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Outline 

− Background and motivation 

− Challenging viscosity behaviors 

− Viscosity model development 

− Results 

− Application of 3-D viscosity surface 

− Conclusions and outlook 
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Background and motivation 

Source: SEI International 

Source: HotVeGas 

Source: Marc A. Duchesne, Slagging in 
entrained-flow gasifiers, 2012. 
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The challenging viscosity behaviors 

SiO2 

Al2O3 

MgO 
Na2O 

K2O 
Redox reaction 

Dual roles T & PO2 

CaO 

FeO 

Fe2O3 
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The viscosity model 

Comp. 
Temp. 

Associate 
species Viscosity 

Comp. 
Temp. Viscosity 

Classical model: 

The story of current model : 

Comp. 
Temp. 

Associate 
species Structure Viscosity 

• For FeO/Fe2O3 containing systems, partial pressure of oxygen is 
also taken into account in the current model. 
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The current viscosity model I 

Partial pressure of oxygen 
(for FeO/Fe2O3 containing system) 

Compounds 
Associate 
species 

SiO2 Si2O4 
CaO Ca2O2 
CaSiO3 CaSiO3 

Ca2SiO4 2
3
·Ca2SiO4 

MgSiO3 MgSiO3 

Mg2SiO4 2
3
·Mg2SiO4 

SiO2-CaO-MgO 

Comp. 
Temp. 

Associate 
species Viscosity 

CaSiO3 
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Pure oxides 
Sun’s Bond Strength Model 

M in MOx Valence Coordination 
number 

Single-bond strength 
(kcals/mol) 

B 3 3 119 

Si 4 4 106 

Al 3 6 53-67 

Mg 2 6 37 

Ca 2 8 32 

Na 1 6 20 

K 1 9 13 

Network Dimensionality: 

3D: SiO2 2D: B2O3 
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The results of the current viscosity model I 

ln η=(∑Xi ∙ ln ηi)  

where: ln ηi = Ai + Bi T⁄  
            i: associate species 

SiO2-Al2O3 

SiO2-Al2O3-CaO 
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The idea of current viscosity model II 
Comp. 
Temp. 

Associate 
species Structure Viscosity 

Partial pressure of oxygen 
(for FeO/Fe2O3 containing system) 

Compounds 
Associate 
species 

Structural 
units 

SiO2 Si2O4 SiO2 
CaO Ca2O2 CaO 
CaSiO3 CaSiO3 CaSiO3 

Ca2SiO4 2
3
·Ca2SiO4 Ca2SiO4 

MgSiO3 MgSiO3 MgSiO3 

Mg2SiO4 2
3
·Mg2SiO4 Mg2SiO4 

Compounds 
Associate 
species 

Structural 
units 

CaO Ca2O2 CaO 
FeO Fe2O2 FeO 
Fe2O3 Fe2O3 FeO1.5 

CaFe2O4 
2
3
·CaFe2O4 Ca0.5FeO2 

SiO2-CaO-MgO CaO-Fe2O3 

basic structural units 
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S1+S1=S2 
S1+S2=S3 
… … 
S1+Sk-1=Sk 

self-pol. of SiO2 

Larger structural units 

A1N1S1 + S1 = A1N1S2 
A1N1S1 + S2 = A1N1S3 

   … … 
  A1N1S1 + Sk−1 = A1N1Sk 
 
 

inter-pol. 

S: SiO2, A: Al2O3, N: Na2O 

A1N1S1 + A1N1S1 = A2N2S2 
A2N2S2 + A1N1S1 = A3N3S3 
… … 
Ak−1Nk−1Sk−1 + A1N1S1 = AkNkSk 
 
 
self-pol. of silicon-aluminum 
based ternary associate species  
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Arrhenius model (modified) 
 
 

 
 

 

 

 

 

The current viscosity model II 

ln η = ln ηideal + ln ηexcess 
 = (∑Xi ∙ ln ηi) + (ln ηself−pol. + ln ηinter−pol.) 

 
    where: ln ηi = Ai + Bi T⁄  

          ln ηself−pol. = ∑ Aj,SiO2

∗ + Bj,SiO2

∗ T⁄ ∙ (XSiO2

nj ) 

                               +∑ Ak
∗ + Bk∗ T⁄ ∙ (Xk

nk)  

          ln ηinter−pol. = ∑(Am
∗ + Bm∗ T⁄ ) ∙ (Xm ∙ XSiO2

nm )  

Comp. 
Temp. 

Associate 
species Structure Viscosity 

Partial pressure of oxygen 
(for FeO/Fe2O3 containing system) 

basic structural units 



         

Weak lubricant  effect 
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The results of the current viscosity model II  
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The distribution of structural units  
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Influence of the T and PO2 

SiO2 

Al2O3 

MgO 
Na2O 

K2O 

Redox reaction 

Dual roles 
T & PO2 

CaO 

FeO 

Fe2O3 
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Influence of the T and PO2
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The modified Urbain model 
η = ATexp(B RT)⁄ , 

ln(η) = ln A + ln T + B RT⁄ , 

ln η = a0 + a1y + a2y2 + a3x + a4xy + a5xy2 + a6x2 + a7x2y

+ a8x2y2 + a9x3 + a10x3y + a11x3y2, 
 
where: x and y are the normalized mole fractions          
𝑚𝑚𝑠𝑠 (𝑚𝑚𝑠𝑠 + 𝑚𝑚𝑎𝑎 + 𝑚𝑚𝑐𝑐 + 𝑚𝑚𝑓𝑓)⁄  and (𝑚𝑚𝑐𝑐 + 𝑚𝑚𝑓𝑓) 𝑚𝑚𝑎𝑎 + 𝑚𝑚𝑐𝑐 + 𝑚𝑚𝑓𝑓 ,⁄     
respectively. 
 
s: SiO2, a: Al2O3, c: CaO, f: FeO 

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

Source: Hurst, H. J.; Novak, F.; Patterson, J. H., Fuel 1999, 78, 1831-1840.  
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Some results 

Source: Hurst, H. J.; Novak, F.; Patterson, J. H., Fuel 1999, 78, 1831-1840.  

wt% FeO = 1.2 

wt% FeO = 3.8 
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Associate species employed for FeO/Fe2O3 
containing systems 

Compounds Associate species Structural units 
FeO Fe2O2 FeO 

Fe2O3 Fe2O3 FeO1.5 

FeAl2O4 
2
3
·FeAl2O4 Fe0.5AlO2 

CaFe2O4 
2
3
·CaFe2O4 Ca0.5FeO2 

MgFe2O4 
2
3
·MgFe2O4 Mg0.5FeO2 

Fe2SiO4 
2
3
·Fe2SiO4 Fe2SiO4 

NaFeO2 NaFeO2 NaFeO2 

Na2FeO2 
2
3
·Na2FeO2 Na2FeO2 

KFeO2 KFeO2 KFeO2 

FeSi2MgO6 
1
2
·FeSi2MgO6 Fe0.5SiMg0.5O3 

FeSi2CaO6 
1
2
·FeSi2CaO6 Fe0.5SiCa0.5O3 

FeSiO3 FeSiO3 FeSiO3 

Fe2Si5Al4O18 
2
11

·Fe2Si5Al4O18 Fe0.4SiAl0.8O3.6 

FeSiNa2O4 
1
2
·FeSiNa2O4 FeSiNa2O4 
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First result 
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wt% FeO < 2.5
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wt% FeO 5.0-7.5
wt% FeO 7.5-10
wt% FeO 10-15

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

T=1450oC,PO2=10^-9 
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First result 
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) 

ln (Vis.exp., Pa.s) 

wt% FeO < 2.5
wt% FeO 2.5-5.0
wt% FeO 5.0-7.5
wt% FeO 7.5-10
wt% FeO 10-15

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

T=1500oC,PO2=10^-9 
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First result (known PO2) 
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First result (unknown PO2) 
The source of the experimental data: SciGlass database 

Fix the PO2 
(assumed)  
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Estimated PO2
 

 Dealing with unclear atmospheres as follows: 

• 𝐹𝐹𝐹𝐹 2+ ∑𝐹𝐹𝐹𝐹⁄   

• 𝐹𝐹𝐹𝐹 3+ ∑𝐹𝐹𝐹𝐹⁄   

• Reducing atmosphere  

• Oxidizing atmosphere                         

• Neutral atmosphere 

PO2 (10^-6~ 0.21) 

PO2 (10^-12~ 10^-6) 

PO2 (10^-12~ 10^-6) 

PO2 
(Calculated) 

𝑭𝑭𝑭𝑭 𝟐𝟐+ 𝒐𝒐𝒐𝒐 𝑭𝑭𝑭𝑭 𝟑𝟑+𝒃𝒃𝒃𝒃𝒃𝒃𝑭𝑭𝒃𝒃 𝒃𝒃𝒃𝒃𝒃𝒃𝒐𝒐𝒂𝒂𝒂𝒂𝒃𝒃𝒂𝒂𝑭𝑭 𝒃𝒃𝒔𝒔𝑭𝑭𝒂𝒂𝒂𝒂𝑭𝑭𝒃𝒃
𝑭𝑭𝑭𝑭 𝒃𝒃𝒃𝒃𝒃𝒃𝑭𝑭𝒃𝒃 𝒃𝒃𝒃𝒃𝒃𝒃𝒐𝒐𝒂𝒂𝒂𝒂𝒃𝒃𝒂𝒂𝑭𝑭 𝒃𝒃𝒔𝒔𝑭𝑭𝒂𝒂𝒂𝒂𝑭𝑭𝒃𝒃

 

Treating PO2 as a variable  
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Modified optimization process 

Acceptable Agreement 
of Experimental Data 

and Model Predictions 

Calculation of Associate 
Species Concentration 

Optimization of Model 
Parameters 
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Viscosity surface I 
ln

 v
is

, P
a.

s 

SiO2-Al2O3 

ln
 v

is
, P

a.
s 

Al2O3-CaO 

SiO2-Al2O3-CaO 
T=1600oC 
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Viscosity surface II 

SiO2-Al2O3-CaO-MgO-Na2O-K2O 
molar fraction MgO=0.2 
molar fraction Na2O=0.1 
molar fraction K2O=0.1 

T=1600oC 

ln
 (V

is
, P

a.
s)
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Viscosity surface III 

SiO2-Al2O3-CaO-MgO-Na2O-K2O 
molar ratio CaO/MgO=1 
molar fraction Na2O=0.1 
molar fraction K2O=0.1 

T=1600oC 

ln
 (V

is
, P

a.
s)
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Conclusions: 
 The current structurally-based viscosity model is capable of predicting 

the viscosity for the fully liquid system SiO2-Al2O3-CaO-MgO-Na2O-
K2O-FeO-Fe2O3 and its subsystems; 

 The partial pressure of oxygen is taken into account for the viscosity 
modelling of FeO/Fe2O3 containing system. 

Outlook: 
 Further analyzing available experimental data for FeO/Fe2O3 containing 

systems; 
 Further optimizing the model parameters of the FeO/Fe2O3 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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