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Abstract 

High temperature entrained flow gasification is a widely-used technology for the production of chemicals and 

fertilizers, and has been shown to generate electricity with reduced CO2 emissions compared with traditional 

technologies using Integrated Gasification Combined Cycle (IGCC). The understanding of the behavior of slag flow 

along the inner wall of entrained-flow gasifier is the most critical decision-making factor for successful operation. The 

behaviour of slag flow inside the gasifier can be predicted numerically by solving momentum, mass and energy 

balance equations simultaneously with temperature-dependent slag viscosity information. However, as gasifier models 

are usually solved using complex numerical methods, it is often impractical and time consuming to solve another set 

of numerical equations within a numerical model. Therefore, several analytical models for slag flow have been 

previously proposed. 
In this study, previously-developed slag flow models were reviewed and combined in order to apply advantages 

from those models as well as to reduce the impact of their limitations. Simulations were conducted applying the 

geometry of a 5MWth pilot-scale gasifier under realistic operating conditions and also using temperature dependent 

thermophysical and transport properties for gases and slags from two Australian coals. The model can estimate both 

solid and liquid slag layer thickness along the wall of the gasifier and is able to calculate the radial profile of 

temperatures and velocities of liquid slag. More importantly, it can predict the surface temperatures of liquid slag 

which is essential information required for gasifier model to calculate the heat losses from gases and solids to reactor 

walls. The simulation results showed that this analytical model can predict the slag behaviour closely to those predicted 

by a numerical method under several operating conditions regardless of whether the local gas temperature is greater 

or smaller than the critical viscosity temperature (Tcv) of slags. 
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1. Introduction 

 High temperature entrained-flow gasification is 

regarded as a less carbon-intensive electricity 

generation option for near future. Currently, it has being 

successfully and commonly used to produce chemicals 

and fertilizers from coals. Understanding of slag 

behaviour under high temperature gasification 

condition is critical for successful and sustainable for 

continuous operation. During the high temperature 

gasification process, mineral matter in coal turn to slag 

and most of them deposits on the gasifier wall. Due to 

relatively lower temperature of gasifier wall, the slags 

initially solidify and the newer deposits maintain their 

liquid state. Sufficient amount of solid deposits essential 

as they act like thermal barrier in order to protect the 

gasifier wall from heat losses and refractory corrosion. 
However, if the slag layer becoming too thick, it would 

become an obstruction for slag tapping and lead to 

gasifier shut down. To achieve steady slags flow down 

mostly driven by gravity and discharge continuously 

from tap hole at the bottom of the gasifier, it is generally 

considered that viscosity should be within the range of 

5 to 25 Pa.s at operating temperatures of 1200-1500°C 
[1].  
 As understanding of behaviour of slag flow is 

critically important, several researchers have modelled 

(both analytically and numerically) to analyze on the 

characteristic of the slag flow inside the entrained flow 

gasifiers [2–12]. While numerical models can estimated 

the slag flow behaviour more precisely, they are time-
consuming and complicated to integrate with 

comprehensive gasifier models which are to be solved 

by complex numerical methods. By assuming or 

simplifying the temperature profile of the liquid slags, 

slag flows inside the entrained flow gasifier can be 

solved analytically which is simply allowed to integrate 

even for a complex CFD based gasifier model [2]. 
Among the analytical models developed for slag flow, 

the one that proposed by Seggiani [3] was adapted by 
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many researchers to apply in their reactor models. 
Seggiani’s model assumed that temperature profile 

across the layer of liquid slag is linear and, viscosities 
were estimated as exponential function of temperatures 

[3]. The limitation of slag temperatures’ profile being 

linear was modified by Yong et al. [4] who developed a 

modified analytical model by using a cubic temperature 

profile. While their assumption is more likely to 

represent the realistic slag temperature profiles, values 

of slag properties (especially viscosities) are fixed at the 

average temperature [4]. Although these two approaches 

are predominant among the analytical slag flow models, 
both methods have advantages and drawbacks. Ye and 

Ryu [12] made an assessment on performance of these 

two models using simulated results using their 

numerical model which was developed including full 

heat transfer processes on energy balance governing 

equation without any simplified assumptions. In their 

conclusion, Ye and Ryu [12] remarked that estimation 

using Seggiani’s model agreed well their numerical 

model’s prediction for all cases except when the gas 

temperature fell below the slag critical viscosity 

temperature. Unlike Seggiani’ model, methods proposed 

by Yong et al [4] was found to be working well under 

that particular operating condition.      
 In this paper, a new analytical approach was 

proposed by applying advantages from both analytical 

methods but eliminating the impact of their limitation. 
Then, our analytical model was simulated using the 

realistic operating condition in 5MW pilot-scale gasifier 

and compared the simulation results with performances 

of existing models- namely analytical models developed 

by Seggiani [3] and Yong et al. [4]. 
 

2. Slag model 

 Slag layers in gasifier consist from so-called ‘frozen’ 
slag and flowing slag layer, which is mainly in liquid 

phase. For simplicity in this study we consider: 
- Liquid slag has dominant liquid phase (if it has 

some solids, they do not distract Newtonian flow 

and do not increase viscosity drastically). Therefore, 

flow of liquid slag is assumed to be Newtonian [3,4] 
- Solid slags consists from fully solid ‘frozen layer’ 

and from the slag which has dominant solid phases 

and non-Newtonian flow behavior. 
- The transition temperature from liquid to solid 

stage of slag is taken the temperature of critical 

viscosity (Tcv) [3,4] 
- Direction of slag flow is downward only (i.e. no 

reverse flow and no slag dripping) [3,4] 
- Heat transfer is normal to the surface [3,4] 
- The slag thickness is far too small compared to the 

reactor diameter [3,4] 

 

 Regarding with temperature profiles and estimation 

of viscosities, the following specific assumption were 

made in this study: 
- The temperature profile across the liquid slag is 

assumed as cubic [4] as equation (1):  
 

𝑇(𝑇, 𝑇) = 𝑇 + 𝑇𝑇 + 𝑇𝑇2 + 𝑇𝑇3                   (1) 
 

With boundary condition: 

𝑇 = 0 ;      𝑇 = 𝑇𝑇 ;      
𝑇𝑇
𝑇𝑇

= −
𝑇̇𝑇𝑇

𝑇
 

𝑇 = 𝑇𝑇 ;     𝑇 = 𝑇𝑇𝑇 ;      
𝑇2𝑇
𝑇𝑇2

= 0 

where 𝑇𝑇 is surface temperature, 𝑇𝑇𝑇 is critical viscosity 

temperature, 𝑇̇𝑇𝑇  is heat flux from gas to slag, 𝑇𝑇  is 

liquid slag thickness, and k is thermal conductivity of 

slag. 
 The solution of Eq. (1) become the temperature 

profile across the liquid slag is given by [4]: 
 

     𝑇(𝑇) = 𝑇𝑇𝑇 + {[1.5(𝑇𝑇 − 𝑇𝑇𝑇) −
𝑇̇𝑇𝑇𝑇𝑇

2𝑇
] (1 −

𝑇

𝑇𝑇
)} 

               − {[0.5(𝑇𝑇 − 𝑇𝑇𝑇) −
𝑇̇𝑇𝑇𝑇𝑇

2𝑇
] (1 −

𝑇

𝑇𝑇
)

3

}    (2) 

 

- Unlike the methods used by Yong et al. [4], 
temperature-dependent viscosities of the liquid slag 

was calculated using an approximate exponential 

function [3].  
 

 The key input-output parameters used in this slag 

flow model and the way they integrate with gasifier 

model are illustrated in Figure 1. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. The scheme of input-output variables of slag 

flow model 

 

 

2.1 Momentum conservation 

 

 Same momentum balance equation used in 

previous analytical models was applied and, from 

Figure 2, it can be written as follow [3,4]: 
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𝑇

𝑇𝑇
(𝑇𝑇

𝑇𝑇

𝑇𝑇
) = −𝑇𝑇𝑇𝑇𝑇𝑇               (3) 

With boundary condition: 

   𝑇 = 0 ;        𝑇𝑇
𝑇𝑇

𝑇𝑇
= 0 

   𝑇 = 𝑇𝑇 ;      𝑇 = 0 

 Based on Seggiani’s approach, viscosity can be 

approximate by following equation: 

   𝑇(𝑇) = 𝑇0𝑇𝑇𝑇 (−
𝑇𝑇

𝑇𝑇
) 

where    

   𝑇 = −𝑇𝑇 (
𝑇(𝑇𝑇)

𝑇0
) 

 The solution of Eq. (3) gives: 
 

𝑇(𝑇) =
𝑇𝑇𝑇𝑇

2𝑇𝑇𝑇𝑇

𝑇0𝑇2 [𝑇𝑇(𝑇 − 1) − 𝑇
𝑇𝑇
𝑇𝑇 (

𝑇𝑇

𝑇𝑇
− 1)]    (4) 

 
 Figure 2. Momentum balance of finite control volume 

 

2.2 Mass conservation 

 

 The mass balance equation at steady-state can be 

written as 

   𝑇̇𝑇𝑇 =  𝑇𝑇𝑇𝑇̇ + 𝑇̇𝑇           (5) 

 where 𝑇̇𝑇𝑇 is the leaving flow rate of slag from 

previous cell, 𝑇̇𝑇𝑇𝑇 is the leaving flow rate of slag from 

current cell (see Figure 3.) 
 Integrate Eq. (4) through the liquid slag thickness, 

the leaving mass flow rate is obtained: 

              𝑇̇𝑇𝑇𝑇 = ∫ 𝑇𝑇𝑇𝑇(𝑇)𝑇𝑇
𝑇𝑇

0
           (6) 

 The solution of Eq. (6) is: 

𝑇̇𝑇𝑇𝑇 =
𝑇2𝑇𝑇𝑇𝑇𝑇

3𝑇𝑇𝑇𝑇

𝑇0𝑇3
[𝑇𝑇(𝑇2 − 2𝑇 + 2) − 2]    (7) 

 

 From equation (6), the molten slag thickness, 𝑇𝑇, 

can be calculated.  
 

 
Figure 3. Mass balance of finite control volume 

2.3 Energy conservation 

 

 Figure 4 shows the source of energy in and out of a 

finite control volume. From Fig. 4 the energy balance 

equation at steady-state can be written as: 

 𝑇̇𝑇𝑇𝑇 = 𝑇̇𝑇𝑇 − 𝑇̇𝑇𝑇𝑇𝑇 + 𝑇̇𝑇𝑇 + 𝑇̇𝑇𝑇𝑇𝑇𝑇          (8) 

 where 𝑇̇𝑇𝑇 is heat flow rate from adjacent top cell.  
 

 Heat transfer from the gas phase to slag surface is 

usually described as: 

𝑇̇𝑇𝑇 = 𝑇(𝑇𝑇𝑇𝑇𝑇 + 𝑇𝑇𝑇𝑇)(𝑇𝑇 − 𝑇𝑇)             (9) 
 

 In our study, the coefficient of convective heat 

transfer between gas and molten slag were calculated an 

empirical correlation as follows [13]: 

𝑇𝑇𝑇𝑇𝑇 = [0.023
(𝑇̇𝑇𝑇𝑇)0.8

𝑇0.2
] (

𝑇𝑇𝑇
0.4𝑇𝑇

0.6

𝑇𝑇
0.4

) (
𝑇𝑇

𝑇𝑇
)

0.8

 

where viscosity of gas mixture are estimated as [14]: 

Nomenclature 

Symbols 

𝑇    = heat transfer area (m2)   𝑇𝑇  = metal temperature (K)   

𝑇𝑇𝑇  = slag specific heat (J/kg∙K)  𝑇𝑇  = particle temperature (K) 
𝑇𝑇   = slag specific heat (J/kg∙K)  𝑇𝑇   = surface temperature (K) 
𝑇   = diameter of reactor (m)   𝑇𝑇𝑇  = internal wall temperature (K)  

𝑇𝑇𝑇𝑇𝑇 = gas-slag convection heat transfer   𝑇𝑇𝑇  = external wall temperature (K) 
                   coefficient (W/m2∙K)   𝑇  = velocity (m/s)  

𝑇𝑇𝑇𝑇  = gas-slag radiation heat transfer       z = distance from the liquid slag surface (m) 
     coefficient (W/m2∙K)   Greek letters  

𝑇  = slag thermal conductivity (W/m∙K)  𝑇  = angle of the wall (degree) 
𝑇𝑇  = metal thermal conductivity (W/m∙K) 𝑇𝑇  = liquid slag thickness (m)   

𝑇𝑇𝑇𝑇𝑇 = refractory wall     𝑇𝑇  = metal thickness (m)  

                  thermal conductivity (W/m∙K)  𝑇𝑇  = solid slag thickness (m)  

𝑇̇𝑇   = particle deposition rate (kg/s)  𝑇𝑇𝑇𝑇𝑇  = refractory wall thickness (m) 
𝑇̇𝑇𝑇

𝑇 = gas flux (kg/m2∙s)   𝑇𝑇  = gas viscosity (Pa∙s) 
𝑇̇𝑇𝑇  = gas-slag heat transfer rate (W)  𝑇𝑇  = slag viscosity (Pa∙s) 
𝑇̇𝑇𝑇𝑇𝑇 = heat transfer rate to solid slag (W) 𝑇  = slag density (kg/m3) 
𝑇𝑇𝑇  = critical viscosity temperature (K)  𝑇  = emissivity  

𝑇𝑇   = gas temperature (K)   𝑇  = Stefan-Boltzmann constant 
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𝑇𝑇 = 1.98×10−5× (
𝑇𝑇

300
)

2/3

 

 The coefficient of radiative heat transfer between 

gas and molten slag are calculated as follows [15]: 

𝑇𝑇𝑇𝑇 = 𝑇𝑇(𝑇𝑇
2 + 𝑇𝑇

2)(𝑇𝑇 + 𝑇𝑇) 

 

 
 

Figure 4. Energy balance of finite control volume 

 Employing the proposed cubic temperature profile 

across the molten slag layer, the exit heat transfer rate 

for current cell 𝑇̇𝑇𝑇𝑇  can be obtained by integration 

equation (10) through the liquid slag thickness:  
 

    𝑇̇𝑇𝑇𝑇 = ∫ 𝑇𝑇𝑇𝑇𝑇𝑇(𝑇)𝑇(𝑇)𝑇𝑇
𝑇𝑇

0
          (10) 

 

 By substituting T(z) [from equation (2)] and v(z) [from 

equation (4)] in equation (10) 𝑇̇𝑇𝑇𝑇 can be described.  
 

 As the axial heat conduction is neglected as listed 

in assumptions, the heat loss from the molten slag layer 

can represent with equation (11): 

 𝑇̇𝑇𝑇𝑇𝑇 = −𝑇𝑇
𝑇𝑇

𝑇𝑇
|

𝑇𝑇

= 𝑇𝑇 (
1.5(𝑇𝑇−𝑇𝑇𝑇)

𝑇𝑇
−

𝑇̇𝑇𝑇

2𝑇
)      (11) 

 

 By substituting equation (9) – (11) into equation (8) 
the molten slag surface temperature (Ts) can be 

calculated using equation (12). Ts is the one and only 

key parameter that will have to return to gasifier model 

as shown in Figure 1. Here, it has to be noted that 

equation (12) is the main contribution of this study.    

 
Ts = 

Q̇
in

 + ṁdCpTp - Tcv {C3 [
3
8
C4 + 1.5C5 - 0.5C6 - e𝑇(𝑇 - 2) - 2]  - 

1.5kA
δL

} + (hconv  + hrad)Tg [
3A
2

 + 
δLC3 (

C4

4
 - C5 + C6)

2k
]

C3 (
5
8
C4 - 1.5C5  + 0.5C6)  + 

1.5kA
δL

 + (hconv  + hrad) [
3A
2

 + 
δLC3 (

C4

4
 - C5 + C6)

2k
]

 

(12) 
 

where C3-C6 are derived as: 

                   C3 = 
ρ2gπDCpδL

3sinα

μ0𝑇3                                 (13) 

                       C4 = e𝑇(𝑇2 - 𝑇)                                    (14)  

      C5 = e𝑇 [𝑇 – 2 – (
𝑇2 – 3𝑇 + 3

𝑇
)] +

2𝑇 + 3

𝑇
               (15) 

C6 = e𝑇 [𝑇 – 2 – (
3𝑇2 – 9𝑇 + 9

𝑇
)  + (

3𝑇3 – 12𝑇2 + 24𝑇 – 24

𝑇2 ) -

(
𝑇4 – 5𝑇3 + 15𝑇2 – 30𝑇 + 30

𝑇3 )] + (2 + 
9

𝑇
 + 

24

𝑇2  + 
30

𝑇3)   (16) 

 
 Finally, the solid slag thickness can be calculated 

by equation (17) deriving from Figure 5. 
 

 
Figure 5. Cross section of slag along the reactor wall  

 

       𝑇𝑇 = [
𝑇(𝑇𝑇𝑇−𝑇𝑇)

𝑇̇𝑇𝑇𝑇𝑇
−

𝑇𝑇𝑇𝑇𝑇𝑇

𝑇𝑇𝑇𝑇𝑇𝑇
−

𝑇𝑇𝑇𝑇𝑇

𝑇𝑇𝑇𝑇𝑇
] 𝑇       (17) 

 

 

2.4 Slag and gas properties 

 

 Temperature and composition dependent slag 

properties (density, specific heat and thermal 

conductivity) were used in this study except for 

emissivity which was taken a constant value of 0.83 

[16,17]. Viscosity of slag was calculated in the form of 

𝑇 = 𝑇𝑇 ln(𝑇/𝑇)  which A and B depend on chemical 

composition. In this study, A and B for each coals were 

calculated from data presented in an experimental study 

[18]. 
 Specific heat of gas mixture were calculated an 

empirical correlation derived from JANAF data [19] and 

temperature dependent thermal conductivity of gas 

mixture were calculated using an equation proposed by 

Donskoi and McElwain [20].     
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2.5 Simulation conditions 

 The slag flow model was simulated using a 5MW 

pilot-scale gasifier which geometry and dimension are 

shown in Figure 6. Realistic operating condition were 

extracted from data reported in literature [21]. In the 

simulation, properties of two Australian coals (namely; 

CRC703 and CRC704) were used. Table 1 shown 
operating conditions defined for simulations. In Case 1, 

the slag flow model was simulated under typical 

gasification conditions where gas temperatures are 

higher than slag temperatures throughout the gasifier.  In 

Case 2, all simulation conditions were set same as Case 

1 except gas temperature at the bottommost section of 

gasifier, the entrance of tapping hole (highlighted grey 

in Figure 6) were defined as a fixed temperature of 

1600K which was below critical viscosity 

temperature (𝑇𝑇𝑇) . In this study, ash deposition 

temperature (𝑇𝑇)  is assumed to a fixed temperature 

which is 50K lower than gas temperature (ie. 𝑇𝑇 = 𝑇𝑇 −

50) for both cases. During the simulation, the average 

temperature of the metal wall (Tm in Figure 5) is assumed 

to be kept a constant of 523K which was the same 

assumption made by Seggiani [3]. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Geometry and dimensions of 5MW pilot-
scale gasifier [21] 

 

 

Table 1. Operating parameters set for simulations 

 
Operating 

parameters 

Case 1 Case 2 

CRC 

703 

CRC 

704 

CRC 

703 

CRC 

704 

Gas temperature  

except Zone B (K) 1781 1834 1781 1834 

Gas temperature  at 

Zone B (K) 1781 1834 1600 1600 

Gas flow rate, 𝑇𝑇 
(kg/s) 

1.25 1.25 1.25 1.25 

Total particle 

deposition rate, 𝑇𝑇 
(kg/s) 

0.5 0.5 0.5 0.5 

Particle 

Temperature, 𝑇𝑇 (K) 1731 1784 1731 1784 

 

3. Simulation results and discussion 

 Operating conditions selected in previous section 

were used to conduct simulations using our analytical 

model, as well as using two other analytical models 

(namely, Seggiani’s model [3] and Yong et al.’s model 

[4]) and the results were compared. 

3.1 Case 1: Gas temperature > Tcv 

 The results obtained by simulating three 

different models under operating conditions listed in 

Case1 are shown in Figure 7 and Figure 8 representing 

for CRC703 and CRC704 respectively. Figures 7 and 8 

present profiles of liquid slag thickness, solid slag 
thickness and liquid slag temperatures along the wall of 

gasifier. In this study, we assumed that slag deposits 

uniformly on the unit area of the gasifier wall. This 

assumption might not be representing what happens 

inside the gasifier where most of chars turn to slag 

usually concentrate near the hot combustion zone. 
However, this approach is simple and logical to access 

and evaluate the performances of different slag flow 

models without linking them with complex gasifier 

models.  
All slag-flow models predict that both liquid and 

solid slags gradually accumulates and their depth 

getting thicker along the gasifier [see. Figure 7(a) & (b) 
and Figure 8(a) & (b)]. It was found that slag-surface 
temperatures changed significantly along the gasifier 

height even though gas temperature is set to a single 

value. It is mainly contributed by the thickness of slag 

changes along the height of gasifier. In general, more 

slag sticks to gasifier wall, smaller the heat-loss through 

reactor wall, as a result, liquid slag temperature is 

getting higher for the setting of a uniform gas 

temperature. From Figure 7(b) & (c) and Figure 8(b) & (c), 
it is apparent that increase of surface temperature is 
proportional to thickness of solid slag.  

From Figure 7 and 8, it is also clear that 

performance of model developed in this study are much 

82 

70  

546  

1008  

Gasifier 
volume 

(273 Liter) 

285  

50  

140  

Units are in mm 
 

Zone B 

2
203  
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more similar to that of Seggiani’s model [3] rather than 

performances of the model developed by Yong et al. [4] 
for both coals under operating conditions of Case 1. 
According to finding of Ye and Ryu [12], performance 

of Seggiani’s analytical model is similar to their 

numerical model’s prediction under Case 1-like 

operation conditions. Therefore, it can be concluded that 

our analytical model’s performance is comparable to 

prediction of complex numerical model developed by 

Ye and Ryu [12] for Case 1. 
 

3.2 Case 2: Gas temperature < Tcv 

As discussed in previous section, operating 

conditions set for Case 2 were same as those of Case 1 

except for the section representing the entrance of the 

tapping hole (Zone B). For that particular section, gas 

temperature was set to be smaller than Tcv as presented 

in Table 1. Figure 9 and 10 shows the profiles of solid 

slag thickness, liquid slag temperatures and rate of heat 

loss along the height of gasifier wall for CRC703 and 

CRC704 respectively. The smaller graphs within the 

Figures were plotted by highlighting bottommost 0.15m 

of gasifier. All three models predicts same results as 

Figure 7 and 8 for the region above the tapping holes 

for Case 2 as same operating conditions defined as Case 
1. Ye and Ryu [12] pointed out, performance of 

Seggiani’s model was poor when gas temperature falls 

below critical viscosity temperature. This phenomena is 

reflecting Figure (9) and (10). As shown in Figure 9 (a) 
and 10 (a), slag thickness estimated by Seggiani’s model 
was unrealistically large and consequently, it yields 

much smaller heat losses compared to the results 

estimated by Yong’s model (see Figure 9 (c) and 10 (c)). 
Unlike, Seggiani’s model, analytical model of Yong et 

al. [4] predicts well and agrees with performance of 

numerical model when gas temperature is lower than 

Tcv [12].  

 

 

 
 

Figure 7. (a) Liquid slag thickness, (b) solid slag 

thickness (c) liquid slag surface temperature profiles 

along the height of gasifier wall simulated using 

methods proposed by three different models [for 
CRC703 under Case 1] 

 Figure (9) and (10) shows that our model’s 

estimation follow the trend of results predicted by Yong 

et al. [4] within the bottommost region, even our model’s 

predictions are much more similar to those calculated 

by Seggiani’s model for the main gasifier region top of 

tapping hole. As our model combined assumptions 

made in both model, it eliminates the performance 

limitations of both models and it is found to be able to 

predict the slag behaviour more realistically regardless 

of local gas temperature being greater or smaller than 

Tcv. 
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Figure 8. (a) Liquid slag thickness, (b) solid slag 

thickness (c) liquid slag surface temperature profiles 

along the height of gasifier wall simulated using 

methods proposed by three different models [for 
CRC704 under Case 1] 

 

3.3 Effect of metal wall temperature on solid slag 

thickness 

 Figure (7) and (8) shows that solid slags formed 

along the wall are one-order of magnitude thicker than 

those of liquid slags. Thickness of solid slag is estimated 

using equation (17) which includes properties of 

refractory and metal walls. In this study, those 

properties were taken from Seggiani [3] and simulations 

were performed by assuming a uniform metal wall 

temperature of 523 K (Tm as labeled in Figure 5).  
 

 

 

 
 

Figure 9. (a) Solid slag thickness, (b) liquid slag surface 

temperature (c) rate of heat loss profiles along the 

height of gasifier wall simulated using methods 

proposed by three different models [for CRC703 under 

Case 2] 
 To see the sensitivity of metal wall temperature on 

solid slag thickness, a set of simulation was performed 

by changing the Tm and the results were plotted in 

Figure 11. As expected, the relatively thinner solid slags 

were estimated when larger Tm were set. It is an apparent 

fact that the smaller amounts of solid slags were 
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required to yield the same amount of heat loss when 

minimum temperatures in a heat transfer process (Tm 

shown in Figure 5) were set as a higher value.   
 

 

 

 

 
 

Figure 10. (a) Solid slag thickness, (b) liquid slag 

surface temperature (c) rate of heat loss profiles along 

the height of gasifier wall simulated using methods 

proposed by three different models [for CRC704 under 

Case 2] 
 

 
Figure 11. Effect of outside metal wall temperature on 

solid slag thickness profiles along the height of gasifier 

wall (Base line: Case1 with CRC703) 
 

3.4 Effect of critical viscosity temperature (Tcv) on 

behaviour of slag flow 

 Tcv is one of the most important parameters which 

significantly affects the behaviour of slag flow. 
However, there are a number of different definitions of 

Tcv which include temperature at which solid phases 

begin to crystallize; temperature below which there is 

very rapid rise in viscosity; temperature at which slag 

flow changes from Newtonian to non-Newtonian fluid 
[22]. Hence it gives an uncertainty or variation of Tcv 

values for some compositions as each of the described 

above events can happened at different temperatures. 
 To investigate the effects of Tcv on slag flow 

behaviour, a set of simulation was performed for 

CRC703 under operating conditions of Case 1 but 

changing only the values of Tcv. Figure 12 shows the 

impacts of Tcv on profiles of solid slag thickness, liquid 

slag thickness, liquid slag surface temperature and rate 

of heat loss profiles along the height of gasifier wall. A 

larger Tcv means that slag solidifies at higher 

temperature as a result, the solid slag getting thicker for 

same operating gas temperature (See Figure 12 (a)). By 

setting the Tcv 40K higher than its base-line value, the 

resulting solid slag thickness were found to be 25 

percent less.   
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Figure 12. Effect of slag critical viscosity temperature 

on (a) solid slag thickness, (b) liquid slag thickness, (c) 

liquid slag surface temperature & (d) rate of heat loss 

profiles along the height of gasifier wall (Base line: 
Case1 with CRC703) 

 

 By setting the Tcv 40K higher than its base-line 

value, the resulting solid slag thickness were found to 

be 25 percent less.  On a contrary to solid slag, a range 

of temperature, on which slag can exist in liquid form, 

was getting narrower and, thickness of liquid slag 

becomes smaller under higher Tcv as shown in Figure 

12 (b). It is found that higher Tcv yield the hotter slag 

surface temperatures as shown in Figure 12(c).  As 

thicker slags were formed for higher Tcv, rate of heat 

losses were found to be smaller when larger values of 

Tcv were set (See Figure 12 (d)).   

4. Conclusion 

 An analytical slag flow model was developed and 

simulated to predict the slag behavior at steady-state for 

a 5MW pilot scale gasifier. This model was formulated 

by combining more realistic assumptions made in two 

analytical models previously developed. As a result, it 

was found that analytical models developed in this 

study can predict behaviour of slag flows more similar 

to the results calculated using complex numerical 

approach. More importantly, this model can predict slag 

behaviour under different operating gas temperatures 

whether they were higher or lower than critical viscosity 

temperatures. Our simulation results showed that the 

outer metal wall temperatures affect on the thickness of 

solid slag formed along the gasifier wall. As expected, 

changing the values of Tcv affects significantly on the 

behaviour of slag flow including liquid slag surface 

temperatures which is the only parameter returns as an 

input factor to gasifier model. Thus our future work is to 

integrate this analytical model to a gasifier model and, 

investigate how key parameters of slagging affect to the 

performance of entrained flow gasifiers. 
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