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| Introduction




I. Research Objective

Boiling Curve

S THE System Lab
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[1] Mudawar, I., & Bowers, M. B. International Journal of Heat and Mass Transfer (1999).
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I. Introduction

Space Exploration

LCH4/ LOX

KER / LOX

ovable Launchers

Thermal Hydraulics & Energy System
/) THE System Lab

Launch vehicle with cryogenic propellants

= Liquid oxygen (90 K), liquid methane (120 K), liquid hydrogen (20 K)
Cryogenic propellants with extreme thermophysical property

= Extremely low temperature ( T < 100 K)

= Gas vs fluid density = 1000 vs 1 kg/m3

Extreme propellants with Extreme structures
=  Compared like flying beer bottle

Upper stage with cryogenic propellants!
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Source: Ministrv of Science and ICT
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Space Exploration
KSLV-1I (NURI), 2021

« Restart Failure of Atlas-Centaur 4 (1964)
«  KSLV-II NURI 1st Launch failure (3 stage)

«  What happens to fluid in microgravity?? Atlas-Centaur, 1964

— subcooled liquid in microgravity

« What happens to cryogenic propellants in microgravity
when the wall is hot?
— saturated (or boiling) liquid in microgravity

Stable pressure Stable pressure Violent pressure increase

C

Hot wall
Cold fluid
regular propellant regular propellant Cryogenic propellant
In acceleration gravity In microgravity In microgravity

Acc >=1g Acc < 1g Acc < 1g
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Research Trend for Space Exploration

= Microgravity experiments

— 0.1
= Drop tower... & 1
= Compared with CFD 008
= Two-Fluid model ]
= VOF(Volume of Fluid) method e
] 0w
— 004
— 002
=0
Another candidate for the cryogenic boiling simulation 0 00T 002 003 D04 D05
- Lattice Boltzmann Method (LBM)
0000 TIME= 0.0000
Numerical Simulation on Interface Evolution and Pressurization Behaviors in Cryogenic Propellant Tank on Orbit https://webpark1362.sakura.ne.jp/researches/

Umemura, Yutaka, et al. "Numerical Modeling of Boiling Flow in a Cryogenic Propulsion System." 51st AIAA/SAE/ASEE Joint Propulsion Conference. 2015. From Prof. T. Himeno at the University of Tokyo .


https://webpark1362.sakura.ne.jp/researches/
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Il Lattice Boltzmann Method

Introduction of Lattice Boltzmann Method (LBM)

oQ

Benchmark Tests




I1. Lattice Boltzmann Method

1. Lattice Boltzmann Method

Boltzma

W THE System Lab 8
1. Perturbation 2. Taylor Expansion
F=r+efP+e2fP 4+ (e =Kn) 0(6): (" + ;o0 £ = —%fi(l)
frea=f—fe 0(e?): 0P £ + (0" + 10" (1 - g) Y= —% £

Chapman-Enskog Analysis

nn equation

a ” <6t>dt+<axﬁ> at +<afﬁ> ac =20,

f(x, & t): Distribution function

Discretization

Lattice Boltzmann equation

filx + c;At, t + At) — fi(x, t)
A
=~ (0D ~ 00 0)

X
X

four cells at
timestep t after collision

N T |,
'i> N2
N VN VR
AL INLN e
four cells at

timestep #+1 after streaming

——————————— Kinetic theory # Continuum mechanics - - - - - --

Navier-Stokes equation

0cp + 0, (puy) =0

0¢(pug) + 0g(puqug) = —04p + 9p[N(dqup + dpuy)]

F=Y =0 Y afi= Y af=pu
LA LI =0 Q=)

At
P = pcZ, n=pc52<f—7>,
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2. Interaction force & Forcing scheme

Phase segregation between different phases can emerge automatically as a result of particle interaction

K
Finterface = kpVAp  Ppp = (pEOS — kpV?p — > |\7p|2) I+xVpVp

Shan-Chen discretized interaction force|: F°¢(x) = —yY(x)G X; wi(x + ¢;At)c;At

Pressure tensor term with Shan-Chen interaction force :

2

csG
Psc =\ pp + > Yo+

Equation of state

cd cd cdG

G G
(79 + = 1/)A1,b>l—

Vv

Attraction
Repulsion €¢——»

LBE with Guo force term
At eq At
file + bt t + A0 ~ fi(o ) = ——(fix, ) — [ (x0) + (1 -5 | Fiae

> 7 External force
CS CS

p= 2 pu=cfi+y

l

2
C; CiaCip — C504p JU
Fi=Wi<La+(lalﬁ saﬁ) B>Fa
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3. Equation of state (EOS)

Py Maxwell area construction rule that allows to obtain phase transition densities :
c2At?G c2At?G
Po = cipg + ——— W (pg) = cipr +———¥?(p))

Po

Equation of state (EOS) : Included in the interaction force
- Enabling phase segregation

2(pros — pcs)
Gc?

ciG
2

Pp T Y? = pros = Y(x) =

Ex) Peng-Robinson EOS

_ pRT ap(T)p®
PEOS = 71— bp 1+ 2bp — b?p?

(T) = |1+ (0.37464 + 1.542260acencric — 0269920 conric) (1 — w/T/Tc)]2

a=3/49,b =2/21,R =1, Wacentric = 0.022 (for oxygen)

Fig. Phase segregation (Isothermal)
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4. Coupling Temperature

. . daP dP 1 1 (/oP
Thermodynamic relation of entropy Tds =c,dT +T (6_T>v dv =c,dT +T (6_T>v d (;) = ¢,dT — T? <6_T>p dp
ds d )
Entropy balance equation PTd— =V-(AVT) ar _ V. LVT + T_(9F) dp Mass conservation -2 4V . (pU) =0
t dt pCy p2c, \oT ,dt ot

Energy (Heat) equation with source term oT B 1 [oP . Source term which
etV WD) =V-(aVT)+T |1 oc, \aT V.U || responsible for phase
i p . change
Directly solve with FDM method
L oT 1 T /8 i
= —u-VT+—V-(kVT) - PEOS | 7 4 |

. Ot pCy pc, \ 0T ) |
¥o+hky | i

4th order Runge-Kutta Method

i+ hikg /2 |
Wiy 4 hiky /2 |

)
Tt+6t = Tt + é(hl + 2h2 + 2h3 + h4)'

¥

) )
hy = K(TY),h, = K (Tt + §h1>,h3 =K (Tt + ?th2>,h4 = K(Tt + 8,h3)

1u t.:.+h,"2 I-l,._h
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Benchmark Tests Fig. Solid droplet on flat surface

Test 1 : Phase segregation (|)
- Validation of thermodynamic consistency
(Matching separated density with EOS value)

Test 2 : Wetting method (—)
- Validation of interfacial wetting method

lpinterfacial = lpx,y<0 = Gwlpx,yzo

or Analytic . o
—~ O Numerical | Cwe0.8 ) 621418
: Gw=0.9 / 6=114.2°
E o9l | o
% Gw=1.0/ 6=88.0
©
2
% B ] - Gw=1.2 / 6=51.4°
; m
8
' s 7T m A
Fig. Droplet (Isothermal) 5
o
m ]
0.001 0.01 0.1 ’ _

Fig. Contact angle with interfacial wetting method

Reduced Density(p/p.)
Fig. Thermodynamic consistency
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I]] Microgravity Boiling Results

Drop Tower Test
LBM Simulation Setup

Microgravity Boiling Results

O0Q
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Drop tower test

Microgravity experiments using dual capsule (7 m, 1.2 s drop)

outer Acc $\/‘ '
Inner Acc

meter

meter

Release device (switch)

n'*_—’t Internal capsule acc (z)

Release mechanism

(Electro-magnet) 1.2
~~—_ Stainless steel 1.0 At """"" """""""""""" """"""
Fluid chamber S [
+ visible ; 0.8 B | I A .
80 cm Inner setup \ Polycarbonate cover % 0.6 77777777777777777777777 ,,,,,,,,,,,,,,,,,,,,,,, ,,,,,,,,,,,
Fluid fill/drain port o [
E 04 """""""""""" """""""""""" """"""
N S
® 02 o e R e
il Shock absorber (sponge) i ‘ 1 :
0.0
Outer capsule - | | |
_02 H 1 1 i 1 i
< 70 cm > 241.0 2415 242.0 2425 243.0

time (s)

Journal of the Korean Society of Propulsion Engineers - Vol. 25, No. 4, pp.78-87



Ill. Microgravity Boiling Results

Simulation Setup

Solid Area

02
Vapor

02
Liquid

Wetting method :

«w THE System Lab

Wall Boundary :
Bounce Back

method Collision method : Central Moment (CM) collision with comprehensive scheme

Forcing method : Saito’s enhanced forcing scheme
Interaction force : shan-chen interaction force with D2Q25 isotropic scheme
Temperature : Direct solve with FDM, space : D2Q25 isotropic, time : RK4

Unit conversion : Necessary method

Properties Physical unit Conversion Factor Lattice unit
Channel diameter 0.03m C,=333%x10">m 900
Time 0.025s C,=796x10"°s 3142
Viscosity 1.x107" m?/s C, =442 x10"°m?/s 0.0226
Gravity 9.81 m/s? Cg =5.27 X 10> m/s? 1.86 x 10°°

Hydrostatic pressure change - Internal energy change

Constant Temperature
Boundary Condition

Interfacial method (Gw=1.2)
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Simulation Case _ No Boiling (Subcooled)

1g
Gravity (1g > 0.019g)
1 > Hydrostatic pressure decrease
| au=0-w
"\ - C,AT =0 —vAP
| 1
. - TZ = T]_ - AP
. ! C
Gravity | i
! _ y
level : (AP =Prg T)
0.01g |
2 2.1 7
time (s)

Fig. Gravity change over simulation time

Subcooled liquid fluid motion in Og (Fluid: O2) Subcooled liquid fluid motion in Og (Fluid: Novec)
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Simulation Case _ Boiling (Saturation)

1g
Gravity (1g = 0.01g)
» > Hydrostatic pressure decrease
| au=0-w
| > C,AT = 0— vAP
| 1
: g TZ = T]_ - AP
. ! C
Gravity ; W y
level 3 (AP =Prg T)
0.01g | ______
2 2.1 7
time (s)

Fig. Gravity change over simulation time

Saturated liquid fluid motion in Og (Fluid: O2) Saturated liquid fluid motion in Og (Fluid: Novec)
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Results Comparison

1. Liquid level change
- Subcooled and saturated liquid shows different liquid level after gravity change
- Similar liquid level is shown in LBM simulation results compared with
experimental results

2. Bubble size change
- Size of both bubbles attached to the bottom and departing into the bulk flow
are increased as gravity changes
- LBM could reproduce this phenomena
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Conclusion

0. cryogenic propellants are the promising candidates for the more upper stage of space exploration.
However, due to its extreme thermophysical properties, further studies should be responsible.

1. LBM is adopted for the cryogenic boiling simulation due to its kinetic characteristics

2. Boiling under the microgravity is reproduced through the drop tower test and numerical
simulation with LBM

3. LBM could reproduce boiling phenomena under the microgravity
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II. Implementation of Lattice Boltzmann Method
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4. Boundary Condition - Wall Boundary Treatment

After colliding and streaming, Unknown distribution should be defined
+ Force term should correctly be included in the wall boundary treatment

pRZZfiJPOZZfL':puRZZfi

3,4,5 0,2,6 1,7,8

p = Ppr + po+ pux and puy = pyx — px + 0.5F,

p= (Zpr + po — 0.5F;)

1—u1

a. Zou-He (Non-equilibrium Bonce-back method) 1“7 (x},,t) = £ (x},,t) — (n- ¢;)N, — (t - )N, (¢; = —¢;)
only replace unknown distributions

( 2pu 2 E,
_ y _ puy Ly
neq _ neq+N f8_f4+ 3c +NJ’ f8—f4+ 3c _Z;
8neq _f4neq g p(_ux+uy) (fe — f2)  puy puy FE F
1 =S ANy N o fi =S5+ 6 + Ny — Ny h=lft—F 5 +t7+,—¢
nequneq+N + N ¢
7 3 y X p(ux-l—uy) f =f _(f6_f2)+pux pUJ’_Q_&
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4. Boundary Condition - Wall Boundary Treatment y 8 7
o, .
b. Regularized boundary method replace all of distributions Q; = c;c; — cZI, ’ )
t' — — 1 - 1 t = t = = 2 \\\ E // F’U’d
neq__ l . - S _(z . AT ___l—>. __l . — — . ; 6
o= c§w<Qi'pvlu WPt g Vl)(Q"puu)> 2% F g @ (FIHIF) —ee——g——e =

1
Hgﬂﬁ) = z Qiap(Riys + liys) = Z tiQiapQiysTys + 0 = ¢ (Tap + Tpa)-
L i

Qi:NW =cfQ;: (T+TT) =2c¢Qu: T

_ t:
1 i
Regularized boundary method : i~ fi( ) = R; = 5 QMY
S
With NEBB method: no = Z Q.1
density and momentum are only conserved during collision i
2c? 1

*With Finite Difference method: N® = —

5 s 1
” pS —E(Fﬁ + 4F) where S = E(Vu + (Vu)T).
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4. Boundary Condition - Wall Boundary Treatment

Fig. Flow boiling

Wall boundary treatment method affects to the bubble dynamics near the boundary

- NEBB method makes undesired high numerical error

e 1 2 AL o 4 .ew = This leads divergence of simulation (Unstable)
— o e—
Temperature
9402 009 0098 0.1 0102 0104 0106 1.71e01
[ —
Viscosity
10" 107 103 2x10*
0.09 T T R O T e T T T LI T 1
' —u— | Vu|_zouH 10014 i Stable ; :
il i Fig. Magnitude 77 Diverge Fig. Maximum
0.08 - —A—ivul‘_FD 410013 gradient term of ZouHe ' achievable Reynolds
=0=— | VT |_ZouHe .
- ‘VT\:Regularized 40.012 Ve|0C|ty and number
0.07 F —a|vr|ZFD ’
- temperature
- 0.011
0.06 Divergence occur for Re < 2500 ~ 10000
=1 40.010 — Local
> 005} B
- 0.009
0.04
- 0.008
0.03 |- 4 0.007 FD
0.02 - - 0.006
1 L . M | N PR |
1E+02 1E+03 1E+04 1E+05 100 1000 10000

Reynolds number Reynolds number
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4. Boundary Condition - Outlet Boundary Treatment

o0 Periodic I it

Connect inlet and outlet boundary as continuous domain
- Improper for investigation about certain domain

1. Pressure Boundary condition

Gives constant pressure (density) at the outlet boundary

2. Outflow boundary condition

of
5-=0

X
—)f(N,]) =f(N_ 1»])

2-1 Neumann condition

92 f

Fig. Vortex shedding onto square box, Re=10,000, (a) Pressure BC, (b) Convective BC

2-2 Extrapolation condition 3x2 — 0

2-3 Convective condition

> f(N,j)=2f(N—-1,))— f(N—=2,)) o_ox e T e w we e
af  of

— 4 U—=0

ot T ax

= f(N.j 46t = 1+ UWN —1,j,t + 6t)
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4. Boundary Condition - Wetting Method _ |
Fig. Type of wetting method [1] ]
I I InNtIelt-:‘accllal
. . . F---0r---  @---g----0 k=2 e G
Wetting method in pseudopotential LBM A A — 08
\\ // I \\ // | ‘\:x\{{— —— 09
: Mimic solid-fluid interaction force N A N S LA el
T N \T’ T’ P ERN ulJ - !'i /1.2
Type 1 : Virtual density (potential) method i RN l AN : J N~
AR . G S (A NS \
Type 2 : Solid-Fluid interaction force method
O fluid node < ghostnode x solid node
8
Method a. Modified pseudopotential method (Type 2) F, ,;.(x) = -G, Y (x) w (PP (x)s(x + ¢;)c, G;ZT:::I'C
=0 R
2 T S
Method b. Geometric pseudopotential method (Type 1) -1 =P, + \/(l/)x+1’0 — tpx_l,o) tan (E — Hd) o T’f”’;g
*Method c. Interfacial pseudopotential method (Type 1) Yinterraciat = ¥xy<o = Gw¥xy=0, AN
60 2 3
- Fiing fincton 1 [k Modified
e oL Method ‘
R 5 W
Z 4 o D —
0 L T - — \\?o ‘ / | .k

r[A] z[A]

Fig. Interfacial density distribution with MD method [2]

[1] Wu, Suchen, Yongping Chen, and Long-Qing Chen. "Three-dimensional pseudopotential lattice Boltzmann model for multiphase flows at high density ratio." Physical Review E 102.5 (2020): 053308.
[2] Do Hong, Seung, Man Yeong Ha, and S. Balachandar. "Static and dynamic contact angles of water droplet on a solid surface using molecular dynamics simulation.” Journal of colloid and interface science 339.1 (2009): 187-195.

Fig. Various contact angles
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4. Boundary Condition - Wetting Method

#— New 0=148.02° |
—0— New 0=114.84°
—0— New 0=67.42°
—— New 0=48.14°
—#— Geom 0=145.08° _|

@— Geom 0=112.94°
—0— Geom 0=74.00° |

0 Geom 0=52.63°

#— MPsi 0=137.73° |

»— MPsi 6=112.02°

©— MPsi 0=66.40°
—— MPsi 0=38.83°

-10‘-5.0l5‘10
(1-p/Prop) * 100

Fig. Density profile of liquid droplet (LBM)

Interfacial and modified pseudopotential
based methods reproduce similar density
trends with MD result

« THE System Lab

T T T T T T T T T T T

—— New Method

—&— Geometric Psi
TSl —w— Modified Psi Based
a — -—Jo's theory

—_
B
T

—_
]
T

—_
o
T

0.8 |

0.6

Reduced ONB Temp (Tong o/ Tons, p-o0)

0.2 1 " 1 " 1 " 1 L 1 " 1

(b)

o)

40 60 80 100 120 140
Contact Angle
Fig. Reduced ONB results (LBM)

180 - = = “Predcited A7 with 8,=500 pm
NI :
1 At === Predeited A7 with 5, =210 um
\ . :
150 — v & X “Predcited A7 with 5,=100 ym
) ‘ O  Experimental results from Jo et al, [25]
\ \ O Experimental result from Takata et al. [37)
120 \ (] 3 2
\ ©  Experimental results of this study
v O
\
- ) :
\ : ..
\ : e Bubble Nucleation
" }
60 \ : 5
| Not %
Activated A =
30 - \
|
! . .
07— PR S TR T P T S e
0 2 4 6 8 10 12 14 16 18 20
AT(K)

Fig. Predicted superheat [1]

Interfacial and modified pseudopotential based methods could reproduce
similar ONB trends with analytic models.

Interfacial method gives more precise results

[1] Jo, HangJin, et al. "Heterogeneous bubble nucleation on ideally-smooth horizontal heated surface.” International Journal of Heat and Mass Transfer 71 (2014): 149-157.
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it - I Solid
4. Boundary Condition - Wetting Method Fig. Pool boiling domain
Vapor with corner
Liquid g
Hy < The constant temperature
boundary condition is
applied at the bottom wall

440 ps 450 ps 470 ps 490 ps Heating Area
(b) Apni surface
Fig. Bubble nucleation at the nano-groove with MD [1] == t0 =Nucleation Occur ~ =———  t0+2At _
10 + At {0 + 3At Fig. Bubble nucleation near
the corner (LBM)
Three different wetting methods are applied 8=114.8° 0=67.4°
Interfacial
Method
For higher contact angle (Left) : (a) \
D T~ ’ﬁ\
Nucleation occurs at the corner = = (=23
0=112.9° 0=74.0°
- G tri
For lower contact angle (Right) : (b) Mothod
(a) Nucleation occurs away from the ¥ - e S &
bottom wall ( agreed with MD results) 8=112.0 8=66.4
) (c) Modified
(b),(c) Nucleation occurs at the bottom wall Method

[1] Zhao, Hui, Leping Zhou, and Xiaoze Du. "Bubble nucleation on grooved surfaces with hybrid wettability: molecular dynamics study under a transient temperature boundary condition." International Journal of Heat and Mass Transfer 166 (2021): 120752..
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4. Boundary Condition - Wetting Method (a)
12 ] ;‘\ T T T T r: T : ] 10 [ L T - T - T " T r ‘ ™ T ;
o | . ' 8r - | : ]
6 o M e : I " 6F ! s ! ! .
4l o :.,. I ' e S ! .
5L : ""l“"t!_t’! ______ :_ e .\.“ -I,'(‘.~.‘._"_.f.7'|_
of $44++arsonnsyypatd OF Fv st 000t eeeee ettt
8 2 | soet et P '] 3'2.”3 : ]
2 oAr Lg_-k-___ ,c+.. E E' S “r T S S ) L
S ".““"T“'“--uﬁ_ _ . sr } R P ddids st & ST 3
8F | o’ b _‘L-:— e o’ EPETTe S R
0k \‘ .. ’,_»'\"'— P =1 ] '10__ : & i e ."._7‘f. : :_
2f e 7] Py P Fy y e e o = F, e Fourtx N Fer B
4 | * . v qu,x * Flotal _ .14 ._ +,/ . o v qu_x * Flulal‘x ]
\Ii, 1 . 1 ) .- ) ||:SI ‘ref- _u_ Fsl..Ir(,xJ.ef_ _._ Fltola\‘xrrelf 16 *_ el o Fsl_rel'7 C Fsurtx_reli - Flula\.x_ref ]
18 0 1000 2000 3000 4000 5000 6000 7000 -18 ; 10'00 20'00 * 30'00 * 40'00 - 50'00 : sc;oo * 7000
Time step (after departure) Time step (after departure)
10 T T T T T T T
gl e : : ]
ol 1 e ' ] Fig. Departing bubble motion (~70°)
Al -’."'\'if.-_\.a__‘ ! ! ']
2f AT S : .
N PO s e S S £ 3 DotEed line represents force exerted to the departing bubble for reference contact angle case
g 2f | : : 4 (907)
S 4l | : | '
L--"7"~~L &9 = & & - - - . -
IR e : :i . “i.2:281 shear lift force and surface tension force are dominant (same with experimental result)
8L 7 o® b ,‘___AA,f,AJ‘ﬁ o L
A0 AT : T . . . . .
del L T e R e R AR, 1 Only interfacial wetting method makes different force trend with reference case
aaf v g D e .1 Bubble lift-off occurs during sliding (total force > 0)
16 1 . 1 . 1 . MR it . .'mal'x.‘re.f ]

0 1000 2000 3000 4000 5000 6000 7000
Time step (after departure)

o Interfacial method is pr r for boiling with corner configuration
Fig. Force analysis of departing bubble (~70") e ethodiis proper for bo 9 S EDAEE L
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5. Proper Unit Conversion
Unit conversion in LBM Qpu = Cop X Qp,,  same with ‘Buckingham = theorm’
Difficulties of unit conversion in LBM
1. Velocity limitation from chapman-enskog analysis negligible if u?> < c? -2 LBM is valid for “weakly compressible” flow
HC(Z? = —pc2t (aél)ua + aél)uﬁ) + T@ﬁlw
2. Sufficient stability condition : Non negative distribution +3. Properties relation with EOS
At pRT ag(T)p?
<r—7>>0 pEOS:1—bp_1+2bp—b2p2'
3. Relaxation time stability limit from von Neumann analysis o(T) = [1 N (0.37464 t 1.54226@, 0o — 0-26992wécenmc) (1 B \/TTC)]Z
- I | unstlable | | a : attraction parameter b : repulsion parameter
1 stable

)

Ax
A

|'um.'.x|-'l|: r

Arbitrary choice of lattice value is impossible

I;I | 1 | 1 |
0.5 .55 .6 (h.65 0.7 075 .8

/A



Equation of State and Surface Tension

F = kpVAp. Surface tension in diffuse interface model
Divergence of Pressure tensor

dopp — Fo = dupy _K.Daafa}'ay:‘j = duPb _Kaw{fﬂa}'a}f.ﬁ') +K[aap}aya}*p = alﬁf |:(Ph — g[a”‘j}z — K'Pafayp) isalrj + Kfauplfaﬁ,ﬂ}]
= Bopr — k3 (pDy 3, 0) + KDy (e p)(Dy0)) — Kk (D) DD, p -

_ 9.p. . Equation of state Surface tension
= -

K 7
= Joypr — k4 (pd,d, dy, ((dep)(0,,p)) — =04 | (D, p0)" . :

Standard free energy functional pressure tensor Equation of state Surface tension

. . . . Taylor expansion
Discretized interaction force : F5¢(x) = =y (x)G X; wip(x + c;At)c;At J
VA (x))

cs ALt

Continuum form of Shan-Chen force : F5¢(x) = —Gy(x)(c2At*Vip(x) +

Divergence of Pressure tensor Pressure tensor from SC interaction force (Continuum term)

P. = —I—GZ’ Gt |V;’| Gifvlg’f I _‘4VUL’VUL’
Vv . pSC 2 ; = | pc; W VYR — -
. — v(%p] F5¢C —  » c £ 6 6

Equation of state Surface tension

Pressure tensor from SC interaction force (Discrete term)

.4
P= (;}c‘

G
yﬁr Vzu'f)l—{— ; U VVy.



Mechanical stability condition

Shan-chen interaction force F(x.t)=—Gw(x)>w.y(x+e.§ e, Equation of state
E [m———————- 1

g

o . G 1 )
Pressure tensor v .P=v-(pcl)-F P:!_)C§|+§W[X]2Wrxu"|[x+em5; Je.e. F(pc§+Gf Ld ]Iwa
I

Pressure tensor from SC interaction force

2

Zwrr[w(x+err5: ) (x}]erzerr

= Maxwell construction
|_® LB simulation

GC Ge* V., Gt 1,00 4 vdW EOS
= | pcd + Jl AL
I:ﬁ E . o 0.95 - -
| Defining
density ratio >
Standard free energy functional pressure tensor ’ P 1
I'f k : 0.85 - 4
: 2
PFE=I\pE|}5—ka£P_E|vP| J|+k?p?p 0.80 .
- 075 4
Normal Pressure tensor P ., Ge? o Get Ay G 04 a0 db do 12ue de i 20 a2
(interface) n= P S (&) RiR
pe EoS at G=-10
EoS at critical point
2 GC: . ch W d |_ 2 de 7 /i 7 b ;:%:Ioo:;“!:nézg%:;:
P— e 2_ 2 diffusive interface 0s
n— PCs 5 W 8 v dp Llﬁ‘
5 N oo N T T / S

. . A GC! Yok & . /’

Mechanical stability J Py — pCi———y? """_dp= 0

Pz -2 v compute phase a - |
change density >l
Db =Deos [PI]=PEDE{P5} . - . ‘ ‘

Define G by Mechanical stability condition



Thermodynamic consistency

_ _ AV
MRT Forcing scheme fa(Xtedy, t +8) = fu(x, 1) = Agg(fp — f;q]LI_ 0 m* =m— A(m —m™) + 5, (I -5 IS
+ 5:{5‘& - D-Sﬁaﬁsﬁ)hx. i}s “ )
N Taylor expanding
Interaction force F=—-Gy(x) Y wile MWix+e)ea. — > F=—GE[orVir+ L2w V(V20) + - -], (8)
: 3
2 Ge? ) Get ; Gct
Pressure tensor f{?’ -P)dQ = f\? (pcil) dQ — fl-‘dﬂ!f—> P= (Pﬁ} TV A YV I YV VY
i 0 ] Forcing term i 0 - |
6(v, Fy + v, F,) (left) Original 6(v, Fy + v, Fy) + —'-'—g,:rs,ff,_.;..lsa
—6(v, Fx + v, Fy) (right) Improved —6(v, F, + v, F,) — E’%
) F, ) F, T
S —_ _F_r - S == _Fx )
Fy F,
—F, —F,
Z{UIFI - u}"F_v} 2{ UxF.,.. — L?_.F.F}.)
ROVETAN  Rtur)
Pressure tensor normal to interface l Prew = Porigina + 2G°¢*o |V P L.
Gc? Gc* dyr\? d2yr . GE ., G dir\? d2r
P,.=2—2—(—+F , (20 = pc; - — | tBY *
pel+ =7+ — [a dn) pY—> |, @0) Py = pel + =07 + = | (¢ +24Go) (= Y=

a = 0, = 3 for nearest neighbor - isotropy0 2|5 Z&78



Mechanical stability condition

Mechanical stability condition

Ge® v/t

D':

Maxwell area construction

1/ pt.—

2

i '
f (Pﬂ — pe; — nﬁrz)
]

i,.','i I4& dp =
Equation of state v ip) = J

2( pros — F'ff)
Gl )

Pressure tensor normal to interface '

Gc? Ge* dyr\* d*y ., G2, G dr\>
et 0w L (W) g Y] a0 a6y 9\ g,
pc; +— v T [ﬂf 3 By 2 (20) P, = pc; + W+ B (@ + 24Go) - By
e =—2a/B, e = —2a + 24Go)/B.
Paper — CS EOS 9wn — PR EOS (No boundary Interaction Force)

1.00 [ paywall construction

095 ¢ Forcing scheme Eq. (8) 0.9

0.00}L O Forcing scheme Eq. (25) EDM-BGK

085 Guo - MRT & 0.8 %

. 080} o .
E ot . QLi - MRT

070}

0.85 QLi - MRT 0.6

0.60

0.55 0.5

050 &7 - & 1.E-03 1.E-02 1.E-01 1.E+00 1.E+01

10° 10% 10"
o)

o1 |
f (o — peos) — dp = 0.
Py JG

n:f:?,.f

dn?

)



Equation of State and Energy Equation

—ncl
Equation of state : pe,s = pcs + Gc‘ ¥? > Pseudopotential = |22P%)

Gc

2
o] o 1+ (037464 +1.542260 — 0.2699?) (1— /£ )] |

Peng-Robinson Equation of state —
9 a =1 "o 1+ 2bp — 0202

chose a=2/49, b=2/21 and R=1. w: acentric factor = 0.344 for water

Temperature should be calculated to specify equation of state (Density can be calculated by LBM)

Thermodynamic relation of entropy  Tds = ¢,dT + T(r:g) dy = ¢, dT + T(ri'jﬂ) d(p) e, dT - Ti (’#p) dp
: b

aT aT
ds ]
Entropy balance equation ;}Tm =V - (AVT) > % =V- (ﬁTT) —% (:—]‘E) %
dT aT | .
aT e | T (O dp ) E=¥—[U-TJT
- +V-(UT) =V - («VT) H—— o, (rﬂ") ar +TV-U |« f
y

.‘ 1 [/d

Mass conservation F +V-(pU)=0 p=T|1—-—— ij V.U
pcy \OT/
From LBM
. . f’IT FV-JUn) = V- (aVT) ¢ Source term which

Energy (Heat) equation with source term ) AR D] responsible for phase change

Energy equation with source term should be solved and coupled to specify equation of state



Finite Difference Method

From LBM 1 I
T : ph = — (& .
Energy (Heat) equation with source term ffj—r +V '@T} =V (aVT)} ¢ ¢ [ pC, (g;ar) J v-u
) ) . 1 e T (Opgos
Directly solve with FDM method hT=-v.- VT +—V - (AVT) - — | — V-v.
pe, pc, \ dT J,

4th order Runge-Kutta Method

5 tf' . "
T4 = T* 4 Er[_m {2hy + 2h3 + hy).

Yo+ hky |

h = K(T"). hy =J‘((Tr ! %h]).’h =Jf((]"r ! %hg)
h4 =K[:Tr 1 :‘5&3}.

e k1 is the slope at the beginning of the interval, using ¥ (Euler's method);

o ks is the slope at the midpoint of the interval, using ¥ and ky;
* kg is again the slope at the midpoint, but now using y and ks;

- e k4 is the slope at the end of the interval, using ¥ and kj.

Yy kb2 ty+h

Solve the energy equation directly with FDM



