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Background and motivation <) JULICH

60
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Source: SEI International
‘ |_— Slag tap
Morketable Solid Byproducty
. Syneas
Quench g g ;,—_' yng
water _.'é T
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Source: Marc A. Duchesne, Slagging in
entrained-flow gasifiers, 2012.
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The challenging viscosity behaviors <) JULICH

T &Py, Dual role

Redox reactio
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. . ' )
The viscosity model <) JULICH

Classical model:

gy > @ @
> Temp. >>VISCOSIty>

The story of current model :

> Comp. >> Asso_ciate>> Viscosity>‘

Temp. species

> comp. >> Asso_ciate>> Structure>> Viscosity> ‘
Temp. species

 For FeO/Fe,O4 containing systems, partial pressure of oxygen is
also taken into account in the current model.
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The current viscosity model | <) JULICH

> Comp. >> Assomat(>> VISCOSIty>
Temp. species

Partial pressure of oxygen
(for FeO/Fe,O4 containing system)

Si0,-Ca0-MgO

CaSio,

SiO,-Ca0 and SiO,-MgO

1.0
Associlate -§ T=1700°C Sioz-ggo S0: 190
7 —Sio, - - - Si0,
Compounds 209 cad - g
1 ——cCaSio, - -- MgSiO, .
S peC Ies £ 0.8 ——CaSi0, --- MgSO,
8077 /
w
i ]
< 063
5054
=]
504
2
T 0.3 4
o
D
N 0.2
g 4
5 0.1
c /- > e -
0.0 3+ AL USEEEE— =

00 01 02 03 04 05 06 07 08 09 10
mole fraction SlO
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. ' oo
Pure oxides o/ JULICH

25 Sun’s Bond Strength Model

20- Min MO, Valence Coordination Single-bond strength
. ; number (kcals/mol)
B 3 3 119
— 104
& Si 4 4 106
= 54
= Al 3 6 53-67
04
1 ) Cee.___AD Mg 2 6 37
54 - — _Nao -‘\u_— 5
qdotted line: bm o :!\c%—‘;i Ca’ 2 8 32
_10300 ‘ 6('30 I 9(])0 12I00 l 15|00 l 18'00 ' 21100 l 24I00 r27']00 r 3000 Na 1 6 20
T,°C
K 1 9 13
14 : l T T I L) L} l T T ] T L 3 | 1 T | T _
12F 2 - : : .
E ¢ 3 Network Dimensionality:
10 | 10 . :
g 8 ;— i B~ 4
o 6 :_ l ¢°0§ —:
:" :_ .s‘a _:
% ) - q.o'“/ 4
- 4l oy ".w""’. _:
of ¥ 3
Y T A ST N (S NN SR AN TN ORI [ R B (N . . ]
3 6 "9 - 42 15 ' 18 2D: B,0; 3D: SIO;
10/T,K

03.07.2014 GTT Annual Users' Meeting 2014 7



. . M)
The results of the current viscosity model 4 JULICH

124 = Elyutin, 1969 T=2000°C
1 Kozakevitch, 1960
104 * Urbain, 1982
1 Clasen, 1992
84 <« Paek, 1988
Original Arrhenius model

Inn=(2X; - Inn;)
where: Inn; = A; + B;/T

% 97 - - Belowliquidus I assoclate species
©
o 4-
£ ,] Lubricant effect —
0_
2 ] 5 5 SiOZ'A|203'CaO
I V—/‘\r/ .
1 1 = Ostroukhov M., 1939 T=1600°C
R T e T T e e 5.0 Rait J.R., 1938 X =
0.0 0.1 0.2 0.3 0.4 05 06 0.7 0.8 0.9 1.0 451 * Toplis M.J., 2004 si0,-0-67
] Original Arrhenius model
XSiOz’ mol% 4.0 {- - - Below liquidus
3.5
® 3.0
0 25+
T 2.0
1.5
;2 Amphoteric effect
00 T T T T T T T T T T T T T T T T T T T
00 01 02 03 04 05 06 0.7 08 09 1.0
XAI203J’(AI203+CaO)’ mol%
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The idea of current viscosity model |l <) JULICH

> Comp. >> Ass00|ate>> Structure>> Viscosity
Temp. species

Partial pressure of oxygen
(for FeO/Fe,O5 containing system)

Si0,-Ca0-MgO CaO-Fe, O,

Associate |Structural
Compounds : :

species units
Si,0, Sio,
Ca,0, |[CaO

CaSiO; | CaSiO, FeO, s
2.Ca,Si0, | Ca,Si0, Ca, FeO,

Associate Structural
Compounds : :
species units
CaO

FeO

Mg SlO3 MgSlO3 MgSiO,

Mg,SiO, g'M925'04 Mg,SiO, basic structural units
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. ' )
Larger structural units <) JULICH

S:Si0,, A: Al,04,N: Na,O

S,+S,=S, AN,S, +S, = A,N,S,

S1+S, =5y AIN{S; + 51 = AN S,

N\ !

self-pol. of SiO, inter-pol.

A,N.S, + A;N,S, = A,N,S,

A 1Np_ 1S +AN{S) = AN,

}

self-pol. of silicon-aluminum
based ternary associate species
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The current viscosity model Il <) JULICH

> comp. >> Assouate>> Structure>> Viscosity>
Temp. species

Partial pressure of oxygen
(for FeO/Fe,O4 containing system)

Arrhenius model (modified)

Inn = InMjgear + In Nexcess

= (XX Inn;) + (In Nself—pol. T In ninter—pol.)

where: Inn; = A; + B;j/T — basic structural units
lnnself—pol Z(A] Si0, + B] SiO, /T) (XSIO
+ X (A + Bi/T) - (X9 —

lnT]inter—pol 2.(Atm + Bn/T) - X XSlO ,\o)é
- O
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The results of the current viscosity model @JUL'CH

5.5
124 = Elyutin, 1969 T=2000°C { = Ostroukhov M., 1939 T=1600°C
Kozakevitch, 1960 5071 « RaitJR. 1938 X =067
104 * Urbain, 1982 454 * Toplis M.J., 2004 Siop™ "
Clasen, 1992 4 0_‘ Arrhenius model
84 < Paek, 1988 ]+ - - Below liquidus
1—— Arrhenius model 3.5+
o 87 - - Below liquidus % 30,
o ] c )
o 49 o 25-
£ ] 5 ] .
£ 21 E 2.0 .
| 1 0_' Original Arrhenius model
-2__ _____ Original Arr]‘_m’mm model 05-
-4 ! 1 ! I ! I ! 1 ! I ! I ! 1 ! 1 N I ! 0<0 ! I ! I T I ' I ' I ' I ' I ! T Y T T
00 01 02 03 04 05 06 0.7 0.8 09 1.0 00 01 02 03 04 05 06 07 0.8 09 1.0
Xsi0,» MoOI% XA|203f(A|203+Ca0)' mol%
i02
{ ——1000°C Si0 -K O 18i0,-Ca0 SiO,Mg0O SiO,-Ca0-MgO (at molar ratio CaO/MgO=1)
354 —1100°% © 5] = v Bockis et al, 1954
| ——1200°C {1 * Kozakevitch etal, 1960 |
gl - 1300°C 2] ® o Urbain et al, 1982
254 —— 1400°C {1 @ © & Danek et al, 1983 /
1 = 1000°C o] ¢ Mikhailikov et al, 1970
. 20+ B ] - 4 @ Vetysheva et al, 1974
I ngog Weak lubricant effect 8 o1 y
o D. | solid line: calculated viscosity i d
= 1 = 1300°C £ |dashed line: in liquid-immiscibility region Z
‘E 104 A 1400°C £ 3| dotted line: below melting temperature ',;:“
=
0-
_5 4
_10 g T N T ¥ T ¥ T . T ; T T T o T o T » '5 ‘l"T‘l"Tlll'[Yll![lll![ll!!'[ll!!'[ll!!-[al:r?‘-l[?:alujc;:
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; mole fraction SiO,
X0, Mol fraction >
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The distribution of structural units

In(n, Pa-s)

T=1700°C
LB BB BN LA NLELELELE BLILELAL BLELELELE BLALEL
04 05 06 07 08 09 10
mole fraction SiO,
o Si0,-Ca0-MgO
8 {—sio, molar ratio CaO/Mg0O=1.0
g 094—Ca0 T=1700°C
@ 1——MgO
© 0.8——Casio,
S j——cagsio,
2 079 wmgsio,
:E 0.6 _: — MQQSiOq
< ]
Sos]
3
2047
5
R ]
T 0.3
© P
o
024
g b
5%
= ]
0.0
00 01 02 03 04 05 06 07 08 09 10
mole fraction SiO,
03.07.2014

] Danek etal, 1983 molar ratio CaO/MgQ

Si0,-Ca0-MgO |

] 1.0
0] 04
=] 20

1 solid line: calculated viscosity

dashed line: in liquid-immiscibility region

] dotted line: below melting temperature

o o =
N @ o ©o

o
o

normalized distribution of associate species
o © © o o
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o
o
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o
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Si0,-Ca0-MgO

Losualosealonanglonaalonualansalonnnlysnslonualonns

g
o

molar ratio CaO/Mg0=0.4
T=1700°C

—Sio,
—Ca0
—MgO
——CaSio,
—Ca,Sio,
—— MgSiO,
——Mg,SiO,

01 02 03 04 05 06 07 08 09 10
mole fraction SiO,

Si0,-CaC-MgO

T FEET FEETE FRETE FEETE AR SRR T PR R S

molar ratio CaO/Mg0=2.0
T=1700°C

—Sio,
—Ca0
—MgO
——CaSio,
—Ca,Sio,
—— MgSiO,
——Mg,SiO,

g
o

1 T 1 T T
01 02 03 04 05 06 07 08 09 10
mole fraction SiO,
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Influence of the T and Pq, < JULICH

T&P,
2
‘ Dual roles

1800

T T T
Sla
1600 9 Slag
1400

1200

Fe-0,

1 atm

| FactSage

T(C)

Redox reactio 1000

800

600

400

log;, p(O,)/atm
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FORSCHUNGSZENTRUM

Influence of the T and Po,

CaO-Fe,0, CaO-Fe,0,
1.0 » 1.0
_5 Partial pressure of oxygen: P,,=0.21 LY ] Partial pressure of oxygen: P,,=10"-3
® 0.9 T=1800°C ® 0.9 T=1800°C
o o
[ [
© 0.8 © 0.8
o o
2 2
0.7 0.7
2" @
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s E—Fe:§3 s E—Fe:§3
c ]—Fe c ]—Fe
0.5 0.5
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3 ] 3 ]
2044 2 0.4
5 5
T 034 T 0.3
o ] o ]
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00 01 02 03 04 05 06 07 08 09 10 00 01 02 03 04 05 06 07 08 09 10
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_5 ] Partial pressure of oxygen: P,=10"-6 LY ] Partial pressure of oxygen: P,,=10"-3
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The modified Urbain model OJUL'CH

FORSCHUNGSZENTRUM

n = ATexp(B/RT),

In(n) =In(A) +1In (T) + B/RT,

In(n) = ap + a1y + a,y* + azx + a4xy + asxy? + agx? + a;x%y
+ agx?y? + agx> + a,oX°y + a;1X°y%,

where: x and y are the normalized mole fractions

mg/(mg + my + m; + mg)and (m, + mf)/(ma +m, + mf),
respectively.

s: SI0,, a: Al,O4, c: CaO, f: FeO

Source: Hurst, H. J.; Novak, F.; Patterson, J. H., Fuel 1999, 78, 1831-1840.
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. . i
Parameters for the modified Urbain model JJUL'CH

Model 1 Urbain model [4] Slag Ash  Model  Normalised composition
Model 2 Svynthetic slag SAC model [3] _
IModel 3 Coal ash slag model for <2.5% FeO $i10,  ALO;  CaO  FeO

Model 4  Synthetic slag SACF model for 5% FeO [5]

Model 5 Coal ash slag SACF model for 2.5-5% FeO ; ; : fﬁ; ;2 ;;? g:;
Model 6 Coal ash slag SACF model for 5-7.5% FeO 3 2 3 571 247 2729 02
Model 7 Synthetic slag SACF model for 10% FeO [5] 4 1 3 711 132 153 0.4
Model 8  Coal ash slag SACF model for 7.5-10% FeO 5 3 3 61.7 9.1 28.7 0.5
6 3 3 559 9.8 33.8 0.5

7 1 3 71.0 133 14.8 0.9

Coeff.  Model 3, < 2.5wt% FeO 8 43 408 201 381 1.0

9 5 3 48.1 253 254 1.2

1450°C 1500°C 10 5 3 51.6 279 19.2 1.3

11 5 3 54.7 28.6 153 1.4

ag —7.402775E + 03 —7.817323E + 03 12 6 3 46.4 18.2 338 1.5

a, 2.133864E + 04 2.241419E + 04 13 7 3 39.3 26.9 32.3 1.6

ar —1.539507E + 04 —1.607130E + 04 14 6 3 49 4 26.9 294 1.7

a 4,133813E + 04 4361551E + 04 15 8 3 492 22.6 26.4 1.8

ay —1.190597E + 06 —1.248887E + 05 16 7 3 43.8 29.7 247 1.8

as 8.582252E + 04 8.941590E + 04 17 7 3 50.3 33.0 14.7 1.9

dg —7.623803E + 04 —8.039671E + 04 18 9 3 40.9 30.7 26.5 1.9

as 2.193927E + 04 2.298908E + 05 19 6 3 53.0 21.0 24.1 1.9

as —1.580125E + 04 —1.643712E + 05 20 10 3 47.5 28.1 22. 2.0

g 4.651861E + 04 4.903991E + 04 21 11 3 57.0 17.0 239 2.1
ao —1.336966E + 04 —1.399871E + 05 22 12 3 65.2 14.0 19.3 1.55

day 9.619190E + 04 9.994213E + 04 23 13 3 60.8 17.9 19.0 2.2

s° 0.44 0.51 24 14 3 55.2 17.7 24.6 2.5

Source: Hurst, H. J.; Novak, F.; Patterson, J. H., Fuel 1999, 78, 1831-1840.
03.07.2014 GTT Annual Users' Meeting 2014 17



Some results

)

Viscosity Pa.s

03.07.2014

30 ! ! T T
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1017
1300 1350 1400 1450 1500

Temperature °C
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Source: Hurst, H. J.; Novak, F.; Patterson, J. H., Fuel 1999, 78, 1831-1840.
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A jOLICH

Associate species employed for FeO/Fe, 054 =

containing systems

Fe,0,
Fe,0s

~-FeAl,0,

Zl

=-CaFe,0,

O T

)
S
o=
e @)

g' MgFe204

<
=
@
O

=-Fe,SiO,
NaFeO,
" Na?_FeOZ

w N

e
Tl
D
O
N

eSi,MgOq

T T

v TINIRNR
(0]
)
@)
w

[
[

FeSi,MgOq
FeSi,CaO,
Fe,Si:Al, O,
FeSiNa,O

%-FeSiNaZO4

- FGZSI5A|4018

Structural units
FeO

FeO, 5
Fey,sAIO,

Ca, sFe0,

Mg, sFeO,
Fe,SiO,
NaFeO,
Na,FeO,
KFeO,
Fey5SiMg, 503
Fe5S1Cay 503
FeSiO,
Fey4SiAlygO36
FeSiNa,O,
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. ' oo
First result o/ JULICH

The source of the experimental data: Hurst et al., Fuel 1999
& 2000

T=1450°C,P,,=10"-9

6,000

5,000 %
& 4000 g=="
© P s
A 3,000 S 4 o Wi% FeO < 2.5
B 2,000 o2 wt% FeO 2.5-5.0
% s i
2 1 000 ;é?f A Wt% FeO 5.0-7.5
et S x wWt% FeO 7.5-10
= 0,000 o

, ke © Wt% FeO 10-15
X
-1,000 =
-2,000

-2,000 0,000 2,000 4,000 6,000
In (Vis.exp., Pa.s)
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. ' oo
First result o/ JULICH

The source of the experimental data: Hurst et al., Fuel 1999
& 2000

T=1500°C,P,=10"-9

6,000
5,000
e

— 4,000
p L
o 3,000 5 ‘%; o Wi% FeO < 2.5
S 2,000 :w:,%g wt% FeO 2.5-5.0
£ 1 000 e s Wi% FeO 5.0-7.5
- x&@. x wt% FeO 7.5-10
—_ . X

0,000 DR o * wt% FeO 10-15

-1,000 -

-2,000

-2,000 0,000 2,000 4,000 6,000
In (Vis.exp., Pa.s)
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First result (known Pg,)

0
8i0,-Ca0-FeO *
| & Ducretet al., 2002 *
14 * F.-Z Jletal 1997
4
2 4
7 **
a %
£ 34 £ o*
£ *
4 -
Po,=10%-9
-5 T T T v
5 4 -3 -2
In(nw,Pa-s)
0
8i0,-Ca0-Mg0O-FeO
| & Ducretet al., 2002
=14
2 4
- A
a A
o AA
2 4
£ 7 A
4 -
Po,=10"-9
-5 T T T v
5 4 -3 -2
In(nw,Pa-s)
03.07.2014
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0
8i0,-MgO-FeO

1 & Maoet al., 2014 (P,,=10"-6)

19 % Ducret et al. 2002 (P, =10"-9)
Y
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-3 4
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" Al
i

-4
-5 T T T T

-5 -4 -3 -2 1 0

In(nw,Pa‘s)

2 .

] Si0,-ALO,-FeO o
] 4 Maoetal, 2013

A
Fy
F
0+ A A 4
Fy
F 3
14 a A
24
Fy
-3 -
Po,=10"-6

-4 T T T T " T T T T

-4 -3 -2 -1 0 1 2

In(nw,Pa‘s)
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First result (unknown Pg,)
The source of the experimental data: SciGlass database

A jOLICH

FORSCHUNGSZENTRUM

23

-1
Ca0-FeQ CaO-Fe,0,
2
&
4 LY
@ A @
£ 3 NNy & t
5 as” 4 5 A
A
£ 3 £, .
-4
-5 T T . 6
: : < . Fixthe Pg, - :
In(n,_.Pas) 2 In(n,.Pas)
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Na,0-Fe,0, Si0,-Al,0,-FeO
04 0+
A
0 s AL A 0 A
& 4 A Ay a e - A a
:'5 AML A A :'5 A
£ . £ w A
‘} 1‘ u‘
24 A a, 24 As
A 4 A
- asd
2
A
-3 T T 3 !
-3 -2 -1 1 -3 2 -1 1
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Estimated P, < JULICH

» Dealing with unclear atmospheres as follows:

. 2+
Fe™ /L Fe ___ Fe** or Fe>'based associate species » Po,

. Fo 3+/Z Fe Fe based associate species (Calculated)

« Reducing atmosphere Py, (10*-12~ 10"-6)

« Oxidizing atmosphere Py, (107-6~ 0.21) —

* Neutral atmosphere Po, (10"-12~ 10"-6)

Treating Py, as a variable
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Modified optimization process <) JULICH

Calculation of Associate
Species Concentration

~

Optimization of Model

Parameters
- b 10
| 8i0,-MgO-K,0-FeO
Acceptable Agreement 91 4 Gerachetal, 1998 "
of Experimental Data 6 A
and Model Predictions ] A
w 1 A
§ s ry
C'E A
£ 5 Y
4 -
34 P02=1 .37E-6
l (optimized)
2 — T T T T T T T T T T T T 7
2 3 4 5 6 7 8 9 10
In(nw,Pa-s)
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Viscosity surface | <) JULICH

. . ALOsCa0

In vis, Pa.s
In vis, Pa.s

© 10y
[/ R
g Bt
- B
£ 6¢

4§

ok . %

Ry ‘ . u]

50 70 Si02

- o5 a4 S , )

AI203 " mole fraction SIOZI(SIOZ+A|203) 4
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Viscosity surface Il <) JULICH

SiOz‘AIzog‘CaO'MgO‘Nazo'Kzo

molar fraction MgO=0.2 .

molar fraction Na,0=0.1
molar fraction K,0=0.1 p
-1
23} K
o
g
a0 2
£ 4y L 13
A2053 [
Tl
|
-9 N
A
et e 0 Si02
3 ot i
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LA el T=1600°C
0 e 7
A203 O
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Viscosity surface Il

Cal.aky0.50
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SiOZ'A|203'CaO'MgO'Nazo'Kzo

molar ratio CaO/MgO=1
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molar fraction K,0=0.1 °
3
11
-1
‘s |,

0 sio2
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#) 0LICH
Conclusions: o/

» The current structurally-based viscosity model is capable of predicting
the viscosity for the fully liquid system SiO,-Al,O;-CaO-MgO-Na,O-
K,0O-FeO-Fe,0; and its subsystems;

» The partial pressure of oxygen is taken into account for the viscosity
modelling of FeO/Fe,O, containing system.

Outlook:

» Further analyzing available experimental data for FeO/Fe,0, containing
systems;

» Further optimizing the model parameters of the FeO/Fe,0, containing
systems;

» Considering the potential polymerization of Fe3*-based quasi-
tetrahedron structure units;

» Extending the current viscosity model from the fully liquid to the mixture
of liquid and solid.
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Thank you very much for your attention!
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