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Introduction

® Compressible multiphase flows occur in various
engineering situations,
e.g., cavitation, droplet atomization, bubbly flows.
® Complex flow structures are created due to the
interference between shock waves and gas-liquid o ,
interfaces Vortex cavitation in venturi tube
' (Soyama, 2021)

® Phase change makes the flow structures more complex
due to newly generated interfaces.

Ligaments

E
® \We conducted phase-change simulation using stable and  coaxial subcritical combustion

low-dissipation numerical methods based on Boundary of cryogenic 02/H2
Variation Diminishing (BVD) principle. (Murrone et al., 2019)

Flame
=

® For accurate simulation, numerical schemes should have
both computational stability and discontinuity-
capturing ability.
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Six-equation model

® AdveCtion Of VOF i"t-z;c- volume fraction  Y,: mass fraction i

atal +u-Va, = #(P1 — pz)_ i Py density Y : heat capacity ratio |

1 w: velocity &y internal energy i

® Mass conservation law i g’f:;‘;‘;lsﬁ‘r‘:rgy T M paterial

ok ependent parameters |

dc(a1p1) + V- (aypyu) = 0,
0c(azpz) + V- (azpou) = 0.

liquid interface gas

Momentum conservation law phase phase

d:(pu) + V- (pu®u + pl) = 0.
® Energy conservation law Pg
0c(a1Ey) + V- (a1 (Ey + p)uw) + 2 = —upi(p1 — p2), _u
0t(azEs) + V- (ap(Ez + p)w) — 2 = upi(py — p2), E
where =
2 =—u- (Y,V(aip1) — Y1V(azp2)). .
® Stiffened gas equation of state g
P = i — D(E —mkpr) — v (k= 1,2).
Control volume

Six-equation model
Compact form and extended model: Thermal and chemical
0:q+V-f(q) +0(qVq) =Pp(q) + (@) + Y(q), relaxation terms are
stucion [ B empeie Ot ey added to consider
term term term term term phase change.
where,
a’1 0 u- Va1
a1P1 apu 0
a2P2 azpu 0
a By a,(E1 + pu 2(q,Vq)
azkEs ay(E; + p)u -2(q,Vq)
- r o v(g2-91)
u(pr — p2) —Q(TZK Lo %
g 0 V(92 — 91)
0 _ _
h@=| o |w@=| | w@=| V27
—up1(p1 — p2) 0(T, —Th) ver(gz2 — 91)
up1(p1 — p2) -0(T, —Ty) | —ver(g2 — 91). 6




Calculation procedure

0:q+V-f(q) +0(q,Vq) = Pp(q) + (@) + YPg(q)

pressure temperature Gibbs-energy |
relaxation  relaxation relaxation

non-

advection conservative

Start

term

term term term term

]

Reconstruction

Stepl: Solve homogeneous part of the model

|

with FVM, |

Riemann solver

d:q +V-f(q) +0(q,Vq) = 0. Stepl

}

Step2: Solve the ODE systems including the

Time integration

relaxation terms,

!

> 0:q = Yp(q),
> 0:q =Pp(q) +Yr(q),

step2 {_ |

Relaxation

> 0:q = Pp(q) +Pr(q) + Pg(q)-
p-relaxation: only mechanical equilibrium

p-pT-relaxation: mechanical and thermal equilibrium |

p-pT-pTg-relaxation:
mechanical, thermal, and chemical equilibrium

2024/7/2
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BVD principle

The numerical flux at x = x, 1: numerical
H’E flux
foa==(f(a )+ f(a%s)) =3 ja,,a) (as — ¢~ Fus
i+ 2 ( i+§) ( i+§) 2| i+5|( i+ i+§) —
( )\ ] ' i
T Y ! !
central-difference artificial-viscosity E
term term cell :

boundary

where,
q“/R: left/right cell-boundary value,
a: characteristic speed.

QF_% i
Boundary Variation BVH% = ql,R+§ - qi'“+§ should be . + — - -
Diminishing for suppressing the numerical dissipation ’
error. Boundary Variation
Diminishing principle

Hybrid-type BVD scheme

Candidate interpolant 1:
stable, non-oscillation scheme (MUSCL, WENO, upwind, etc.)

Candidate interpolant 2:
discontinuity-capturing scheme (THINC, downwind, etc.)

A suitable interpolant can be selected
following BVD algorithm.

Candidate
interpolant 1
¥ Final
interpolant
Candidate
interpolant 2
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MUSCL scheme

Reconstruction function:
QMU (x) = g; + () (G141 — T X (),

where,
X

—x;
Ax "

®(r): slope limiter function
Harmonic limiter: ®(r) = il
1+|r|
The boundary values are found as,
_ 1 _ _
LATUSCL = QLMUSCL(XH%) =q; +52()(Gis1 — G

i+= 2
2
R,MUSCL = _1 = =
q; 1 = ?/IUSCL(xi_l) =4q;— gq’(r)(ql'ﬂ —qi).
2 2

oSt z)

qi-1 E—i
1 1
:

Xi—1 Xi Xi+1

MUSCL scheme
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THINC scheme

Reconstruction function:
QFMNC(x) = g, + qq tanh(B(X;(x) — d))),

where,
The boundary values are found as
= O ) = da+ aa T
qiR_EHINC _ Q’iI‘HINC(xi_%) — 4. %I

(T1 = tanh (g), T, = tanh (%), a; = q"q;;a).

The steepness parameter g determines the
characteristics of the THINC scheme:
v' Small B (= 1.1): stable, suppressing numerical oscillation.
v' Large B (= 1.6 ~ 3.0): suitable for capturing discontinuity.

THINC scheme

12
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Hybrid-type BVD scheme

® MUSCL-THINC-BVD scheme

MUSCL
Final
interpolant
THINC(f) ——————— \
® Adaptive THINC-BVD scheme A suitable interpolant can be selected
following BVD algorithm.

THINC(B,) —————— /
Final

interpolant

THINC(8,)

13

:
BVD algorithm
_i+1/‘
Procedure for selecting a suitable interpolant for cell Q; BV,1
in the MUSCL-THINC-BVD scheme: 4G __=
BV, 1 ~
A) Calculate total BV (TBV), Gy
m m m —
TBV™ = BV™, + BV'™,,
i— i+5 f f f X
for all possible patterns (m =1~ 8). XYi-1 X Xit1
B) Select the final interpolant function as - MlLlS;Ll MUISICL MlLlS:
%VIUSCL(x) if argmin TBVim € {1’ 2,3, 4}’ 2 MUSCL MUSCL THINC
Q(x) — m 3 THINC MUSCL MUSCL
l 0 "™C(x) if argminTBV{" € {5,6,7,8}. o fome | muser | mane
m 5 MuUSCL THINC MUSCL
6 MUSCL THINC THINC
Same procedure can be applied for 7o THNC ) THNC o MUSCL
. 8 THINC THINC THINC
the adaptive THINC-BVD scheme.
14
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Two-phase numerical model

BVD scheme + Riemann solver:

Numerical results HLLC (wave-propagation method)

» Time integration: 3rd-order RK
Summary - CFL: 0.5
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1D water shock tube problem

Numerical results

p-pT-relaxation

s =
2210 250 022
B
100 .26 0215
i #‘ ;1' x o021
80 = 3
i = g 5 H
without £ 2w 2 fa %0205
= & k-] 3
Lis = 2, 5
phase i o 1 K §
Eu 3 ? tis i E0.105
change - | P £, 32,
12 i’ 3 —MUSCL = [——wuseL
> T o — B —MUSCL-THINC-BVD 14 B~ MUSCL-THINC-8VD 0185 | [~B - MUSCL-THINC-BVD
@ A Adaptive THINC-BVD - Adaptive THINC-BVD 4 Adagtive THINC-BVD
' i 0
o 02 o4 05 0 ' o 0z o4 06 08 1 o o0z o4 06 o8 1 o oz o4 05 08 1
=m] = [m] = [m] = [m]
p-pT-pTg-relaxation
«10° 2107
22 \} 282l 0202
26 0 —y
. - b1y \ T
. | 24 2088 T
—_ | H
- = £
with g < w T Fane % [
h e S L 5 £ |
phase g1 F i 2 Fois I 5
h £ % il £15 ﬂ Eowse { |
Change a4 2w g s I
1 Fnuscn ‘ 2" e § 120w C \
2 9 o -o-wmuscLinc-ovo | Semmm > Ll o -wuscL-mianc-evo Gt 0188 |- -MUSCL-THINC-BVD
A Adaptiva THING-BVD ' i1 BVD)| Adagtive THING-BVD]
1 12 0186
o 02 04 08 08 o 02 04 s o8 1 o 02 04 06 08 1 o 02 04 06 o8 1
zim] = [m fm] = [m]

The BVD method shows
captured the interface
within 3 - 4 cells.
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2D cavitating RMI problem

Conceptual diagram of the problem

wall

00 [m/s]
wall

gas

outflow

1 [m]

wall
x \

3 [m]
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2D cavitating RMI problem

Numerical results (without phase change)

L=

MUSCL

MUSCL-
THINC-
BVD

Adaptive
THINC-
BVD

Volume fraction of
water

The BVD method
shows more

developed instability.

Pressure
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2D vapor bubble compression problem

Conceptual diagram of the problem

dodecane
liquid
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2D vapor bubble compression problem

Numerical results (with phase change)

Mass fraction of vapor
(red_; 1,b|ue_= 0)

MUSCL

MUSCL-
THINC-
BVD

Adaptive
THINC-
BVD

New interfaces
are captured in

the BVD schemes.
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Summary

® We introduced MUSCL-THINC-BVD and adaptive THINC-BVD scheme for the
accurate simulation of the compressible multiphase flows with phase change.

® Following the Boundary Variation Diminishing principle, a suitable interpolant
was selected from two kinds of candidate interpolants.

® The numerical results showed that the BVD schemes can capture both

continuous and discontinuous solutions more accurately than the existing
scheme.

® Future work:
> Unstructured grids
> Other candidate interpolants
» High-order scheme for turbulent flows

Thank you for your attention! 21
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