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Abstract— Experimental measurements and mathematical model predictions for the flash combustion of copper
sulfide particles in a turbulent gas jet are described.

A mathematical model has been developed to describe the process taking place in an axisymmetric flash-furnace
shaft. The model incorporates turbulent fluid dynamics, chemical reaction kinetics, and heat and mass transfer. The
key features include the use of the k-¢ turbulence model, incorporating the effect of particles on turbulence, and the
four flux-model for radiative heat transfer.

e experiments were carried out in a laboratory flash furnace. Gas temperature, sulfur content in the particles,
SO, concentration in the gas phase, and particle dispersion during flash-smelting at different locations were measured
for various matte grades. Reasonable agreement was obtained between the measured and predicted values.

The predicted results are compared with experimental data obtained from Outokumpu pilot and comercial flash
furnaces. Satisfactory agreement is obtained between the predicted and measured data in terms of the gas-phase tem-
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perature and the SO, and O, concentrations along the centerline. The model predictions show that the reaction of sul-
fide particles is almost completed in the upper zone of the furnace within about 1 m of the burner and the double-entry
burner system with radial feeding of the concentrate-laden distribution air gives better performance than the single-

entry burner system.
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Fig. 1. Schematic representation of a flash-
smelting furnace.
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Fig. 2. Particle-laden gas jet in a flash-furnace
shaft.
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c},

4, 7FEAE
Byl ot

ZheAe] HEAS Yehly] 98 2elg s La-
under ® Spalding[17, 18]oll 2ja A|<ks 2-Equa-
tion(k-¢) Etdo] Al4-=Qic},

7kxol ¢35l flash smelter & A" AQIAEL
2Eo] 4] A AHd| wel Mz ohE A4AE 7
A Flrl, 2222 o]E% Eulerian ¥WAlo2 143}
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o 9& A7 B8-S AAHoZ FolHA A
agHoz 457 Al aAYAEY FA A4
Lagrangian ¥4l 28] daie] #A=Eg ot Al
stedch, zeivh, mAIYRY] YT
(number density)$ A4k ®l SdelA 7hag]
turbulence %3S sk ol TAAC] glox
A Y] Fakg EH%’—«Q} shalol] o3t oz zhzk He]
slod shaAle] 2SR Aol 234]7] o|£ Eulerian
ulalo 2 343l —l—ﬂﬂ‘%JXH +HFAEE A4
(10, 11].

2-3-2, TA}IAAS 7HAE

ofeje} & 714 ol xle A4AELE mean gas
properties -5 A4k},

1. Z]-%—i 14]01]11 57_;4]011}94 /KL];HJGO] uzl_x‘:_7]. \;}_0_
22 nHYz A5k 7S FA R

2. e, Azkdskrl Basset force & FAIY
4 drag forceol ul8| Ajxog Aorna FAF
t}14, 19]

3, mA|=pe] spaobe) w47} turbulence Al
AR Ao g L3 sha] HEEE NG w2
c} 15, 19]

2-3-3. EAd Az HEk 7
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Eulerian 4ol 9J3] sl 4=, ul-3 =
Ao e nefd As FEARE AEe
the-3} Zho] EF ),
Continuity :
a -
af +7 (oV)=S2 (4)
Momentum :
e —— -
S 0V) T (V)= -Tp-7-Fpg+S}
+Vsn (5)
Al (4)9] HE 5 e sy depwst ol A
2820 Jehlla, Spe malgixle} shzel uke

g Beleslste] Aepasks ek A (5)9)
E% opx|et £ g, Spe} VSI & nAjIzEe el
o8t spaAte] S-EEf w3 7k - A QlA} kgl
o3 Aol oz Ry WsE T HE A4
Jebdck, gk w|upgAlolAE S dte] FA|H L,

23]
=

slel = 2] (4), (5)ol time-averaged A% Wi %
Y5 Eol ol swirl AL AlYsta 255 s
ofels} 72o] Hrt,
Continuity :
3 19 . .oi_an
a@ﬁ)#— T rpv)=S7% (6)
Axial momentum :
D syl 9 oo y-.L 9
ax (pun) + r or rpu?) = ax (“eax r or
ot ap 2 ot 1 9
= + = <
(r'uear) ax ax< ax) r or
ov n
(l’uea )‘f‘S +US (7)
Radial momentum :
9 oo, 1 0 ooy @ 9V, 19
S @O7)+ ar(rPVV) ox (ﬂeax) B
@/_ _ 9P, 98  2u, 1 3
(rﬂe ) +ax (ﬂe ) r or
Q’\7_~ 5 ¥ sam
(r,uear ) Zuer, +Sy+957% (8)

37|14 pqe FE viscosity & viebe ofefel i,
(9)

7heAle FEAL o2a 3ol k- WHFREC 9
3to] 3HHH17-19, 23],

Me= e T 1y



Turbulent Gas Jet ol 2] ¢}

7 au + av .
uvi=-—-pk( ar g}

=C.k/¢ 1

Al (119 -5l A (turbulent kinetic ener-
gy) kot $5oluizlg Haldx

(10)

(dissipation rate of

K) &+ el Algol ejs) adojxich,
18 ok e |y @ oy e 3K
roor @k S gy Bk or o)
=G-ge 12
o] 7] A4
1 9 gg.—He ¢ she— e OF
r oar (r@ve- Jde Or )+ X [p e~ 0c OX
=C.G§——CJ)1% 13
G=pe2 (2224 (2T ye 1 (L J+f~+a )2
x or r X

{19

o714 C3 G AdAsEolH, A (13)9 A4,
&3S dissipation rate 9 WAz ARE A
e, g, 0, & k9 ol 27 4§35k turbulent
Schmidt 424 A&ol sl Fal=x]=,
constant & ¥#{A Qlcl, Table 1o °|&
et

k- HFREE 29lshed Ak joll A A (6)
+ Azlskd A (15)8) o] Het,

universal

-0 ke o

8 = 19 _ amu
ox (pum,) + o (rpvm,) (F,, )
_ 18 . 0m, . &w .
T B I i ) == (8%), (15)

A71Ad miE jAEY Azl AskEgels, Adm
3tA- (transport exchange coefficient) 'y th2
2} go] BE S,
]‘n: lle/am (16}
7|4 g, e Schmidt 52 = 32 1
AAA e ol A FhaA o] o] 4

ZA ok,

dissipation

Table 1.Turbulence model contstants[18,19,21]

Constant Value
Cu 0.09
C, 1.44
Co 1.92
[N 0.9
[ 13 1.22

fretERE Aty Ax 535

energy 5 743l Eulerian #hiol <j3) viehf=
A (17) 7 7ol =,
9 .=
a_X (puhg) + ==
1 oh,

. =00 . -3D | cn
rar(r"ar) =Q ., +1 +vr%5

o o3t OQJH
Eay ‘45}‘4]“4 LR 9] A fsol% %40“ o4 Ax
oi3} ek ste 74
AR} ukgol ¢

2-5, THIQRIA|L] melld
A A shel] thil $EEAle g Fo)
Lagranglan wialo g FHE ),
dV
Mo de
Al (18)- ARty £Eek wish: gzl 7}
B2l fFAdEH drag force ok THe ¥ 252
Bojuw, o] Ao drag 4 Cpe obeish 2 A%
FAA o 2R E AlabseH19, 22-24].

.L
i

i -
:H(angA lV =V, Vg=V,)+m,g (19

_— ﬁ 0.687

Co= g (1+0.15Re"*") 19
o 714

Re= | Vo= V,ld,/ e 20

Turbulent fluctuationell ¢13F m#jg)=be] £haldd
Ag Ria] flskd nAYAS S28 el A%

2k ol AT Foz ek

V=Vt Vs )

od 714 A=} peot pd e A Hiet SaEE e
ek, 4] QDolA difoll 98 45+ A9 turbu-
lence &7} ¢l o w1, HE7kad ol Z76E
2A]IARY “rxoln], zalo] 93t 4X+= turbulence
oS e o HigiAldce] T (gradi-
ent)oll vl geha 7134415, 23, 25, 27, 29].

V,.d,=D.p, 2
Di=vi/a} 23
vo=vg/ 1+ (z,/t,)] 24
=M,/ Brud,) 25
t,=1.5C.k/e (26)
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(V :3) no particles [1+ (,Ebp///—"g) ]—o.s (27)

Aol AlEollM Dy € ARATE v ot oy © 24Y
22| turbulent eddy viscosity % Schmidt +& 7+
7+ vebich, o} 2k ml4]lAlel] el Schmidt
T ol Zigeh, 2y 2 e TelAE g 1500
A FA Sz e} o] 0, 352 AHEEIiTE

A=k turbulent kinematic viscosity £ Mel-
ville # Bray 7} Alokgt 4 (24) 7} AHE-Ela, o] 4
oA % tae ZAMA ALY relaxation time 3}
turbulence time scale-$ 77 vehi=] 4 (25),
(26) 7 z¥e}{[23-25, 28, 29].

5A4% arl9 mAldxbe] gt "‘Jx}ﬁi'ﬁ‘f’éi, e
2] (28)3 #o] Eulerian Ao g FH=w],
A Dt EAAls,

(V:') particles™

2 ;2

—)=0 28
r

ZAQIAe] = ¥3= Lagrangian wAol ofsf X
HEE 4 (2909 2L oluvzlgAA oz ie] Aakd
o},

d%— (mh,)=H,+q,,~Q,~H,~Ha 29
Q,=Nu, nd,ks (T,,~ Te) 30
Nu,=240.65Re}*Pr}* )
Re,=d, | V,—\_/’glpg/y, (32)
Pry=C sue/ke 83
H,,=)‘:r,,,h,,, (64

A (29)o14 28F AT mAYAe] PedL,
AL 2A YA e BAdwde, AATE o
Foll odt dEAL, vAFE Sl T dEAE,
spAl et g mAIAbe] el B2 B-gol eldt dEA

77+ elde], Al (30)5-8 (34)ol B&ESH ] 3]

L

2-6. $SEMYXIY k3

£ A7 AHSE 34 3573 (chalcopyrite) >
2A o] mAlglxlel] HH3 $ehuk-g<=+ Chaubal 7
Sohn[1, 3, 16]ol <jaf d-Fsjict,

Flash smeltero] F=+ 5% % (copper con-
centrate) & 2 3EF3} A4 (pyrite) W A7t
24 dzda gAY AENRE s, AEdt

slstmet 2T X4z 19897 8

e
o
e
ol

Abhks, 88 % 3

34U 383 L 153K 2 7Hde}{32]).
AL 873K olske e LxoAE ofalle}

Z-e ukgo| Yoludrkm 7R

CuFeS, (5} + 120, (g) »Cus0, ) +4Fe.0, (5)
+S0, () 89

FeS.(s)+ x+ )0, (@) > L Fe,0, 6)

8737 1153K Alo]e] £xoAl: 33}Ee s}
Jojupe] olello} o] THri[3],

CuFeS, (s) +%oz ) —%%Cu,S (s) +FeS (s)

+%soz ®) 87

FeS,(s)+ x-1)0, (g) >FeS (s)
+ x-1)S0,(g) (38

d, nAYAL 5517 AlZshd Cu, St FeS
qte 2 matte & TR e, ook e £
Al Al oo} 22 ubg-g 7RI, 3,
34],

3FeS (1) +50, (g) »Fe,0, (s, 1) +3S0, (&) 39

Cu,S (1) +0, (g) »2Cu (1) +S0, (g) 40

KA (38)olA] AAH mlavlele] E[Fe,0, (s)]9F
A Fo] Aejgte] 8-g4L 1873K & 7=,
32].

qh84 (35)-(40)0ll 27 Fgk2gle oA 4|4
A7) (29)0ll AHE3ted 74l g mAle] by (e
25) Aol AHE-3d et

Chaubal 3} Sohn(1, 16]oll ¢J3]A A|otx) 3HE-3-4]
9 =}e] J—é— kinetics ¥ §-§4 o|3l9] 25 oA&

NOH dt )_ 03,4 anp( E/RTp)f Poz) X
f2d,) 4
2 3AE3, FARIA) 48351] Alatsld o F-E2A
Aol 9Jdl A Halupg-ol A 7HAEA

dX

No, 5 =knCo,Af, 42

2 BA" A 4D A i' BEFAe 3
AF4E yehied, N,,, & o5 24 27 4sh)



Turbulent Gas Jet Wl o] f3-53E vldxte] oda

Table 2. List of chemical reaction kinetics*

ko E fj(Pop)  fX)  fydy)

1. Chalcopyrite

8 o1k 0.07 2
Tp<754 K 2.4x108 215 Po, =007 1d,
754<T, 0.026 714 vz 1d,?

<873 K
Sulfur 2.72x10% 208 - (1-X)2 1/d,2
vaporization P

2. Pyrite

Sulfur 4.5%x1010 279 - A-XP8 1dy?

vaporization

* Adapted from reference 1.

Note: ko in ecm2/(s.kPa), P02 in kPa, E in kJ/mol, and dp in em.

7= ol ged Akzgkolr], X & AR #
o] A-g vepdch, A (42)ellA kn?t o Ab4e]
ZARDA S} gt FmA T gabgo] 25}
HAF-2-¢ A7 e, & 8] AAshe
Auleh Fokn e, A (4ol dag e
s} Bed4lEo| Table 20 2ks]o] Urh,

P oo i o

3.4 H

31, AEHER

Flash smelting 3732 2ALE $38le] APAUTE
3% flash smelter & uHE3lth, ©l9 ¥4 =< Fig.
39 ztow, nAYRIS} FhaFd A, wherl 2 v}
& M|z § A 3F-EeE Hof gl

cooling
water
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3-1-1, A Y=} -7kA FYAA

3% (concentrate) YA FYL Hskd screw
feeder ¢ vibration feeder 7} €32 d7=o] gle
o, o]&9 A& 5 0kg/holct,

Vibration feeder o4 & nAjaEL T-azt
Aoll4] AL3hg F7|9F 31 flash smelter Aol £
o] Qv YA 5 5]  WEE2 Rl o
AFolA] AREE T glE =2 2cm WA, F9Y
7tae] AnAY4rE 10m/s & FAA1Z 4 Aot

3-1-2, W87

Hker|e 6719 A EFlulo| =%l sl sl e
A WPz sy stesata 111 Agd
Fhlole g AzE|Gom, ko ARG FAo kFo
o] 2 o] Qe 2cm FAY AgEFtulels Y
e ARREG T, ko] 2E2FL ko] oo o
3 pt-pt 10% Rh GAEE o] &3k ZA A <)l
A 2Rz, FE ko Qe 679 2 TR A
Aol olalA ko] 2xr} 7S5}, wlgrie sl
25 7he2d WSSl ofsl] R lu HF
Hozg ~H#HAAE Yo7 1 upge] Flse] 9]
o}, ol g FA]= el A& Table 32 2k,

3-1-3. 7he=AHE] A=A

e 2 HE UoE Hrkar dFolEdd Esld
scrubbing unit & 7}, #Hzks Hol e HEAEL
scrubbing unit Hell £of & AFAA oo 2
2]2lth, Scrubbing unit & HAAEZ FA s glu
10% NaOH $£o¥o] Bz sHrkas AR,
Scrubbing unit & 53438 #Hrlaew 3] Fo= wiFE

32

fr

cooling water
suction

Fig. 3.Schematic diagram of a flash reaction system.

% AC

AC: air compressor, BW: blower

CF: circulation pump for caustic soultion
HE: heat exchanger

R: reservoir for caustic solution

SF: screw feeder, VF: vibration feeder
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Table 3. Details of the laboratory flash furnace

Inlet geometry: single entry

burner tip inside diameter :0.02m
furnace inside diameter :0.23m
furnace length :1.832m
furnace wall thickness :0.02m
Input power to the furnace 1 20 kw
Maximum inlet gas flow rate : 15 m3/h
Maximum concentrate feed rate : 5kg/h

Table 4. Analysis of chalcopyrite concentrate

chemical %S : 30
%Cu : 26
%Fe 27
%H,0 ¢ 0.3
mineralogical
chalcopyrite ¢ 59%
bornite 1 13%
silicate 1 156%
pyrite %
molybdenite : 3%
size cumulative percent
mesh passing
150 95.1
200 78.4
270 65.3
325 57.1
400 49.2
e,
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Table 5. Conditions for experiment

exp.no. Lv¢ MT® %0, G 8¢ remark

1 2.8 50 21  0.76 0. g
2 4.4 50 21 119 o. g
3 9.8 50 21 266 O. g
4 4.0 50 21 457 48 ef
5 4.0 60 21 457 38 ef
6 4.0 70 21 4,57 33 ef
7 4.0 70 30 4.57 4.7 ef
8 3.4 65 21 379 3.0 f
9 3.4 55 21 3.79 35 f

10 5.4 50 21 076 0.79 e

11 2.8 60 21 0.76 0.64 e

12 2.8 70 21 0.76 0.57 e

a linear velocity of gas at the burner tip(m/s)

target matte grade (% Cu) assuming Fe30, produc-
tion

volumetric flow rate of gas (m%h) at STP

mass flow rate of solid feed (kgth)

central position only

central, 5 and 10 cm radial positions

central gas temperature measurement

o

Qg o Q0

Outokumpu HUEFEFLE AQARE 779 =t
Ash vli-AE3A oo, Outokumpu 48330l o
g =ARR S AlAR-FA oA

4-1, MEAT2Y Flash smelter =¥
AgAFeel flash smelteroll gt 4@AAet =
AR e SpagE, SO, ¥E, F¢ AFF 2 dAH
FHEZ Sof sl vlmslgler], A¥=712 Table 5
o Bol vle} e,

H]uk2-7}93 4] (non-reacting heating system)oil A
S5 Fhae] AYEE st st viXE AT
Table 50 29 A&z 1-30 oisid A= 2A#4
flash smelter AREolA &5 Z&AA7]2} flash smelt-
er =¥ ool thio] Bald Ao o3t ddke] U
o,

Table 59 29l Agz7 7% 9l =& flash
smelter o) =#ee, 7kagx 5o APA9} 2AA
x zt7t Fig, 59 6o 2ol upe} Zeow, AdAs} 2
A1A] Atolollt chae] zbo|7} glont AMbH oz A o
A ska ek,

APzA 4, 7-00 Hg mAQAS FRELES
Fig. 72 8 & Table 63 7o 2.1 =k 2ok, 28|
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Fig. 5. Temperature profile: MT 70, 21%

oxygen.
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Fig. 6. Temperature profile: MT 55, 21%
oxygen.
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Fig. 7.Particle mass flux normalized by that at

centerline.

Axial Distance from Burner Tip (cm)

centerline.

Table 6. Particle mass fluxe at the centerline; for non-reaction system

Fig. 8. Particle mass flux normalized by that at

experiment no.

ionb®
location 1 7 g 9
46 5.75x10-% 5.69x10-6 3.60x10-6 3.75x10-6
58 4.92x10-9 4.49%x10-% 2.86x10-6 2.89x10-6
69 4.12x10-8 3.97x10-8 2.22x10-8 2.49x10-6
76 3.29x10-8 3.05x10-6 1.94x10-6 2.00x10-6
86 3.05x10-6 3.02x10-6 1.82x10-6 1.94x10-6
99 3.02x10-% 2.83x10-8 1.63x10-6 1.85x10-6
112 3.01x10-8 2.80x10-8 1.57x10-6 1.78x10-6
a: kg/em?/s
b: axial distance from the burner tip (cm)
Table 7. Particle mass flux” at the centerline; for reaction system
experiment no.
location® 1 7 8 9
46 4.83x10-8 4.12x10-6 2.83x10-8 3.05x10-6
58 4.06x10-8 3.73x10-6 2.21x10-8 2.22x10-8
69 3.32x10-6 3.11x10-8 1.72x10-6 2.00x10-6
76 2.83x10-9 2.49x10-8 1.42x10-6 1.63x10-¢
86 2.58x10-6 2.46x10-6 1.35x10-6 1.54x10-6
99 2.49x10-8 2.40x10-8 1.32x10-6 1.51x10-6
112 2.34x10-8 2.34x10-6 1.26x10-6 1.48x10-8
a: kg/em?/s

b: axial distance from the burner tip (cm)
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Table 8. Boundary conditions for an Qutokumpu pilot flash furnace

Inlet Geometry: Test No.
1-3 4-5
d; (m) 0.09 0.13 !
ds (m) 0.2 -
dy (m) 1.2 1.2

Particle Size: 50 yum (mass mean diameter)
Particle Density: 4300 kg/m3
Turbulence Intensities at the inlet: I, =0.02* (0.15**), I,=0.08*
Wall Temperature: Top and side walls Tyy=1473 K***
Bottom surface T,,=1523 K (for radiation calculation only)

Test No.
1 2 3 4 5
Primary Stream:
Gas flow (Nm3 /h) 30 30 30 1326 882
O, content (%) 21 21 21 28 28
Temperature (K) 298 298 298 298 463
Concentrate feed rate (kg'h) 470 500 500 1390 960
Cu (%) 18.1 17.7 19.2 17.7 18.1
Fe (%) 37.6 38.1 29.1 35.3 35.8
S (%) 35.9 36.1 35.4 36.3 35.5
Si0, (%) 3.55 3.65 2.61 5.6 5.0
Secondary Stream:
Gas flow (Nm3/h) 555 570 560 - -
(axial velocity m/s) (6.2) 6.2) (6.3) - -
O, content (%) 27 28 28 - -
Temperature (K) 298 298 298 - -
Matte Grade: 76.4 71.4 75.2 56 59

* Estimated values for Tests 1-3. ** Estimated values for Tests 4-5.
**+ Assumed wall temperature.

Table 9. Boundary conditions for a commercial flash furnace

Geometry: Concentrate in the Primary Stream:

d;=0.36 m Concentrate feed rate=46,080; 92,160; 184,320 kg/h

dz=1m Cu (%) 28.85
ﬁf=4m Fe (%) 28.91
r=Tm S (%) 33.48

Primary Stream (Distribution Air):
Gas flow =307 m3/h
Oy content = 21%

Si0, (%) 5.93
Particle density =4300 kg/m3
Particle mean diameter =50 zm

Temperature =300 K Matte Grade: 70% Cu
Secondary Stream (Process Air): Wall Temperature:
Gas flow =33,420; 66,840; 133,670 m3/h Top and side walls Ty=1473 K*
(Linear velocity =15; 30; 60 m/s) Bottom surface T,,=1523 K (for radiation calculation only)
0, content=50% Turbulent Intensities at the inlet: I;=0.02; I,=0.1 (0.15**)

Temperature=473 K

*Assumed wall temperature. **Turbulent intensity for u,=30 and 60 m/s.
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NOMENCLATURE

A, : projected area of a particle

Cp : drag coefficient, defined in Eq. (19)

C, : specific heat capacity

d, : particle diameter

D : diffusivity

D, : turbulent particle diffusivity

E : activation energy

g : gravitational acceleration

h : enthalpy

H,, : rate of heat loss due to melting

H, : rate of heat production by reaction

H, : rate of heat loss due to volatilization

k : turbulent Kinetic energy

k; : gas-phase heat conductivity

k, : mass transfer coefficient

k, : pre-exponential factor

m; : mass fraction of gas species j

m, : mass of a particle

n : particle number density

Nu : Nusselt number, defined in Eq. (31)

p : pressure

Pr : Prandtl number, defined in Eq. (33)

q, : radiative heat-transfer rate for the particle
phase

Q, : rate of heat loss due to gas-phase convection

Qg : volumetric heat-transfer rate by gas-phase
radiation

r : radial distance from the axis of symmetry

R : universal gas constant

Re : Reynolds number

S . sourceor sink term in conservation equations
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Sc : Schmidt number

t : time

t. : turbulent time scale

T : temperature

u : axial velocity

v . radial velocity

w : tangential velocity

X : overall fraction of sulfur removed

Greek Letters

I, : effective transport exchange coefficient

€ : dissipation rate of turbulent kinetic energy or
emissivity

M @ viscosity

¥ : kinematic viscosity

P : density or reflectivity

Py, : bulk particle density (mass of particles per
volume)

¢ : Prandtl-Schmidt number for ¢

7, : shear stress

7, : particle relaxation time

Subscripts

e : effective value

g : gas

p : particle

t : turbulent

Superscripts

t : turbulent

: fluctuation component

Overlines

- : time-averaged
= : second-order tensor
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