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Fig. 1. Schematic of the spreading of a liquid lens.
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Fig. 3. Schematic of the spreading of Kelvin-Helmholtz in-

stability.
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Fig. 4. Density distribution at different times: (a) ¢ = 2000; (b) ¢ = 3000; (¢) t = 5000; (d) ¢t = 9000 .

Pl 5 SImlBs 20T 6 37 el
Fig. 5. Vorticity field at different times: (a) ¢ = 2000 ; (b) ¢ = 3000; (c) ¢ = 5000; (d) t = 9000 .
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Fig. 6. Schematic of the Rayleigh-Taylor instability.

TEENGIAERT, Uiz ki, 7t BhE
& I IA] A HERS IR BRI AR, S5 0h, AL 5t
F18y B R A e o 7 2 0 o AR AR BT T M i, AR5 T
FILIRME E SR I T A4 1 S -5 X 1o )

011001-7


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol.75,No.1(2026) 011001

WG B B FEES, B Hy 78 [ AH (Phase 1) [ F
RIBINIETIRIE, Ho FK/nAH (Phase 2) 1] N &
JERRETIRME, Hy FnHAH (Phase 2) ) & i
FAEHRIE, Hy 2R FAH (Phase 3) [ & B
SIEPRIE (B 6). Ty S80S e Fmab ot
TSR, FFSEL ¢ TRILR 5346 R

_H/6+40.1 2
— 0.5+0.5 tanh Y= H/6+0 Ij;cos( mz/W)
€

) (1‘, y)

¢2 (2, y) = [L = é1 (z,y)]

nY + H/6+ 0.1W cos (2nxz/W)
€/2 ’

x 0.5 4+ 0.5 tan

¢3 (,y) = 1.0 — é1 (x,y) — d2 (z,9) , (27)
Hrp, e HRRIERE, h=0.1W cos (2rz/W) , i
e S A aE i s, o A0 TR L (Re)
FIBTRHIAEEL (A, ) IR BAEEL (Ca) AP
_ UoW, A, = p1 —p37 Ca — M3W7 (28)
v p1+ p3 o

Kb Uy MR EE, & R Uy = gW , g HE ]
TR . AU RIIR MR %) TG F 20 Tk P e £ 3 3
R A B 55 55 (Froude number), % S Ay 1440

Us Up

[AgW " [AgW ™ (29)
14+ A, 14+ A
For, ug il ARETRVILI AL, FHARET RIS
AR IR MR R Y8 A IR 1] 22 7335 AT 7+

Re

Fry=

F?“bz

(d)

5.1 IBRE—EUEIHIE

FEXT AR IR AR VAR R R-T AFae Pkt
FEZH, N T HAEASOR R IE AL LB J5 240 12
i — B, AR G E > — A I O i AR A
& T N — TAHRSGE. ASCR I = AR AL 7
HH R-T AFEMEIEAT T BUER (2 ¢3=0), I
2R 5 Liang 55 1 BYSCH#EAT 1AL S 1 # R
XF LG A P, AR SE SR E BN Re =
W/ AgW/(1+ A) /v, HRYESEHRHA W =
9256, /gW =0.04, A, =0.1, 0 =50x 1077, ¢ =
4.0 AW S SR [7] PR A T
RN T SR R 3 A
+ 0.05W cos (2rx /W)

€/2 ’
o2 (z,y) =1—¢1(z,y). (30)

7 2 AR B RS O TE 4 FhER T80T Y AR
SR AR, [ 8 #E— PR 1 ARET LR IR
BEm TR 2. AT UL B, FHmish AT o0 SRR
AL S S78 SR (7] A0S RS R I e B — .

¢1 (z,y) = 0.5+ 0.5 tanh y

5.2 ARITBEHTH=H R-T FEEMHE
E#f =R

AR SO T A B ECR 1 =40 R-T A

E PR A T AL T R, 8 T S AR R AT AR

(500 < Re < 20000 ) T ARG &L . 78 A ST B

K7 AR AR Y shE ki (a) Re=30; (b) Re=150; (¢) Re=3000; (d) Re=30"; (¢) Re=150; (f) Re=3000!"
Fig. 7. Phase interface disturbance evolution process in two-phase situation: (a) Re = 30; (b) Re = 150; (c) Re = 3000; (d) Re =

3017; (e) Re =15017; (f) Re = 3000 .
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(a) RETYRIH; (b) <IEHRIH

Fig. 8. Variation of spike and bubble amplitudes with time in two-phase situation: (a) Hy ; (b) Hy, .

K9 HBALE

(¢) Re =2000.

10 B
Fig. 10. The effect of higher Reynolds numbers on the evolution of the phase interface in RTI: (a) Re = 5000 ; (b) Re = 10000 ;
(¢) Re = 20000 .
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Fig. 9. The effect of lower Reynolds numbers on the evolution of the phase interface in RTI: (a) Re = 500 ;
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Fig. 11. Effect of Reynolds number on the temporal evolution of bubble and spike amplitudes: (a) Hy; ; (b) Hs 5 (¢) Hpp ; (d) Hpy -
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Fig. 12. Effect of Reynolds number on the normalized growth rate of bubbles and spikes: (a) F'rg; ; (b) Fre ; (¢) Fryy; (d) Fryy .
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Fig. 13. Upper interfacial perturbation and evolution: (a) Re = 500; (b) Re = 1000; (¢) Re = 5000 ; (d) Re = 20000 .
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Fig. 14. Bubble and spike amplitude evolution during upper interface perturbation: (a) Hg; ; (b) Hg ; (¢) Hyy; (d) Hys .
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Fig. 15. Lower interfacial perturbation and evolution: (a) Re = 500 ; (b) Re = 1000; (c) Re = 5000 ; (d) Re = 20000 .
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Numerical simulation of three-phase Rayleigh-Taylor
instability based on phase field model using
lattice Boltzmann method”
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Abstract

This paper develops a regularized lattice Boltzmann method for efficiently simulating the flow of N-phase
immiscible incompressible fluids based on the phase field model that satisfies conservation and compatibility. By
designing auxiliary moments, this method can accurately recover the second-order Allen-Cahn equation and the
modified momentum equation. The correctness and effectiveness of the developed N-phase regularized lattice
Boltzmann method are validated through numerical simulations of three-phase liquid lens spreading and Kelvin-
Helmholtz instability phenomena. Finally, numerical simulations and analyses of three-phase Rayleigh-Taylor
instabilities (RTI) are conducted, focusing on the evolution of the phase interface within the Reynolds number
range of 500 < Re < 20000 (particularly under high Reynolds number condition of Re = 20000). Quantitative
analyses are performed on the amplitude variations of bubbles and spikes at the two interfaces, as well as the
changes in dimensionless velocity. We find that as the Reynolds number increases, the phase interface curls up
at multiple locations due to Kelvin-Helmholtz instability, making the fluid more prone to dispersion and
fragmentation. This study also simulates the evolutionary processes of RTI wunder different interface
perturbations. These results demonstrate that RTI first develops at the perturbed interface, with its subsequent

evolution inducing instability at a secondary interface.

Keywords: phase field model, N-phase incompressible fluid, lattice Boltzmann method, Rayleigh-Taylor
instability
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Numerical simulation of three-phase Rayleigh—Taylor instability based on phase field model using lattice
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