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Motivation

bﬁ) Crucial role of boiling in optimizing thermal

0.0 performance in various industrial scenarios ]
Flows of interest

sk compressible gas + incompressible liquid

% low Machregime M <1

[/ Challenges of two-phase flow modelling
(phase change, surface tension...... )

Transonic Supersonic

/

10—° 1074 1073 1072 1071 10° 10! 102

Use adaptive mesh refinement strategy
to improve efficiency and flexibility

Hypersonic

»
|

Objective: develop a compressible solver for liquid-gas flows
v Accurate in interface capturing
v Accurate in the low Mach regime
v' Capable of handling heat transfer and phase change

v Integrated with an effective adaptive mesh refinement technique



Governing equations

Each phase is described by a compressible model
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O (pu) + V- (pu®u)+Vp=V-S+pf

8t(pE)—|—V-((pE—|—p)u):V-(Su)—l—pf-u—l—v-(g%’VTL

p
u

fluid density p fluid pressure f  volume forces K  thermal conductivity

fluid velocity S  viscous stress tensor E  total energy c speed of sound

Equation of state
Ex: stiffened gas EOS, barotropic EOS

St




Interface jump conditions

1
v’ mass conservation — velocity jump [u-n]p =m[—];
P
v/ momentum balance - pressure jump ol = ok
v energy conservation — thermal flux jump [[z%/VT]]F -1 = M Lyeat
r
D D,
m phase change mass flow rate
2 Lyeat  latent heat of vaporization
N
E |I . ]]I‘ jump operator across the interface
e~




Interface description: level set method

Level set advection 0i¢p+ur -V =20

interface I'(t) ={x € D] $(x,t) =0}

interface velocity ur

V¢

normal vector n=-—-
Vgl

Vo
interface curvature K=V - (—)
Vgl

Level set function

Discretization 5t order One-Step scheme

(d(x,T) for x € Dy,
[V. Daru et al., 2004, Zou et al., 2020]
=140 forx €T,
| —d(x,T") forx € D,. distance property |V¢| =1

Reinitialization (redistancing) 0,¢ = sign(¢o)(1 — |V¢|)



Numerical method

Finite Volume discretization

A single fluid Lagrange-Projection type scheme [C. Chalons et al., 2016]

Decomposition of the global system into 3 subsystems

- - - === ~ - - - = = \ - - - - === \
(O p |/+,0V-u \| (+u-Vp | =0 I{ I
Oi(pu) | +puV-u+Vp H—I—u V(pu) :=P.f '+ VS :
O (pE) : —I—pEV-u—I—V-(pu): :—I—u V(pE) : =pf-u :—I—V—(Su)—I—V-(J(VT) :
I . = I
N N J\Fur-Ve ) =0 . )
Acoustic Transport Diffusion
'p‘n -p-n-I—l— -p'n-I- -,O-n-l_l
pu pu pu pu
pE pE pE :> pE
i | ¢ | | & | ¢




Numerical discretization

113'1: Step 1. Acoustic step [C. Chalons et al., 2016]

Q; Q, W b il 8 Approximate Riemann solver

O g, Z; 5]1; Numerical flux for bulk cells

¢
b = N ’u,"fk: njk-(ajuj—l—akuk) T T
j
a; +a a; + a
Godunov approach gk (@) + ax)
AT + a;Tg a;ag
Lip"t =p", T = ——mni-(u;,—u

JFj J N jk afj"'a'k afj"'a'k jk ( J k')

Lj (pu)’]ﬂ_ = (pu);l |Q | Z ‘aner;knjk _At{pvql}b
J
Ar ke ) for interface cells (+ jump conditions)
L(PE)} = (pE)j~ i1 ¥ 0@y~ Arfupye,
Sl ke (j) . n; - (aju] + apug + ak'@‘iﬂf ) — T — |[[p]]
¢Jn :q);l’ Hik = aj+ak___ + a; + ag
At apm; + a;my + a,J,[[p]]F | aian o
Li=14— 10Q i |uy | - g 4 7 png(u—u; —u
€)1 (ke;(j) Y 7 aj + Gk aj+ay (v — ULD

Tt surrogate pressure from Suliciu-type relaxation a; = 1-1,0jCj, ar = 1.1pgck 7



Low Mach analysis

Low Mach regime  Vp = O(M?)

Truncation errors of the dimensionless acoustic
subsystem in the low Mach regime

( 8:p+V -ii = O(AT) + O(MAZ
- s - 1 - - AZ
< Bf(pu)eruV-quW P = O(At) O(ﬁ)’
L 0;(pE) + pEV -0+ V - (pi1) = O(AL) + O(MAz
Dimensionless variables
ﬁ:p/ﬁm ﬁ:p/ﬁfh &:C/éi, é:e/éw 1=1,2

Asymptotic expansion
p(t,x) = M°p" (¢, %) + M'p" (¢, %) + M*p? (¢, %) + - --

Low Mach correction [Z. Zou et al., 2022]

o e e e — e — —— — — — — — ——— — — — — — —— —— —— — ——— — —

4 \
/
l u; + ug + [u] 7; — 7 — [p]
Lyt = (1 — 6. oL Lok ’ s 0,
:ujk ( ik) (njk 2 a; + a + Ujktjy
|
| N +p; (Wk + [[P]]ij) .
7.7 — — oy
:ij ( ik) 07+ pr + U5k
| *
i o
ik = min , 1
\ max(c;, Cx) /

________________________________________/

uniform truncation error
with respect to Mach number
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Step 2. Transport step

Upwind scheme + ghost fluid method (linear extrapolation)

Ob+V-(bu)+bV-u=0 b= (p, pu, pv, pE)?T

At At
1—
b’?"‘ :b’?"‘ ’_Q | Z IaQ]k|qubn++bn+|Q | Z |8ijlu);k
I ke (j) I ket (j)
I
(ot if uf, > 0, ™
R S if u¥, < 0 and ¢,k > 0, N
\b};‘fghost if uf; <0 and ¢;¢r <O0.

e | fluid cell 1 e | fluid cell 2

E q n+ B qQn+l-—
p p
pu pu
pE pE
g b
I
\

+ | ghostcell 1

+ | ghostcell 2




Step 3. Diffusion step

B 1 n+1— = q n+1
p
Discretization of viscous diffusion Centered second-order FV method pu > pu
pE pE
| & | ¢ |
Discretization of heat diffusion near the interface
] . . T; — 1, Tr, — Tk
o Without phase change, continuous heat flux across the interface %T = %T
X CIJk
interface temperature heat flux across the interface
HT: Azt + 4T Az Tr — T;
7. = Z0T kL kAT %VTFj‘njk:%F]—FJ
T HAxl + HpAat Az}
AT interface
Aw? Am};

e With phase change, discontinuous heat flux 5

. - T ghost
assumption Tt = Tyt ' ‘/././ ------- T

10



Phase change modeling

Compute phase change mass flow rate from heat flux
[Y. Sato et al., 2013, S. Tanguy et al., 2014]

T ¢ =1 L I n —
[[% \% ]]I‘ Il = MLheat |:> | m Lint
e _____ J
Compute interface velocity for 0;¢p +ur - Vo =0
o1 L ™ 3 ™
IIu : n]]I‘ — m[[_]]I‘ |:> ur = Uliq — — N = Uyap — ‘n
P Pliq Pvap
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AT interface

Compute heat flux at the interface Adj| Az
Depends on how to approximate the temperature gradient - Tt ././‘/ _______ T
! ! ! !
K j T k
~—= Tr = Tsus
0 T | N
/ J A :1:5 use interface temperature
lrz?gi&tl _ T
e = k) J use neighboring ghost cell
A.’L‘jk

%VTI‘J. * N = <
) () o | _
l% 3 [satl —1 T} B T, — Ty use neighboring cell belonging to the same fluid

e 9 Azy; + Amg Azy; [Z. Zou, 2020]

2
\ a H; _AerTk’ + (Azcg _ Aw?k)TJ + Aw?kTsat second-order
j AmjkAmg(ijk 4 A:z:f) [Y. Sato et al., 2013, L. Anumolu et al., 2018]




Linear sloshing

Property Gas Liquid
ay/g = 0.01 p(kg-m=%) 1 1000
c(m-s71) 300 1200
M ~107° g(m-s72) 10
ap (m-s72) 0.1

g hgas

h liquid

Interface position [m]

1.0100 +

1.0075 A

1.0050

1.0000

0.9950

0.9925 A

0.9900

,”'\\ -=--- Analytic solution at x=0

,/' \.  ———- Analytic solution at x=L
¥, A\ level 5 at x=0
/ ) level 5 at x=L

0.0

1.0 1.5 2.0 2.5 3.0
Time [s]

spatial resolution: 32 * 72

3.5
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Rayleigh-Taylor instabilities

1.50

0.25 4

0.00

0.0 0.2 0.4 0.6 0.8 1.0
X [m]

t* = 2.50

2.00

1.50

0.25 1

0.00

0.0 0.2 0.4 0.6 0.8 1.0
X [m]

t* = 4.00

2.00

1.50 4

0.50 H

0.25 1

0.00

0.0 0.2 0.4 0.6 0.8 1.0
X [m]

t* =488

—-= Level 5
~== Level 6
— | avel 7

Grid level Resolution
5 32 * 64

6 64 * 128

7 128 * 256

Property fluid 1 fluid 2

p (kg-m=3) 1.8 1.0

p (Pa-s) 0.00238 0.00238
y 7.0 7.0

p (Pa) 400 400
gy(m-s72) 1.0

Re 420

Ma < 1073

interface initial position:
y=1-—0.15sin(27x)
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1D non-isothermal problem

Oscillation of a liquid layer between two gas pockets [V. Daru et al., 2010]

M~1073
7
— . . “
Tyan = 373.15K  _ air water air Z Ty, = 293.15K
— ”
0 45 55 100 um
3707 —o— Reference “\
360 J& o— Low Mach compressible solver + Level-set method 10-3 4 “ll
1
350 1 | )
= 330 = =
4 g i
= |: 10—5 :: ———————— =
320 1 >
310 A o~
1076 5 4
J f
300 A
] { === Reference
] Low Mach compressible solver + Level-set method
290 : . ; ; 107 : : : .
0 20 40 60 80 100 44 45 46 47 48 49
x [pm] Interface Positions [pm]
Temperature at t = 1pus Trajectory of left interface

Reference: ALE, incompressible liquid + compressible gas 15



Stefan problem Jag = 2

Tyan ple,l (Tmax - T'sat)
Ja = 7
Tiat focmcoeeea> . PvLheat
Zr >
—interface T : 02259 __ Analytical solution
wall ) vapor [T iguig | outlet 0220~ LfAT=92
Uy = w : . L/Axz =64
| oo T L/Aw=1
i E —— L/Ax =256
2 0.210 -
Property Vapor  Liquid g 0.205 - 0.2178
kg - m~3 025 2.5 5
p( & ) E 0.200 0.2177
p (Pa-s) 0.007  0.098
K(W-m™1 K1) 0.0035 0.0015 0.195 - 0.2176
Cp (J-kg71- K1) 10 10 0.2175 - . .
0.190 +
Lpeat (J-kg™1) 100 , | | 90.00 | 90.05 | 90.10 |
T (K) 12 70 75 80 85 90 95
Time [s]
Tsat (K) 10

Temporal evolution of interface position zr

Pliquid / Pvapor — 10 16



Stefan problem Ja = 30

m]

Interface position 2 [m

Property Vapor Liquid
p (kg -m™3) 0.597 958.4 L
s 4 pliquid/ Pvapor — 1600
u (Pa-s) 1.26 x 10 2.80 x 10
=1 -1
Cp (J-kg1-K~1) 2030 4216
Lheat (J-kg™1) 2.26 x 108
Twan (K) 383.15
Tsat (K) 37315
x10~3
0.22 4 . . 12 . . 18 . .
—— Analytical solution —— Analytical solution \ —— Analytical solution
Az = 0.0154 mm 10 4 Az = 0.0154 mm Az = 0.0154 mm
0.20 + ‘ — 1.6 -
8 1 £
0.18 4 — - 0.00100
X.6 - 0.5 1 \ > L4
0.16 - 5 g
0.1730 4] 0.0 $ 104
0.14 7 0.1725 4 2 ‘ 0.20 0.25 ?,
\ — 1.0 1
0.12 1 0.1720 0 - S
0.080 0.081
0~]-0 T T T T T _2 T T T T 08 T T T T T
0.04 0.06 0.08 0.10 0.12 0.0 0.1 0.2 0.3 0.4 0.5 0.04 0.06 0.08 0.10 0.12
Time [s] x [mm] Time [s]
(a) (b) (c)

(a) Temporal evolution of the interface position. (b) Temperature profile at t = 0.13 s. (c)
Temporal evolution of the liquid velocity.
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Mesh refinement strategy

Aim: improve computational efficiency and flexibility

Adaptive Mesh Refinement (AMR)

Based on empirical, a posteriori criteria
(gradient, local residuals...... )

Implementation

SAMURAI

Structured Adaptive mesh and MUILti-
Resolution based on Algebra of Intervals

https://github.com/hpc-maths/samurai

Multi-Resolution Analysis (MRA)

Based on a rigorous mathematical analysis
of wavelet theory.

Use a local wavelet basis whose coefficients
provide an accurate measure of the local
reqularity. Adapt the mesh according to its
local regularity.

v C++

v Able to handle both AMR and MRA
v @CMAP, Ecole Polytechnique

18



Multi-resolution example: discretization by point values

N points

Level 3

e N/2 points
—— N/2 details

—]
1

1

1

1

-y

Level 2

® N/4 points
—— N/4 details
—— N/2 details

® N/8 points
—— N/8 details

—— N/4 details
—— N/2 details

]
—
—
——

Level O

A hierarchy of structured nested grids [M. Postel, 2001]
point-based MR

Aim: approximate solution v by a piecewise linear function ¥ on a set of intervals

Details
1.1 Al
dj = ;

L 0 1 L
v \——\(V,D,...,D)
M—l
all vectors of details
solution on solution on

the finest level the root level

Refinement criterion

detail > ¢ threshold parameter at a grid level

19



Multi-resolution example: 1D function

f(x) = 0.5 — || grid level

Multiresolution on 1D function [C. Tenaud et al., 2011]

20



Stefan problem + MR

0.225 : _
—— Analytical solution
0.220 4 = Uniform mesh [ =5
E) MR mesh [ nin = 2, lpax = 5
—0.215 A1
—
S
S 0.210 -
E=
(V5]
S 0.205
Q
O
€ 0.200 -
3
= 0.195 -
0.190 1 84.5 85.0 85.5
70 75 80 85 90 95
Time [s]

— Analytical solution
= Uniform mesh [ =5
MR mesh lpin = 2, lnax = 9

0.1

0.2

0.3 0.4 0.5
 [m]

Uniform mesh (grid level 5, 32 grid points) and MR mesh (four grid levels [2, 5])

0.6

21



MR mesh for Stefan problem

0.25

0.2

0.15

0.1

0.05

y[m] o

-0.05

0.1

MR mesh [2, 5]

0.15

0.2

0.25

0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 0.9
x [m]

mesh compression rate = 56.3%

#CCHSMR

CR=1-
#cells;

max

0.25
+

0.2

0.15

0.1

0.05

y[m] o

0.05

0.1

MR mesh [3, 6]

0.15

0.2

0.25 +

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 08 0.9
x [m]

mesh compression rate = 79.4%

Interface position error E(xr)

e=0.01,7r=2

x 10~

2.5 —— Uniform mesh [ =5
==== MR mesh l,;ijn = 2, lax = D
—— Uniform mesh [ =6
==== MR mesh ;i = 3. lyax = 6

70 75 80 85 90 95

Time [s]

‘mr‘,num - mI‘,ana|

L

E(il:r) =

22



Local grid refinement

Ng4im dimension
g] = 2Ndim'(l_L)5 L the finest grid level

E tolerance specified by user

threshold parameter on each grid level [:

scaled by global maximum :

4]

> €] ‘ Refine the mesh; otherwise, coarsen the mesh
maxj‘dg-‘

Remark:
« valueof ¢, 0 < e <1 hasaleading role in the accuracy and efficiency

» details decay with the grid level for smooth solutions, and recover large values in discontinuous regions
[C. Tenaud et al., 2015]
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Rayleigh-Taylor instabilities + MR

In practice:

2.00

- calculate details based on |[p, pu, pv, pE| —— 1 =6, uniform mesh
o — 1=[3,6],e=0.01,r =2
« use tolerance suggested by [B. Bihari and A. Harten, 1997] 1751 —— 1=[3,6],e=0.01r=1
—— 1 =[3,6],e =0.001,r =1
Ngim=+r)-(I—L
g = 2( dim+7)+( )E C— E,r 1.50 -
. . 25
Mesh compression rate over time wﬁ 1.25
90 - e : 14 A :Nf
\ — 1= [3,6],e =0.01,r =2 N amuGEGRECT
80 - —— 1 =[3,6],c =0.01,r =1 AT - =
—— [ =[3,6],e =0.001,r =1 H /e FEE ;1.0()-
Sk T s £t
. T E ga(zics
& " . e i 0.75 1
L 1.0 F H-\H \‘ H
S 50 ~ ¥ (m] m*ﬁk &) H EEESuddd
s SNt H e
% A b S
o T L HE )
L 40 - 08 gEahess o\ 0.50
o ' FHH) R
£ ; 1 sigieass
S 30 1 o =
O o F - /
R 8 % HH 0.25
20 4 0 EENEE asipiitess &0
e EEHEHHE H | H
10 e
T T T T T 0.4
0.0 0.5 1.0 1.5 2.0 0.00 . . . ;
’ ’ " i o 0.0 02 04 06 08 10

t [s] X [m]

Compromise between accuracy and compression rate MR mesh € = 0.01,r = 2 =235 5,



Summary and Outlook

) . A two-fluid compressible solver
Objective:
v Accurate in interface capturing > interface is captured by level set method

v" Accurate in the low Mach regime with low Mach correction

>
v Capable of handling heat transfer and phase change » with sharp-interface phase change model
>

v Integrated with the adaptive mesh refinement technique with multiresolution adaptive mesh refinement

Work in progress

> Evaluate the performance of multiresolution (error analysis, computational time, mesh compression)
» Extend to 2D bubble boiling case

Thank you for your attention!
Questions?

< gen.wu@upsaclay.fr 25



e =0.01,r =2
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e =0.001,r=1

o o
- FH H T -
HHT T
: T
, T SiiE
H I !
Eaasap Sa H T H H
HH T HH B HHHH
] - : FH
- + M “ “ HH H+HHH I1r+| FH
FH . ! o HH
H T T T 1T
i & ﬁ SEisssies : T
u H HH H HHHHH : T
mm . AT AN\ Ierll we B - —SSa n ws|
H % _ FEEE I T t _
BN wnE T n / nE
] e T ez ST S
_ N HE HHE
as ENHHH HH HHH
¢ L F\ = — N
! HH HH A
1 sus +Al.l \llllll
H3 +...l HHH o
HHTHH /
AT —
Hy HRE T HHHE
T 2255
T mun|
dEmasis ]
]
< o_ © < 3 < ~ © © oS
z B 3 3 3 = 2 b 3
S <
/_ 1T \ﬁ \_r
/ HH HH
11T
\ HHH H H>-
HH, N B
Sass Hv/H
na B o1
((b) 24 At s
ana [H
" — EEF\ HH H H
N mmmsaa FHH H
saas = =S FHH HHH
» — HHH / > wE HHH HN 28
— / S m aaam ,;“1“ f S
- — L H e M N -
B sasegeassasiis: B H\ e
mEEus T T mmEs TIT
A -HHH 1 1 HHH VHHHH
H HH . : T
1T +HHH 1
FHH /T
/ FER
— T ]
55 e
A T
T H H
/ H HH
/1 Lll
pés! s e s
<« a S o © g <« a S © - °
z B e 3 3 3 z B 2 3 3
-

uniform mesh

Rayleigh-Taylor instab

e=001,r=1



