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Numerical Analysis of Interfacial Morphology and Dispersion Behavior
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The transient behavior of the multi-interfacial flow can be modeled using recent Smoothed Particle
Hydrodynamics (SPH) model. This developed numerical method is fully-Lagrangian particle-based approach,
which can track the movement of many fluid phase directly. The advantage of this simulation model is a direct
calculation in both of dispersed phase and continuous phase seamlessly. Thereby this model estimates transient
behavior of interfacial behavior by predicting the changes of each interface shape. For example, numerical
simulations have been performed for different conditions corresponding to different values of surface tension,
viscosity and density, and the predicted topological changes as well as the theoretical interfacial shape of droplets
can be validated. Based on this model, we carried out relatively large-scale interfacial flow simulations, investigated
case studies of metallurgical processing, and evaluated the non-steady state flow of formed from various dispersed

phase.
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(a) Grid approach

(b) Particle method
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Fig.1 Schematic diagrams of spatial discretization of dispersed
multi-phase system in high-temperature metallurgical process.
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Fig.2 Descriptions of a distribution of physical
quantity by the SPH approximation.
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Fig.3 Calculated droplet shapes at different contact angles depending on interfacial potential

ratio between solid and molten matte.
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Fig.4 Time change in calculated 3 immiscible droplets shape.
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Fig.5 Numerical study of combustion of concentrate particles in flash smelting furnace by Sasaki et al.
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Fig.6 Calculated static 2-droplets shapes depending on interfacial tension ratio
between 2-liquids. To highlight change in interface, they are displayed in
vertical cross sections. (a: ca=1.2 N/m, o=0.48 N/m, b: 6o=0.4 N/m,
o5=0.3 N/m, 6Ap=0.1 N/m)
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£ vl

CuFeS, + Si0; + 05 - Cu,S - FeS + 2Fe0 - Si0, + 50,

. ] matte slag gas
25 .OO partial oxidation and exothermic reaction of chalcopyrite
~ O | concentrate CuFeS, + 0, - CuFeS,_, + xS0,(g)
AT slag formation / overoxidation

= 2Fe(in matte) + 0, + Si0, — 2Fe0 - Si0,(g)

3FeO(in slag) + 502 = Fe304(s)

Fig.7 High-speed visualization of combustion / melting phenomena of copper

concentrate by hot thermocouple method (frame rate: 8000 fps). The
reaction starting time at which first gas evolution occurs by air blowing is
tl, and the arbitrary time during combustion reaction is t2. (a: the condition
formed by the matte-slag 2-phase interface, b: air flow rate was increased)

BUENRDHD, ~OME~OKEFLOSAH L LT, Fig.8Ic
2 kAR A i 5 B R & R B o2 b E R, PSR
LCHESNIZAZ N E AT T, F12, A ZFHFICHE 5
SRIdZBLE L, “WHEORmRDEZIETr—RAY—7
1T oz, ERZIAO TEIC A X VFIDNEFEIRIZ /> TA T 7
WCEALTWS TR A GH, SR O BN L REE O Tk
WML Uz, WAEOREBIRERIIZ K> TA XL - AT J R ikl
DRI B, ZOX ) R TPRIERIED 2 =— 7 RfERO—>
ThH A9, LL, FRERVOMHT A —1 ) Iy hOdRiE
TR U 2 VIR O B E CIIRNT T X T, A i
WA U MRS, IS OWELE T ARIZ DWW TIZZ 2T
WERERR 2385 228, BIRERBI I 2 R B RR R oD SO L AEAR
TEPLBOPIEL LTED 2,

5.3 =Y ARy FhDAH - BRMRS Y

(B-R-&-K4EBEESDORE)

g7 o AT, @FNICTRE SN —7 A& Em L
TRSEE AT 7R T LT, @miFCi, g z2iEotEr
AN TN SBET HHEED T, SELA OMBIZ X0 AT
LA TF R AT 2 —Trr—Lte)iBRElET 5, R,
T CIE COp HEH BHI A Fa 1A L7z = — 7 R &K AS, B -
BiREXVEELL T 5,

FetEEN OPRE) &V AR BE D72, FFE B 1% SPH ik & F
ALY R 2 —vavraEiLi-, £7, &F Filai
i L7z 2 — 7 A& BIERGRERBEIC Lo TER, 3D A% v )%
HWTH o 7V EKmEEZBS Lz, SHICEMATEA Y v a Tk
IR AZ R Y =224k, Level set Bk v Ca— 27 ANERITKL T
BELET % Z &, Multi-sphere % DEM® | k5 ol i % 1%
72, Fig. 9 129 1300 4T % AV 7 HELE 2 3 (k) kv
W), Fig. 9a,b) IORT & 912, a—7 AFHMENRS I 2 L—
b &7, Fig. 90) 1%, THEBEMRSEM L LTHEMAT 7 (1773
K, 40mass%Si07-40 mass%Ca0-20 mass%Al03) @ i 7L % SPH (T
FoTHE LW TH S, BEMAT 71T —EDMKEEEL, #
AR —/V RT 7Y A MR FHAEEFICEIEL TVWD 2 &b
%, Fig. 10 [Z & SLE (CaO/SiOy, C/S) DAL A T 7 IZxt T 5
T RT v 7Y A R amd (LR L osm) . HIEEOK

© 2019 The Mining and Materials Processing Institute of Japan




SRIE - BUCIEUN - IR —{f - SEHIERR - 9 - g sell

Vol.135, No.8, 2019
0.10
0.10 0.10
0.10
(d)
T g ow UG e g o
t=0.10s t=0.30s t=0.50s {=070s
Fig.8 Calculated snapshots of single gas bubble rising through the interface of a liquid phase
A and B with various interfacial tension (interfacial tension GApB is set as a: 51, b: 102,
c: 204, 408 mN/m) . To highlight change in three-dimensional interface, liquid B is not
displayed. Volume of single bubble was setas 7.2 X 10 Om3.
a) Static holdup sites distributions [ Z 0.080m
.Q—D
a) viewed from directly above b) 3-d view (C/S)=1.00 (runl) 0.78 (run2) 0.60 (run3) 0.45 (run4)
2 T i - A S

0.30 m

c¢) Transient behavior of slag dripping in the case of runl

t=0.0s

0.2s

4 0.08m

Fig.9 a, b) : packed structure obtained by DEM calculation with 600
cokes with 6 different shapes. ¢) Snapshots of slag dripping
velocity distribution.
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b) Respective holdup sites viewed from directly above Kx 0.025m

run

1
v coke
m

elt

run2 run3 rund

1.11x107°m?  0.79 x 10™m3 1.12 X 10™m3 1.28 X 10™°m?3

c¢) Histograms of the droplets volume in the state of static holdup
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Drop number in descending order

Influence of basicity on distribution of holdup sites. (basicity CaO/
SiOz in run 1: 1.00, run 2: 0.78, run 3: 0.60, run 4: 0.45, T=1773 K)
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30 mm M liquid iron M molten slag

Fig.11 Calculated metal-slag 2-liquid phase flow in packed coke bed.
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!
! Simple SPH Source Code for Journal of MMIJ ver. 1.1
! by Shungo Natsui, 2018 July 31

|

2

3

4

5 | program sph | 7075 4L0mME
6

7

8

| BROREFRTHEV

1R, WFH, BARMERYE LY

! AEAR

| BRI (5], M F B 0], BEEE0)

implicit none
- R"5A-9DEE

dim = 3, num = 1000, max_loop = 500
pi = 3.1415926535d0

dt = 5d-4, radius = 4d-3, h = 1d-2
mass = 0,0002d0, kpress = 1.01d0 | W FE R ka), EHDREK

kernel = 315.0d0 / (64.0d0 * pi * h#q) 1 A =2 LBA% (poly6 kernel)
gradkern = -945.0d0 / (32.0d0 * pi * hxx9) | A —XIL%E (gradient)
-945.0d0 / (32.0d0 * pi * h#¥q) | H—RLDST 57> (Lepracian)
| B LW (ko/mek3], FEAERE([Paxs]

integer, parameter ::
9 | real(8),parameter ::
10 | real(8), parameter ::
11| real(8), parameter ::
12 | real(8),parameter ::
13| real(8),parameter ::
14 | real(8),parameter :: lapkern =
15 real (8), parameter :: dens = 1d3, visc = Id-3

16 real (8), parameter :: stf = 1.2d4, dmp = 4d2, eps = 1d-5 1 RF T 4 % (8  DHREER) D1RE
17 | real(8),parameter :: vellim = 200d0 | W FREOHIR

18 | real(8),parameter :: dis = (mass / dens)*+(1d0 / 3d0) | IMAERE TR F FIFR (]

19 || — ZHROEE

20 | real(8),save :: r(dim,num), v(dim,nun) | M F 442 (), 3K (/5]

21| real(8),save ho(num), p(num), f(dim, nun) ! &R ka/n3), EA [Pa), A N]

22 | real(8),sa nitmin(din), initnox(din), min(din), mox(dim) ! IEEAAY 1 X(n], FEH 1 X[a]
23 | integer i, bs, ni, nj, nk | M FAIRERSI 1% 5 B

24 real (8), suve =0d0, y = 0d0, z = 1M FIRERS < 1R 5 K

25 | real(8) it, h2, sum, r2, ¢, c2, rr, rand(nuu) dr(dim)
26 real (8) force(dim), fcurr(dim), pterm, vterm

27 real (8) accel(dim), g(dim), norn(dim), speed

28 real (8) diff,adj

| 4R YIE UK, SRR ST H M FRIBERE
! ADRBIRIEE

| IR S EH

I RFLT 4 R B LOBEEA)RIER

29 |1 - A FERE
30 | call random_seed ' ﬁ{vxﬂ&iﬁh
31 | call randon_number(rand)

32 rand(:) = -0.05d0 + rand(:) * 0.1d0
33 initmin(1:3) = 0.000d0

34 | initmox(1:3) = 0.048d0

35 min(1:3) = 0.000d0

36 max(1:3) = 0.080d0

37 | ni = int(initnax(1) / dis)

38 | nj = int(initmax(2) / dis)

-0 05 < rumt < 0.05 (EEFIEHA)
' AR ERF O, v, 27 B R/ME

BAME
' BBEOZHERIME(, 2,313x, v, 213 IS
1 BASE
| BH@RET SHTFH xA@
! Z]

39 nk = int(initmax(3) / dis) ! Al
40 ps = 0 I MFE

41 do k = I, nk | zh@L—7

[ z =2z +dis l 2HENRLF MRS (P
43 y = 0d0 YEﬂ‘L’D n7

4 doj=1,nj ! yhan—

45 y =y +dis ! yﬁﬂ'\ﬂ%ﬂﬂﬁlf 3k
46 x = 0d0 'xEﬂfﬂﬂJ?’

41 do i =1, ni I xH@aL—7"

48 x = x + dis I xHEAKRLFRIZERESS (F s
49 ps = ps + | | MFRSAIV A IYASE)
50 r(l,ps) = x ' m?—ﬁﬂ%ﬁ)\ XEEHR

5 r(2,ps) =y y&ﬂ

52 r(3,ps) =

53 v(1:3,ps) = rand(ps) ! M?’%ﬂﬂx!)!i'ﬂ.}!’(éia
54 enddo

55 enddo

56 | enddo

A 2 BAL L TWL BR300 %, 72385, Gnuplot %7V —Y 7 |k
TH TR TETH S 7,

Am— RIZERE 72 SPH 71 75 A Cldd 573, §<®ﬁ%ﬁ
IR ST 2 A B A LTSADIE, BRI S 2
DTELBRMNBMa— Ric—HT 52 L bARETH D, WL, &
FE5£0> 8 % BRI T OB L EE % 19 b L 7= kernel BI%C 3D, %
FRIE 72 EIshist BT A AEEO R 3 60 i - REES
EHOM (% 43), FEEMEMET LY X2 (MPS, ISPH 7Y ),
KT E L, EAIEBRE~ORE (H3E), MPIR
CUDA |2 X % i@l Al & KL, ¥kt y 7)o
(& B EREARGT OF) 72 Lt B, E O ATHEME LR T ZIgIC b
TzeoTHED, RUIZJSELTINLDOT AT Y XAEHNGIT 50
BRNEEDNS, S5ICIHETIEIZL OHMERSHY 2P | Kl
DEFEFEMPS I L DM — FHAFAHETH B0 2520,
ARIEICBIT DU FZE ~DO/— FUIERL o TE - LK U TV A
%&ﬁﬁm“ﬁwﬁ%%ﬁﬁ%&Vi L— gy pa—i—t

ZET, KEOEARDEED DAL F AR ET AN
iﬁﬁéﬂé:&&%ﬁéﬂéo

R, KRS0 T T AOERMITEENE L, EIEHES OIFER

CEAMRRIZRDHD, < % THRE~OIRE T b
@T%D REGEAOHISIIITOR Y, ZIRFERIC X DHEES
FAICHE L TEERADARV LD LT 5,

BEE AUZEOBRITICIFE2L R, ~ > X, SREHBR
B, AARERS 2, BURR R M H, ST AT BOE A A IR R AT A -
GBI E VRS JOGMEC) , &R - FEMF S, BREIETS
JURH,  # R H R BV R, ?fﬂ%qﬂ?&fﬁﬂ?@iﬁ’fl H A=Al
RSB AT, WE - 7 A AEE R IT ,m@iﬁz%(
iz, BIERFAAE 2 RAFWRA, &R - FMFESFEREII
AFHEDOHE % 5 % TIAL ‘f:o g R b I A S AR & ?Hﬁ%‘
EH’ 1% Hot-Thermocouple #4:1Z K % Sl HLIABE FZHRIZ DWW T T H

TH %, high-speed video 7 — 57 AR T OMEETRN, 22
Iz EL’ LTEHOEEERT D

51 | | = 9 14n—F

58 | do it = I, max_loop ! IR R RIFER (Y 3B LK t)

59 | - EELEADHE

60 h2 =h*h ! A—RUBBREERD2R

61 doi=1,ps | 2HFN—THFESI, HFHes)

62 sum = 0.0d0 ! HFHEROEKELDI YT

63 doj =1, ps ! AFMOKF |

64 if(i == j) cycle ! HFMHRCHFESL SHEERFY T
65 dr(s) = (rG,0) - rG,0)) !y, zA @O F BN L

66 r2 = dot_product (dr(:),dr(:)) | 2% 0R(FHRUEREVCOTIFY 7)
67 if (h2 > r2) then | BREZOFTHNE

68 c=h2-r2 !

69 sum = sum +c*c*c | BHICSLTESERLEDES

70 endif

7 enddo

72 rho(i) = sum * mass * kernel | RLEDELEZCHFHBY H—FILRE
73 p(i) = kpress * (rho(i) - dens) | EADHE

N if(p(i) <= 0d0) p(i) = 0dO | AEEEBGE LA VEHOHRRSL S W)
5 rho(i)= 1.0d0 / rho(i) | BOHEDLBHISEHE £ 5 (RELE)
7% enddo

17 - HOHE

78 do i=1, ps | SHFA-T

9 force( ) = 0do | At¥asy7

80 doj =1, ps ! AFMOKF |

8l |f (i==j) cycle | HFRHRCHTFESL SHAERFY T
82 dr(2) = (r(5,0) - r(5,0)) ! x,y, Z N OKFRIZBEREN T bl

83 rr = dsart(dot s nroduc'(dr( ),dr(:))) ! 4T RBERE

84 if (h>rr) then ! l'*&lﬂub‘#fif%!&‘*

85 c=h- !

86 r2 = do'_produc'(dr(:),dr(!)) ! zkma

81 c2=h2-r2

88 pterm = -0.5d0 * c2 * c2 * gradkern * (p(i) + p(j)) ! EHADIHE

89 vterm = lapkern * visc * (c2 * (3d0 * h2 - 7d0 * r2)) ! ¥MBADEHE

90 feurr(:) = pterm * dr(:) + vterm * (v(:,j) - v(3,i)) ' EARLIERRD S H DK

91 feurr(:) = feurr(:) * rho(i) * rho(j) Eﬁm’ﬁl TSITRICER

92 force(:) = force(:) + feurr(:) | Aokt

93 endif

94 enddo

95 £(:,1) = force(:) ! BHFOAHIKRN

96 enddo

Fig.A1 SPH source code written in Fortran90 (part1) .
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Fig.A2 SPH source code written in Fortran90 (part 2) .
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eI A S & 23 R 25 ) O Bl AT

97 ! - HEOHE

98 g(1:3) = (/ 0.0d0, -9.8d0, 0.0d0/) | EAMmRE

99 doi =1, ps | 2HFL—-T

100 accel () = f(3,i) * rho(i) | Ao R R, T5ITEICER

101 speed = dot_product (accel (1:3), accel(1:3)) | K FEERIR

102 if(speed > vellim % vellim) accel(:) = accel(:) * vellim / dsqrt(speed)

103 |- RFUFAHEIL R OHEEEROHE

104 diff = 2.0d0 * radius - (r(3,i) - min(3)) | R MEROE L DA — -5y T
105 if (diff > eps) then ! BRHIE O —/3— 5 v THBIER £ % 5 1)
106 norm(1:3) = (/0.0d0, 0.0d0, 1.0d0/) | SERRT L

107 adj = stf * diff - dnp * dot_product(norm(1:3),v(1:3,i)) ! /3% + IV REFNAL BHDEHE
108 accel (:) = accel(:) + adj * norm IR LPY-GEVPILY ) £30008
109 endif | AT RO FIR

1o diff = 2.0d0 * radius - (max(3) - r(3,i)) ! ZRAfER O

m if (diff > eps) then

12 norm(1:3) = (/0.0d0, 0.0d0, -1.0d0/)

13 adj = stf * diff - dmp * dot_product(norm(1:3),v(l:3,1))

4 accel (:) = accel(:) + adj * norm

115 endif

116 diff = 2.0d0 * radius - (r(1,i) - min(1)) ! xR MER o

"t if (diff > eps) then

18 norm(1:3) = (/1.0d0, 0.0d0, 0.0d0/)

g adj = stf = diff - dmp * dot_product(norm(1:3),v(1:3,i))

120 accel (3) = accel(:) + adj * norm

121 endif

122 diff = 2.0d0 * radius - (max(1) - r(l,i)) ! XA fER 05

123 if (diff > eps) then

124 norm(1:3) = (/-1.0d0, 0.0d0, 0.0d0/)

125 adj = stf * diff - dmp * dot_product(norm(1:3),v(1:3,1))

126 accel (:) = accel(:) + adj * norm

127 endif

128 diff = 2.0d0 * radius - (r(2,i) - min(2)) ! yiR/MERI oL

129 if (diff > eps) then

130 norm(1:3) = (/0.0d0, 1.0d0, 0.0d0/)

131 adj = stf = diff - dmp * dot_product(norm(1:3),v(1:3,i))

132 accel (3) = accel(:) + adj * norm

133 endif

134 diff = 2.0d0 * radius - (max(2) - r(2,i)) !yl AfER O

135 if (diff > eps) then

136 norm(1:3)=(/0.0d0, -1.0do, 0.0d0/)

137 adj = stf * diff - dmp * dot_product(norn(1:3),v(l:3,1))

138 accel (:) = accel(:) + adj * norm

139 endif

140 1) = accel(:) + g ! B AR % A0 R F AR

141 (5,i) + accel (3) * dt | BSR4 5 —H) ISk BEEEM
142 =r(3,i) +v(,i) * dt ! £ SR I B FEREH
143

145 ! 94 L0—TRT

146 | end program sph | 7ur5 L0087

Fig.A3 SPH source code written in Fortran90 (part 3) .
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