 2715% 107 143
40 2,134 x 107 6.087 > 10~
80 9.024 % 107%  1.24 3.443x 1072 0.82
Superbee 160 2.642%x 107 177 1487 % 1072 1.21
320 7.159x 107%  1.88 6.651 x 1077 1.16
40 1.518 % ][}‘i 4721 % m—i
80 3.766 x 107 2.01 1.821 % 107%  1.37
THINC-BVD 160 8969 x 107 2.07 6.866 % 107 1.41
320 2198 x 107 2.03 2545 % 107 1.43
40 4473 x 107 8.799 x 10
80 1.396 x 10°%  5.00 2822x10°% 496
WENO 160  4361x10° 500  8487x 10" 506
320 136lx 107 5.00 2544 % 1077 5.06
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3.1 Limiting-Free Discontinuity-capturing schemes: Adaptive THINC-BVD

What’s the performance of the new scheme

o present
exact

Contact and shock can
be resolved very sharp
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0.4

02
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3.1 Limiting-Free Discontinuity-capturing schemes: Adaptive THINC-BVD

What’s the performance of the new scheme
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3.1 Limiting-Free Discontinuity-capturing schemes: Adaptive THINC-BVD

What’s the performance of the new scheme
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3.1 Limiting-Free Discontinuity-capturing schemes: Adaptive THINC-BVD

Numerical results: 600x600

Adaptive THINC-BVD 5" WENO

22
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3.1 Limiting-Free Discontinuity-capturing schemes: Adaptive THINC-BVD

What’s the performance of the new scheme

(Jung, Adv Comput Math, 2017)
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3.1 Limiting-Free Discontinuity-capturing schemes: Adaptive THINC-BVD

What’s the performance of the new scheme

THINC-BVD 5" WENO
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3.1 Limiting-Free Discontinuity-capturing schemes: Adaptive THINC-BVD

What’s the performance of the new scheme

5 WENO

THINC-BVD
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3.1 Limiting-Free Discontinuity-capturing schemes: Ada

ptive THINC-BVD

[ ° 3 °
C-J detonation wave with the Heaviside model 1
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ﬁ *
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3.1 Limiting

-Free Discontinuit

A strong detonation
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3.1 Limiting-Free Discontinuity-capturin
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3.1 Limiting-Free Discontinuity-capturing schemes: Adaptive THINC-BVD

Reference 50t WENO ATHINC-RBVD Reference 5" WENO ATHINC-RBVI
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3.1 Limiting-Free Discontinuity-capturing schemes: Adaptive THINC-BVD

1 1k
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04
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B X
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3.1 Limiting-Free Discontinuity-capturing schemes: Adaptive THINC-BVD

Grid One

1 1
08 _-
06 _-

P

04
0.2 _—

0 ] ] I | ] 0 I ] ] | |

0 02 04 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
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MLP (J.S. Park, JCP, 2010) THINC with small beta
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3.1 Limiting-Free Discontinuity-capturing schemes: Adaptive THINC-BVD

Grid Two
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3.1 Limiting-Free Discontinuity-capturing schemes: Adaptive THINC-BVD

Triangular Mesh:
h=1/160

3nd WENO

(C. Hu, JCP, 1999) " [

Mesh is fined to
h=1/160 around
corner

THINC
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Section IV. Implementation on Compressible-

multiphase flow
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4.1 Simulations of Compressible Multiphase Flow
Background

Single-Equivalent-Fluid (SEF) Model

e.g. Five equatiops model (Allaire, JCP, 2002)
B (o) + V- Aapyu) =0,

%{ﬂzﬂz} + V- (azpou) =0,

%(pu}+‘i’-{pu®u}+?p=ﬂ,

@+?-{Eu+pu]=ﬂ,
ot

ﬂﬂ'l
— +u. ? - EL
ot @

Can be discretized as single phase flow
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4.1 Simulations of Compressible Multiphase Flow

Background

High order WENO scheme, e.g. (Johnsen, JCP, 2006), (Coralic, JCP, 2014)

> Artificial compression Issues
(Shukla, JCP, 2010}, (Shukla, JCP, 2014)

» Anti-diffusion

(Kokh, JCP, 2010), (So, JCP, 2012)
aw < ap




4.1 Simulations of Compressible Multiphase Flow

The benefits from BVD algorithm

BVD can be applied to all state
variables, which leads to a

consistent reconstruction
scheme

Numerical results will be shown with MUSCL-THINC-BVD
scheme

38



4.1 Simulations of Compressible Multiphase Flow

Gas-Liquid advection

Passive advection of a square liquid column with constant pressure and
velocity while there is a jump about volume fraction and density

- Eeat 100010 - e
1000 - o — o MUSCLBVD i o MUSCLBVD
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800k 100006 :
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400 1 ' 99998 -
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UI | | | | : | | | |
0 0.2 0.4 0.6 0.8 999900 0.2 04 0.6 0.8
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Time cost

MUSCL-BVD 4.23s




Copper explosive

Right-moving copper plate interact with a solid explosive. Involving Complex equation of state
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Shock-interface interaction Less oscillation
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Shock Bubble Interaction

MUSCL-THINC-BVD
MUSCL-THINC-BVD

MUSCL
MUSCL

MUSCL-THINC-BVD
MUSCL-THINC-BVD

WENO WENO
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MUSCL-
THINC-
BVD

MUSCL |

MUSCL-
THINC-
BVD

WENO
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Shock Bubble Interaction

Anti-diffusion
(So,JCP,2012)

Same Grids
Resolution

MUSCL-
THINC-
BVD

Multi-scale
(Luo,JCP,2016)

1150 along diameters

400 along diameters
MUSCL-

THINC-

BVD
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Under water explosion
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Under Water Explosion




MUSCL-THINC-BVD MUSCL WENO
MUSCL-THINC-BVD AUSCL WENO

<A F0%
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Shock Water Interaction
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Top: MUSCL-THINC-BVD

Under the same grids number
Bottom: 51" WENO + artificial interface compression (Shukla,JCP,2010)

-

p—
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t =274 us




Higher order scheme is still necessary to resolve wide-
spectral waves including turbulence

Future work: combine high order = polynomials interpolation with
BVD algorithm

Ny Ny 4
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Higher order scheme is still necessary to resolve wide-
spectral waves including turbulence

Future work: combine linear high order polynomials interpolation
with BVD algorithm
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Thank you for your time and advices
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