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Abstract 

The paper deals with the transient modelling of the 
heat flux into the cooling screen of the SFGT-
Gasifier. Therefore the modelling assumptions and 
the implementation in Modelica/Dymola were de-
scribed. 
Keywords: SFGT-Gasifier, heat transfer, slag layer 
modelling, cooling screen 

1 Introduction 

The SFGT-Gasifier is an entrained flow gasifier. 
Coal consisting of fixed carbon, volatiles, ash and 
water is converted at high pressure (about 40 bars) 
and high temperature (1400-1700 °C) conditions and 
by addition of oxygen into a synthesis gas (syngas) 
composed primarily of carbon monoxide (CO) and 
hydrogen (H2).  

An advantage of the SFGT-Gasifier is the utili-
zation of a cooling screen instead of refractory lining 
allowing a fast start-up-process. The cooling screen 
is composed of a castables layer and a helical tube 
with water as cooling medium (Figure 1).  

An entrained flow gasifier is operated at high 
temperatures well above the ash melting temperature 
(T > 1300 °C). The molten ash (called slag) accumu-
lates on the internal walls of the reaction chamber 
due to drag forces. And hence, a liquid slag layer is 
formed. Between molten slag and cold castables a 

layer of solidified slag appears. The thickness of the 
slag layer depends on the process conditions.  
 

Figure 1: Schematic illustration of the reaction cham-
ber of the SFGT-Gasifier and slag deposit 

 
Hence any dynamical change of heat flux indi-

cates variation in gasifier performance and can be 
used for better operational control. For this reason it 
is of great interest to simulate the slag layer forma-
tion since the slag layer is the limiting factor for the 
heat flux, due to the small thermal conductivity of 
the slag.  
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2 Gasification fundamentals 

2.1 Gasification in general 

The gasification process is of great importance for 
the power and basic chemical industry as it coverts 
any carbon-containing material into a syngas com-
posed primarily of carbon monoxide and hydrogen. 
This syngas can be used as a fuel in a combined cy-
cle to generate electricity (Integrated Gasification 
Combined Cycle). But it can also be used as a feed-
stock for a large number of syntheses in the chemical 
industry, gaining products like methanol, methane, 
ammonia or hydrocarbons (Fischer Tropsch Synthe-
sis). 

 
Gasification means the thermo-chemical conver-

sion of fuels with one or more reactants to a combus-
tible gas, which is desirably rich of components CO, 
H2 and methane (CH4). The most proceeded reac-
tions are the partial oxidations, which take place with 
oxygen in free (molecular) or bounded form (steam 
(H2O), carbon monoxide (CO2)). These partial oxida-
tions are interfered in dependence on the process and 
the process parameters with pyrolysis or devolatiliza-
tion and hydrogenation processes [1]. 

The gasification process can be classified into dif-
ferent types according to the heat supply (autother-
mic, allothermic or hydrogenating gasification), the 
gas-solid-contacting (fixed/moving bed, fluidized 
bed or entrained flow gasification) or concerning the 
process temperature (above or below the ash melting 
point). 

In the gasification process a large number of reac-
tions take place. Principle chemical reactions are 
those involving carbon (C), carbon monoxide, car-
bon dioxide, hydrogen, water (or steam) and meth-
ane [2]: 

 
Combustion reactions: 

C + 0.5 O   CO -111 MJ/kmol
CO + 0.5 O   CO -283 MJ/kmol
H  + 0.5 O   H O -242 MJ/kmol

→
→
→

2

2 2

2 2 2

, 

 
Boudouard reaction: 

C + CO   2 CO +172 MJ/kmol↔2 , 
 

Water gas reaction: 
C + H O  CO + H +131 MJ/kmol↔2 2 , 
 

Hydrogenation reaction: 
C + 2 H   CH -75 MJ/kmol↔2 4 , 
 

CO Shift reaction: 
CO + H O  CO  + H -41 MJ/kmol↔2 2 2 , 
 

Steam reforming reaction 
CH  + H O  CO + 3 H +206 MJ/kmol↔4 2 2 . 
 
Most fuels contain additional components beside 

carbon, hydrogen and oxygen, e.g. sulfur, nitrogen or 
minerals. Sulphur in the fuel is converted into H2S 
and COS and the nitrogen into molecular nitrogen, 
NH3 or HCN. 

2.2 SFGT-Gasifier 

The SFGT-Gasifier is a top fired, dry feed, auto-
thermic, oxygen blown, entrained flow gasifier with 
temperatures in the gasification section well above 
the ash melting point. The slag and the hot gasifica-
tion gas leave the gasification section together. After 
gasification section the hot gas is cooled down in the 
quench by injection of cold water. 

Figure 2 shows the schematic design of the 
SFGT-Gasifier. 

Figure 2: Schematic design of the SFGT-Gasifier 

3 Theoretical background 

3.1 Equilibrium calculation for the gasification 
process 

For an entrained flow gasifier it can be assumed that 
the raw gas leaving the reaction chamber is in 
chemical equilibrium due to high temperatures.  

There are two general alternatives to calculate a 
chemical equilibrium: equilibrium due to reaction 
equilibria or equilibrium due to minimization of the 
Gibbs free energy.  
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Here the minimization of the Gibbs free energy 
was adopted: 

{ }( ) min!, ,
SN

j j j
j

G n n T p constμ
=

= ⋅ = =∑
1

 (1) 

where G is the Gibbs free energy, jμ  is the 
chemical potential of chemical substance j, nj is the 
mol quantity of chemical substance j and NS is the 
number of chemical substances. 

Under the side conditions: 

, ,...,
SN

ij j i E
j

a n b i N
=

⋅ = =∑
1

1  (2) 

where bi is the quantity of chemical element i, 
{aij} is the elemental matrix and NE is the number of 
chemical elements. 

For the modelling of the heat flux through the 
cooling screen of the SFGT-Gasifier only the typical 
chemical gasification substances CO, CO2, CH4, H2, 
H2O, H2S, N2, O2 and fixed carbon have to be con-
sidered for the calculation of the chemical equilib-
rium. 

The constrained optimization problem can be 
solved through conversion in an unconstrained 
minimization problem by adoption of Lagrange mul-
tipliers { }λi  [3]:    

{ } { }( )
1 1 1

min!

S SEN NN

j k j j i i ij j
j i j

L n , n b a nλ μ λ
= = =

⎛ ⎞
= ⋅ + − ⋅⎜ ⎟

⎝ ⎠
=

∑ ∑ ∑    (3) 

This can be transferred in a set of ( )S EN N+  
nonlinear equations: 

1

0 1

0 1

E

S

N

j ij i S
i ij

N

i ij j E
ji

L a j ,...,N
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L b a n i ,...,N

μ λ

λ

=

=

∂
= = + ⋅ =

∂

∂
= = − ⋅ =

∂

∑

∑
         (4) 

Nonlinear equation system (4) can be solved e.g. 
by application of the Newton algorithm. 

The above introduced equations are only valid 
for constant temperature and pressure. But the equi-
librium temperature of the gasification gas is un-
known. Therefore the output temperature of the gasi-
fication gas is iteratively calculated by solving the 
energy balance equation: 

in ,k u ,k k ,in out , j u , j j ,out
k j

m ash,in

H H m H H m

h m

+ ⋅ = + ⋅

+Δ ⋅

∑ ∑
     (5) 

where k belongs to coal, gasification agent and addi-
tional input gases; j belongs to gasification gas, 
ash/slag and remaining fixed carbon. Furthermore Hu 
represents the lower heating value, inH  the entering 
enthalpy flow, and outH  the outgoing enthalpy flow. 

mhΔ  is the melting enthalpy of the coal ash and 

,ash inm  the incoming coal ash mass flow rate. 

3.2 Heat transfer 

The heat transfer from the hot, particle loaded gasifi-
cation gas to the slag layer is due to radiation and 
convection, whereupon the convective heat transfer 
can be neglected [4].  

For calculation of radiative heat transfer the cou-
pled gas and particle radiation has to be considered. 
Thereby CO, CO2, CH4 and H2O are radiation ab-
sorbing gas components. Due to the fact that there is 
only less material about the calculation of the emis-
sion coefficients for CO under high pressure, CO is 
handled as CO2 in the equations as Fleischer has 
done [5].  

For the hot gasification process the radiation due 
to increased particle loading has to be regarded. 
Then the heat flux radQ  owing to the coupled gas-
particle radiation can be defined as [6]: 

( )rad G P G G P G S

S

G P S G P S

Q A T T+ + →

+ +

= ⋅σ ⋅β ⋅ ε ⋅ − α ⋅

ε
β =

α + ε − α ⋅ε

4 4

,                (6) 

where A is the heat transfer area, σ  is the Boltz-
mann constant, TG is the gas temperature, G ST →  is the 
surface temperature of the liquid slag layer, Sε  is the 
emission coefficient of the slag,  and G P G P+ +ε α  are 
the emission and the absorption coefficient of the 
particle loaded gas, respectively. Modeling equations 
and parametric tables for  and G P G P+ +ε α  can be 
found in VDI Wärmeatlas [6]. 

For the emission coefficient of slag the fixed 
value of 0.83Sε =  is assumed [7]. 

3.3 Helical tube 

For calculation the heat flow due to water side con-
vection the fluid flow conditions have to be known. 
With the Nusselt number Nu the heat transfer coeffi-
cient α  can be calculated: 

0Nu dα
λ

= ⋅                                                              (7) 

where d0 is the internal diameter of the pipe and 
λ  is the thermal conductivity of the fluid. 

Literature provides different equations for calcu-
lation of Nusselt numbers in helical tubes. An over-
view about some of them can be found in Kumar et 
al [8].  

The following explanations refer to VDI Wär-
meatlas [6]. 
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Figure 3: Helical tube 
 

Figure 3 shows schematically a helical tube.  The 
critical Reynolds number Recrit  to define the flow 
condition is defined as: 

0.45
0Re 2300 1 8.6crit

d
D

⎡ ⎤⎛ ⎞= ⋅ + ⋅⎢ ⎥⎜ ⎟
⎝ ⎠⎢ ⎥⎣ ⎦

                            (8) 

D is the middle curve diameter of the helical 
tube. 

For laminar flow conditions ( )Re Recrit≤  the 
Nusselt number is calculated as: 

0.14

0.9
1/30

0.194
0

PrNu
Pr

where:

3.66 0.08 1 0.8 Re Pr

0.5 0.2903

l
W

md
D

dm
D

β

β

⎛ ⎞
= ⋅ ⎜ ⎟

⎝ ⎠

⎛ ⎞⎡ ⎤⎛ ⎞⎜ ⎟= + ⋅ + ⋅ ⋅ ⋅⎢ ⎥⎜ ⎟⎜ ⎟⎝ ⎠⎢ ⎥⎣ ⎦⎝ ⎠

⎛ ⎞= + ⋅⎜ ⎟
⎝ ⎠

    (9) 

For turbulent flow conditions ( )4Re 2.2 10≥ ⋅  the 

Nusselt Number is defined as: 

( )
0.14

2/3

0.5

0.25

0.125 Re Pr PrNu
Pr1 12.7 0.125 Pr 1

0.3164 0.03
Re

t
W

d
D

ξ
ξ

ξ

⎛ ⎞⋅ ⋅ ⋅
= ⋅ ⎜ ⎟

+ ⋅ ⋅ ⋅ − ⎝ ⎠

⎛ ⎞= + ⋅ ⎜ ⎟
⎝ ⎠

  (10) 

And for the transition zone ( )4Re Re 2.2 10crit < < ⋅ :  

( ) ( ) ( )4

4

4

Nu Nu Re 1 Nu Re 2.2 10

2.2 10 Re
2.2 10 Re

l crit t

crit

η η

η

= ⋅ + − = ⋅

⋅ −
=

⋅ −

(11) 

3.4 Slag properties 

Coal slag is a multi-phase system. The main compo-
nents are SiO2, CaO, MgO, Fe2O3 and Al2O3.  

To implement a slag building model the physical 
properties of the slag such as thermal conductivity or 
viscosity must be known. Most of the physical prop-
erties are dependent on temperature and composition 
of the coal ash.  

3.4.1 Slag Viscosity 
There are a lot of empirical viscosity models obtain-
able from literature. A summary of these models can 
be found in Vargas et al [9]. At this point only the 
Kalmanovitch-Frank Model shall be shortly intro-
duced, because this model reflects the viscosity of 
coal slags with sufficient accuracy [9][10]. 
The Kalmanovitch-Frank Model is based on the 
Weymann-Correlation: 
log log loga T b / Tη = + +                                    (12) 

For calculation of the parameters a and b slag 
components were classified into glass builder (xg), 
glass modifier (xm) and amphoterics (xa): 

( )

2 2 5

2 2

2 2 2

2 3 2 3 2 3

SiO P O

FeO CaO MgO Na O K O

MnO NiO TiO ZrO CaF

Al O Fe O B O

+

+ + + +

         + + +2 + +3

+ +

g

m

a

x

x

x

= ζ ζ

= ζ ζ ζ ζ ζ

ζ ζ ζ ζ ζ

= ζ ζ ζ

   

where iζ  is the mass fraction of component i.          

With these mass fractions the parameters a and b 
can be computed as: 

( )2 2 2

3 2 3
0 1 SiO 2 3SiO SiO

10b b b b b= ⋅ + ⋅ζ + ⋅ζ + ⋅ζ  

( )3exp 0,2812 10 14,1305a b−= − ⋅ ⋅ −  

With: 
2

0
2

1
2

2
2

3

13.8 39.9355 44.049

30.481 117.1505 129.9978

40.9429 234.0486 300.04

60.7619 153.9276 211.1616

b

b

b

b

= + ⋅α − ⋅α

= − ⋅α + ⋅α

= − + ⋅α − ⋅α

= − ⋅α + ⋅α

 

m

m a

x
x x

α =
+

 

3.4.2 Thermal conductivity 
The thermal conductivity of slag is one of the physi-
cal properties with the largest influence on the heat 
flow rate through the slag layer [11]. Literature 
shows only some mathematical models available for 
the calculation of the thermal conductivity. 

Here the following mathematical model which 
was also used by Seggiani [12] was implemented: 
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7 2

3

with:
4.5 10  m /s
1100 J/(m K)

2500 kg/m

S p

p

c

c

−

λ = α ⋅ ⋅ρ

α = ⋅
=

ρ =

                           (13) 

4 Implementation of the Model in 
Modelica/Dymola 

4.1 Model development 

As base for the modelling of heat flux through the 
cooling-screen of the SFGT-Gasifier the Modelica 
Fluid 1.0 Library connectors were used. The compo-
nents for modelling a gasifier do not exist in a Mode-
lica library. This extension was developed. 

 

Figure 4: Implementation of the SFGT-Gasifier model 
in Modelica/Dymola 

 
The gasification section including the cooling 

screen was modelled by division into several zones 
(Figure 4). In the first zone the thermo-chemical 
equilibrium is calculated by minimization of Gibbs 
free energy. Therefore, a Dynamic Link Library 
(DLL) was implemented in C and was inserted into 
the Modelica model as an external function. 

In the following zones slag layer thickness and 
heat transfer from the hot raw gas to the cooling wa-
ter (heat flux zones) are calculated. The number of 
heat flux zones depends on the size of the gasifier. 

Furthermore, two system components have to be 
included in the simulation model. The system com-
ponent “slag” comprises the composition of slag and 
coal in order to calculate the slag properties. The 

“slag” component provides also the opportunity to 
include experimentally determined correlations for 
slag properties.  

In the component “reactor” the dimensions of the 
gasifier like diameters of pipes and the properties of 
wall materials are configured. 
 

Each heat flux zone is built up of 3 sections 
(Figure 5): the gas compartment, the solid materials 
(liquid and solid slag layer, castables layer and heli-
cal tube material) and the cooling water. Between 
these sections occur heat and mass transfer as shown 
in Figure 6. For each section the energy and mass 
conservation equations are solved, the momentum 
conservation equations are neglected. 

 

 
Figure 5: Implementation of one heat flux zone in Mo-
delica/Dymola 

 
It has to be noted that the composition of the gas 

leaving the last heat flux zone does not belong ex-
actly to the equilibrium composition at the outlet 
temperature. But the differences in the equilibrium 
composition for the equilibrium state with and with-
out heat loss, respectively, are only small due to the 
high temperatures. 

4.2 Gas compartment 

The gas compartment is assumed as a continuously 
stirred-tank reactor. The following mass balances are 
regarded: 

,
, , , ,

d
d

G i
G in i G out i

m
m m

t
= +                                          (14) 

,
, , , , , ,

d
d

S i
S in i S out i S wall i

m
m m m

t
= + + = 0                     (15) 
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Figure 6: Heat and mass flow for one heat flux zone
where mG,i is the mass of gasification gas, mS,i  is 

the mass of slag, , , , , and G in i G out im m  are the incoming 
and leaving gas mass flow rate and , , , , and S in i S out im m  
are the incoming and leaving slag mass flow rate. 

Equation (15) means no slag storage in the gas 
compartment. The fraction of incoming slag mass 
flow rate accumulating at liquid slag layer , ,S wall im  
can be specified by the user. 

For the energy balance of the gas compartment in 
addition to the in- and out-flowing streams the gas 
radiation heat flow ,G S iQ →  has to be considered:  

,
, , , , , ,

, , , , ,

d
d

G i
S in i S out i S wall i

G in i G out i G S i

U
H H H

t

H H Q →

= + +

+ + +

                        (16) 

For the calculation of specific enthalpy for the 
slag mass flow rate accumulating at liquid slag layer 
the gas temperature is assumed. 

4.3 Solid materials 

4.3.1 Slag Layer 
For the implementation of the slag layer modelling, 
assumptions of the slag building model by Reid and 
Cohen [12] were used: 
(1) The transition temperature between the solid 

and the liquid slag layer is the temperature of 
critical viscosity. 

(2) The flow of liquid slag is of Newtonian type 
and the flow at temperatures below TCV is neg-
ligible. 

(3) The shear stress between gas and slag layer is 
negligible. 

(4) The temperature profile across the slag layer is 
linear. 

(5) The heat transfer occurs perpendicularly to the 
surface. 

(6) The model is written in linear coordinates, 
owning to a large difference between slag de-
posit thickness and gasifier radius. 

(7) The density, specific heat and thermal conduc-
tivity of slag are independent on temperature. 

 
Mass balance for the slag: 

,
, , , , , ,

d
d

S i
S in i S out i S wall i

m
m m m

t
= + +                             (17) 

where mS,i is the slag mass, , ,S in im  is the incoming 
slag mass flow rate, , ,S out im  is the discharging slag 
mass flow rate and , ,S wall im  is the mass flow rate im-
pacting on the liquid slag layer. 

The discharging mass flow rate is calculated due 
to the assumption that the slag can be considered as a 
Newtonian fluid. Then the weight Fw equals the fric-
tion force Ff in steady state: 
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( )

Hence:
d d
dx d

f w

y y
f

w l

F F

u u
F A b h

x
F m g x b h g

=

= η⋅ ⋅ = ⋅ ⋅η⋅

= ⋅ = δ − ⋅ ⋅ ⋅ρ ⋅

                            (18) 

where η  is the viscosity, A is the area, b is the 
length of the slag layer, h is the height of the slag 
layer, uy is the velocity in vertical direction, lδ  is the 
thickness of the liquid slag layer, m the mass of the 
slag, ρ  the density of the slag and x the horizontal 
position. 

Hence, the change in velocity at each horizontal 
location x can be defined as: 

( )
( )( )

d
d

y lu x g
x T x

δ − ⋅ρ ⋅
=

η
. 

By integration of this equation under the bound-
ary condition that the velocity at the boundary layer 
between liquid and solid slag layer equals zero the 
equation for velocity results to: 

( )
( )( )

2

, 2
S

y l i
g xu x x

T x
⎛ ⎞ρ ⋅

= ⋅ δ ⋅ −⎜ ⎟η ⎝ ⎠
.                         (19) 

So the discharging slag mass flow rate can be 
calculated as: 

( )
,

, ,
0

d
l i

S out i S i y
x

m b u x x
δ

=

= ρ ⋅ ⋅ ∫ .                                 (20) 

The thickness of the liquid slag layer is esti-
mated under the assumption of linear temperature 
distribution as: 

,
,

, ,

0.5 G S i crit
l i i

G S i S i

T T
T T

→

→

−
δ = ⋅ ⋅ δ

−
.                                    (21) 

Where ,G S iT →  is the surface temperature of the 
liquid slag layer, TS,i  is the middle slag layer tem-
perature, Tcrit is the temperature of critical viscosity 
and iδ  is the thickness of the slag layer. 

 
Energy conservation equation for the slag 

,
, , , , , ,

d
d

S i
S in i S out i S wall i G S S C

U
H H H Q Q

t → →= + + + +  

where for the temperature of discharging slag 
, ,S out iT  the middle temperature of the liquid slag layer 

is assumed. The heat flux from the slag layer to the 
castables layer is defined as: 

, ,

,

,
0.5 0.51with:

S i C i
S C

i

i C
i

i S C

T T
Q

R

R
A

→
λ

λ

−
=

⎛ ⎞⋅ δ ⋅ δ
= ⋅ +⎜ ⎟λ λ⎝ ⎠

,                  (22) 

where TC,i is the middle temperatures of the cast-
ables layer, Cδ  is the thickness of the castables layer 
and Cλ  is the thermal conductivity of the castables 
layer. 

4.3.2 Castables layer and helical tube mate-
rial 

For the castables layer and the helical tube material 
only the energy conservation equations have to be 
considered: 
d
d

d
d

C
S C C HT

HT
C HT HT W

E Q Q
t

E Q Q
t

→ →

→ →

= +

= +
.                                      (23) 

The heat flux from the castables layer to the 
helical tube material is defined as (linear temperature 
distribution): 

, ,

,

,
0.50.51with:

C i HT i
C HT

i

CHT
i

i HT C

T T
Q

R

R
A

→
λ

λ

−
=

⎛ ⎞⋅ δ⋅ δ
= ⋅ +⎜ ⎟λ λ⎝ ⎠

,               (24) 

where THT,i are the middle temperatures of heli-
cal tube material, HTδ  is the thickness of helical tube 
material and HTλ  is the thermal conductivity of heli-
cal tube. 

4.4 Cooling water 

The cooling water in the helical tube in each heat 
transfer zone is implemented as a water volume with 
a heat port. The characteristic flow numbers are cal-
culated due to the actual flow conditions. Then the 
heat transfer coefficient iα  for the convective heat 
transfer rate is calculated in a separate function. The 
following heat and mass balance equations were im-
plemented for each water volume: 

,
, , , ,

,
, , , ,

d
d

d
d

W i
W in i W out i

W i
W in i W out i HT W

m
m m

t
U

H H Q
t →

= +

= + +
                        (25) 

where the heat flow rate from the helical tube to 
the cooling water is calculated as: 

( )HT W i i HT W WQ A T T→ →= α ⋅ ⋅ −                              (26) 
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where HT WT →  is the surface temperature of the 
helical tube material and TW is the temperature of the 
cooling water. 

5 Simulation results 

The Modelica/Dymola model could be steady state 
and transient validated with data of the Siemens test 
facility located in Freiberg.  

Therefore, the input streams (e.g. coal mass flow 
rate, temperatures, gasification agent mass flow 
rate…) of the test facility were loaded to the model 
as a Modelica TimeTable. 

 
As shown in Figure 7 the model provides good 

correlation with the test data for different evaluation 
points and various kinds of coal. By means of Figure 
7 it can also be shown that the Kalmanovitch-Frank 
Model for calculation of the slag viscosity provides 
sufficient agreement for calculation of heat flux 
compared to experimentally determined viscosity. 

Steady state comparison of the 
return temperature of the cooling screen
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Figure 7: Steady state validation of the model with test 
data of the Siemens test facility located in Freiberg (In 
the figure GC means Gas Coal, L belongs to Lignite 
and HBC to Hard Brown Coal.) 

 
Figure 8 shows the developing of the return tem-

perature of the cooling screen cycle water for a break 
down of the coal mass flow at time 197 min.  

For the regular operation the difference between 
the simulated and the measured temperature are 
mostly less than 2 K. As the coal mass flow breaks 
down and the gasifier operates only with gaseous 
fuel the difference increases up to 5 K. The cause of 
this is the calculation of the absorption coefficients 
for the gas components due to the fact that for the 
above case the slag layer surface temperature is 
above the area of validity for these equations. So the 
value for the absorption coefficient is oversized 
compared to the emission coefficient. Hence, the 
heat flow rate from the gas to the slag layer is under-
estimated. 

6 Conclusions 

In the article the modelling of the heat flux through 
the slag coated cooling screen of the SFGT-Gasifier 
was shown. It could be demonstrated that the devel-
oped model reflects the test facility data both steady 
state and transient with sufficient precision. 

The next step will be the scale up of the model to 
the industrial plant. 
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Figure 8: Comparison between simulation and test data for the return temperature of the 
cooling screen due to the break down of the coal mass flow 
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