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Abstract — [t is impractical to experimentally characterize hydrodynamics of molten-metal bubble columns (MMBCs)
operated at high temperatures due to intrinsic opacity. This study investigated hydrodynamics of MMBCs with tertiary
NiBiSe alloys and CH,4 gas using a computational fluid dynamics (CFD) model based on level-set volume-of-fluid (LS-
VOF), changing surface tension (o) and contact angle (0). o of NiBiSe alloys containing 0, 1, and 5 mol% Selenium (Se) was
0.389, 0.317, and 0.31 N/m, respectively, while 6 was set to 120° and 150°. The six simulation cases were conducted in a
rectangular MMBC with a centrally located bottom nozzle (diameter: 3.18 mm) at a superficial gas velocity of 0.39 mm/s under
the bubbling flow regime. The time-averaged gas holdup (o) ranged 0.29-0.33%, the time- and volume-averaged
bubble size ({ds,)) was 6.54-8.05 mm, and the interfacial area ((@,)) was 1.70-2.09 m*m>. The ratio (y) of density to &
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was strongly related to d5,, and the minimum ds, was observed in a Niy7Bi7,Se; MMBC exhibiting the highest y. Since
the volume of initial bubbles formed at the column bottom increased with increasing 0, larger 0 resulted in larger ds,.
This study offers theoretical hydrodynamic foundation for hydrogen production in MMBCs via methane pyrolysis.

Key words: Hydrogen, Methane pyrolysis, Molten metal bubble column reactor, Computational fluid dynamics, NiBiSe

alloy, Bubble size distribution

1. Introduction
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T 2AT S S5 A oluR e sidko] ARl A7
HATH1]. B olUA] 5 itz FAE A4 Al 27 WiE
B4 o= FEA AR RA AL QITH ]. 53] 7159171l o
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2. Molten-metal Bubble Columns (MMBCs) for CH,
Pyrolysis
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Fig. 1. Schematics of isothermal molten-metal bubble columns (MMBCs)
with NiBiSe and CHy,.
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3. Volume-of-fluid Model Coupled with the Level-set
Function (LS-VOF)
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F1E7) wjiel] 7]- 224 CFD Fdo] & g-5]ojo} 3t
] 24} CFD g2 t33} 22 758 7IHle = H clazbela )
1) MMBCst 5 JEIZ 713ttt
2) WHHAFZ)E Newtonian FAIZA] W7 LA sICH34).
3) 71 (HIEh T} B A T<5)2] 318} vhe-2- 18] =t
4) 7VERh WA TE) Ale] ] 24 A a1k ket
5)900~1000C H<] oA Nizf BIA Z7)192 212} 102~10 Pa,
1~10% Pa 7 0% H|w A Uk F7|9hE Holw], el
)] 712 FAISHE35].

6) 717 (e WA TEH )02 LalE]X] et

7) 7P AL 71328 7= 7P S ARE ALY 27K} A0H14,36].
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Table 1. Governing equation for the LS-VOF model [19]

Name Equations

>0, primary phase(gas)
0= =0, interface (T1)

Level-set conservation equation <0, secondary phase(liquid)

%W.(ﬁ(p):o (T2)
ot
% (i, ) =0 (T3)
Volume fraction conservation equation ot L
a;=1-a, (T4)
Continuity equation P +V- ( pﬁ) =0 (TS)
ot
(3( pﬁ) = [ - =N ~ =
7+V~(puu):—Vp+V~ y|:Vu+(Vu) :|+’CS(;5 +F,+pg (T6)
Surface tension force: E =2 mecé ((p) 7 (T7)
— vq)
Interface curvature: k =V .=~ (T8)
¥4l
=0
Momentum conservation equation Divergence of the local interface normal vector: 7 = ﬁ (T9)
‘ p=0
. 0 ‘ga‘ >a
Delta function [41]: §(¢p)= (T10)
(v) {[1+cos(7np/a)]/(2a) o] <a
1 .
if p>a
.. . 1 o 1 . (mp .
Heaviside function [39]: H, = 3 1+-=+—sin| — 1f‘(p‘ <a (T11)
a w a
if p<-a

0

7y HAFEt, of 7|4 p= EEY UE, pu B Aol a8k
ot o= &5 W, p= T2 AES vehich19]. 2 (T7)9)
9 ~ = .

v g Al By 3 A2 9] do]al continuous surface

force (CSF) &2 9 ZEola, k= A
W ZEZH A (T8)L.2 7 2= T} [40]. Delta function 2] (T10)2}+
2ol Ao¥|a1, o714 a= Al FA2] Ahlo|m, o] gk Aol 77k
& ] A ARp A719] 120 W 9] el =4 $HrH41]. Heaviside
finction 2] (T11)¢} o] 7 2)dth39].

2 & Aol A =wall-adapting local eddy (WALE) viscosity
TdlS 7|Hko 2 3= large eddy simulation (LES) W 228 A}
30}, LES W R oM eddy?] F710) whek AehS# (z4,,)
S AR, & eddyi= A4 AR, 22 eddy sub-grid scale
(SGS) 2ES Fall RElReiri13,42].

[o
S
o
[¢}
2
p)
a4
i
-
3

Yo

3-2. Computational domain and meshing

Fig. 2= ¥ Ao A3 3D AAF & ®nojFT}, o] AlAk
4 92 40x40x150 mm2] AT o]w, Fig. 204 B%o] 7|
& ubee] Fadell Wi7d 3.8 mm, 2o 2 mme] @ 9E w55 2t
= CH4-NiBiSe Al ~8lo]t}, o] AlAt 3} AR} G2 (Fig. 2b):=
Ngo et al. (2025) [19]8] A9} Lttt AR AR T2+
GCI (grid convergence index) W' ¥} 7 LES W R dlof| 4 2] &
W &5 olldA] il A E G 2 oA (k)] RIS W
ERUE Rxes AHESEO] AAF S514d0] 5 H ITH19]. 71325 vt

o =5 Foke] Y EE R 71A Y 3 {35068 0.01
LPM (liter per minute)®] 1, 7| X5 AHF-Z 7| A7} f-ZH T} Fig.
2b9} 2¢= ARE Gt Z1EH s 1 §lell tish A 7 E2E
BojFETt 3 21 AH= hexahedral mesh 7-320]H, cell®] 7|+
oF L1k 7= 3 H AL, 83t cell 715 0.5 mme] STk, ©]
AA F-2°] minimum orthogonality (=0.7):= 0.6K.T} =9kal,
maximum aspect ratio (=2.7)i= 13 V|90 2 AWkl A} 4
&g 7]l T3ISITH 15,16].

3-3. Physical properties and boundary conditions

7125 Ul 71787 2] B3k, 1, o, and 0)> T8
3 71328] Aol YEFE vR= A Q40]rH43]. CHy 2
AT4 ol )3k BA 7S Table 20014 <18 5= i}, o]2] g
EAES 1.14 bar, 1000°C 7154 A5 9IEH30]. CH,Y &
A1%kS ASPEN Plus V14 (ASPEN Tech, USA)E £3) AAME 0
u, AAFE ) 9% T AE9} WA 312 Son et al.
(2025)8] AT[301°l1A #NA]E Fhe k.

Bif] 1] E Eo]HA] Sel] =& 0%lX 5%=E 718k, o
A= (p)} WE 2] EHAE (0) Fasta, HE(pe 5718t
ATk, 712G olA] 71322 Aol E G X el tist
U= 8] (y=(pL— pe)/o)[19]= NiBit 23.4¢1 ¥ ol NiyBisSe; 2+
Niy7BigsSesi= 26.7%2 1528t 3h-& BT} SFA T, NiBi $HaollSe
S F7FE o, yikS Se &% 1% (NigsBinSe))olA A3,

12
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Front 150 mm
view
L_. v
| 40 mm |
Bottom
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(a) Computational domain

(b) Mesh at the front view
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(c) Mesh at the inlet

Fig. 2. Three-dimensional (3D) computational domain and meshing of rectangular bubble columns.

Table 2. Physical properties of gas and liquids used in this study

Property CHy Nip;Bizs Niy;Biz,Se; Niy7BiggSes
Density (p, kg/m?) 0.16 9,120 [30] 9,110 [30] 8,890 [30]
Viscosity (u, Pas) 322 %107 1.98 x 107 [45] 226 x 107 [45] 430 x 107 [45]

Surface tension (o, N/m) - 0.389 [30] 0.317 [30] 0.31[30]
Contact angle (0, °) 120 or 150 - - -
v = (o—pc)lo (sH1) 23.44 28.74 28.68

*Case 4, 5, 6°1] 3

Table 3. Boundary conditions of six cases for LS-VOF simulation in molten-metal bubble columns (MMBCs)

Case System [30] Volume flow rate Superﬁcial gas Nozzle gas velocity  Pressure outlet Tempeorature Contact angle
(Qg, LPM) velocity (ug, mm/s) (uy , mm/s) (Pour, bar) (T, C) 6, ©)
1 CH4-Niy;Biy3 120
2 CH4-Ni27Bi72Sel 120
3 CHaNigrBigsSes 0.01 0.39 0.09 1.01 1000 120
4 CH4-N127B173 150
5 CH4-Ni27Bi72Se1 150
6 CH4-Ni27Bi63565 150

NiyBiggSes?] H%=7Fdtha 0= 3kt
Table 3:-Se9] o]l thz 3704 ATt 2719] 574l o
g 6714 73-9-2] AAEE HojEr. 7] aEs sh el dhgt
A 3L AR LA 07 FojA ok sl CFD RS 34
at7] Ael| g ejElofof det. §-2) Al 230 79 4
B, 7Y A AL E79) 4y 0% AHH I TH44).
Table 301 BAIE BRI (ug)2t = FASE ()= 9] #2F
(Q) 0.01 LPMS 7|5 0.2 Alakel gholar, 7138 A9 &<t
HPou) H71E 22 A0, 7149 75 Al e s
of = no-slip A7l 230] A EH AUt} LE(D)= Ze FYlx

1000CQ! 52 7o 2 HAA Tt

T X0

Ngo et al. (2025)%] A7[19]°l4] CFD EALZ AlhHe 713 7]
9} Bk 0=130%0142] XA o]u]x| e} WAdatA LA FTt. mheba
£ AFeME HFA0E A 93-S AR $l8iA 7]2% bt
S AT Full Abo] o] HEHZEE obA AsFeRdizol 12009
150°% 749t}

3-4. Simulation setup

H] G AATE] 71-8 3349 LS-VOF CFDE 2.90 GHz 2] 32-core
Intel Xeon CPUS} 256 GB2] RAM©] BHAE 9T~ Elo] Aol 4=
g %] 9] © ™| Finite volume method (FVM) 7|1} CFD -8 X2 77
2ol ANSYS Fluent 2023 R2 (ANSYS Inc., USA, 2023)= o] &
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3] s =it b4 = A2l SIMPLE scheme, S &l
PRESTO, &% K&l Bounded central differencing 71
A28}, Adaptive time step sizes 4-8-5F0] 2} AIRF HA (F A 1
x 107 s)ol| A global Courant number:= 1, |t ¥H5 A4 314==
200 % AL FA4] 35 ATk 3% golola, 5% WS
(@, oz, p, @0, 1B]3L pyE2] FHAR= 1 x 10702 HA= ST}
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Fig. 3. Transient gas holdup (a¢) with respect to flow time (7, s) in MMBCs under the bubbling flow regime.
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Table 4. Time and volume-averaged hydrodynamic parameters of six NiBiSe MMBCs with a plate type nozzle under the bubbling flow regime

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6

o (N/m) 0.389 0.317 0.31 0.389 0.317 0.31
0(°) 120 120 120 150 150 150
AP (bar) 0.14 0.14 0.14 0.14 0.14 0.13
u, (m/s) 0.54 0.50 0.51 0.55 0.49 0.50
oG (%) 0.31 0.29 0.31 0.30 0.33 0.32
(d_lo) (mm) 6.61 6.37 6.32 7.62 7.10 6.70
(@) (mm) 6.87 6.54 6.57 8.05 7.38 7.45
(a;) (m*/m®) 191 1.70 1.73 1.81 2.09 1.96
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of Aeha oA RS 918t Wlek el AAS<S5 7|25 w79 AP : Time-averaged pressure drop (bar)

A W A oS 7]odE 4= 1S ZlolT). Y : Phases density difference to the surface tension ratio (s*/1)
K : Interface curvature (1/m)
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Nomenclature [0} : Reactor diameter [mm]

a : Half of the interface thickness [m] 0] : Distance from the interface [m]

ag : Specific interfacial area [m*/m’] @, : Cumulative bubble size distribution [%]

(a;) : Time and volume-averaged specific interfacial area [m?%/m?] ¥ : Time-averaged physical properties

d : Diameter [mm] <¥> : Volume-averaged physical properties

dip  : Mean bubble diameter [mm]

(d,) : Time and volume-averaged mean bubble diameter [mm] Subscripts

dy;  : Sauter mean diameter [mm] b : Bubble

(dy,) : Time and volume-averaged Sauter mean diameter [mm] ¢ : Cell

ds  : Spherical bubble diameter [mm] G : Gas phase

D, : Diameter of orifice i : Cell index

% : Surface tension force N] k : Bubble index

g : Gravity acceleration [m/s?] N :Nozzle

H, :Smoothed Heaviside function R : Reactor

AH°® : Standard enthalpy change [kJ/mol] s : Spherical

ks : Resolved turbulent kinetic energy [m%/s?] S :Surface

n  :Normal vector [-] X,z : Axial directions

N,  : Total number of bubbles [-]

N,  : Number of cells [-] Abbreviation

N;  : Number of time steps [-] AWBCs : Air-water bubble columns

p : Pressure [bar] BDA : Bubble detection algorithm

Do Outlet pressure [bar] BSD : Bubble size distribution

Q¢ : Gas flow rate [L/min] CCS : Carbon capture and storage unit

Ryxe : Percentage of the resolved turbulent kinetic energy [%] CFD : Computational fluid dynamics

: Surface area [m?] CSF : Continuous surface force

t : Time [s] FVM : Finite volume method

T : Temperature [°C] GCI : Grid convergence index

7 : Velocity vector (m/s) LES : Large eddy simulation

u,  : Bubble rising velocity (m/s) LPM : Liter per minute

u, : Time-averaged bubble rising velocity (m/s) LS - Level-set

uc  : Superficial gas velocity (mm/s) MMBCs : Molten metal bubble columns

uy  : Nozzle velocity (m/s) MMBCR : Molten-metal bubble column reactor

vV : Volume (cm®, m) PRESTO : Pressure staggering option
SGS : Sub-grid scale
Greek letters SIMPLE : Semi-implicit method for pressure linked equations
o : Volume fraction (-) SMR : Steam methane reforming
oG : Gas holdup (%) VOF : Volume-of-fluid

Gg : Time-averaged gas holdup (%) WALE  : Wall-adapting local eddy

oG Threshold of gas holdup (-)

B,  : Spherical bubble size distribution (%) References
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