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Abstract 
This document describes a chemical dissolution model that accounts for refractory wear in biomass (and coal) combustion and gasification systems. This model assumes diffusion-dominant mass transport and incorporates the effects of slag flow and heat transfer on the corrosion rate. Boundary layer theory provides an analytical mass transfer expression that allows quantitative evaluation of temperature, composition, and slag flow rate effects. The specific results here assume CaO-Al2O3-SiO2 slags and Al2O3-dominant refractory materials. Results indicate that temperature and slag composition significantly influence the corrosion rate.

Introduction

Entrained-flow gasifiers can efficiently convert solid fuel (coal, biomass, etc.) into energy-rich gaseous chemicals. This technology converts pulverized coal, petcoke, or biomass into light molecules like hydrogen, carbon monoxide, and carbon dioxide. During the gasification processes, the inorganic impurities in fuel accumulate on internal equipment surfaces, commonly as molten slags. Some slags dissolve refractory liners or penetrate refractory through pores or fractures, accelerating  corrosion rates and leading to spalling1, 2. Many gasifiers can only be normally operated up to 4-18 months in a sustained mode before replacing refractory, which requires 2-3 weeks and costs more than 1 million dollars in common commercial systems. 

The high-temperature, high-pressure, and harsh operating conditions complicate on-line refractory wear measurements. Models may be able to simulate refractory degradation, predict refractory remaining useful life, and control/improve the operational performance of gasification processes. In this investigation, a chemical corrosion model combined with slag flow and heat transfer effects predicts the corrosion rate of refractory liners. A ternary slag system, CaO-Al2O3-SiO2, provides a specific example to quantify the corrosion of an Al2O3-based refractory material.

The focus of this work is on slag-refractory interactions. However, meaningful quantitative analysis of such interactions requires realistic slag flow rates and temperature profiles. The next two sections discuss relatively simple models describing flow rates and temperature profiles that provide these estimates. The final sections discuss slag-refractory interactions.

Slag Flow along the Refractory Liner

Slag flow along the refractory is a complex phenomenon since fly ash continuously deposits on the flowing slag. Three critical assumptions provide a reasonable approximation to slag flow in this investigation:

1. Slag forms a Newtonian fluid and forms uniformly around the vessel at a given axial position.

2. Slag flow is fully developed and exhibits a one-dimensional (1-D) flow pattern.

3. Syngas provides negligible shear stress on the slag surface.

None of these assumptions is rigorously correct, but all are reasonable approximations and none fundamentally changes the nature of slag-refractory interactions, which is the focus of these investigations. More rigorous numerical descriptions of the slag flow developed in this collaboration will be documented separately.

In slagging gasifiers, accumulated slag forms a molten film on the hot-face surface of the refractory and flows under gravity. The Reynolds number, Re, is small since the slag viscosity is large and the flow is in the creeping regime. As a result, the nonlinear convective terms in the equation of motion are neglected. Hence, the Navier-Stokes equation reduces to:
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where 
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 is the slag viscosity, r is the radial coordinate with an origin at the gasifier center line , vz is the slag velocity along the flow direction (i.e., z direction), ρ is the slag density, g is the gravity, and θ is the angle between the normal direction of the flow and the axial direction.

The boundary conditions for Equation (1)

 are:
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where R is the internal radius of the refractory liner, and 
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 is the slag thickness at a given axial position. The first boundary condition in Equation (2)

 results from the negligible shear stress between the slag and syngas and could be easily modified to include this shear stress if it is significant. 

Due to continuous refractory wear, R is not a constant but a function of time. However, the refractory wears much slower than the slag flow and heat transfer, so momentum and energy transports can be taken as quasi-steady state processes. The value of R, therefore, can be taken as a constant at a given computational time interval. 

During gasification, the inorganic material continuously deposits onto the flowing slag film. Therefore, rs is not a constant but a function of the axial position as the slag flows downwards. Generally, the slag flow rate and rs increase with increasing axial distance except where the temperature-sensitive viscosity changes enough that the flow rate can increase through an increased velocity despite a constant or decreasing thickness. 
At steady state, the mass balance on the flowing slag is:
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where L is the film length at the axial position, and 
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 is the fly ash mass flux . When 
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 is a function of axial positions, we use 
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as the mass balance equation, where 
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 is the mass flux in the ith computational zone, and ∆L is the axial length for a given computational zone. The assumption of 
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is used in Equation (4)

 due to rs << R.
These equations make no assumptions about the slag properties (i.e.,
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 and 
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) other than that the fluid is Newtonian and incompressible. Equations 
(5)

 provides a reasonable initial guess for rs at the bottom of the kth computational zone (rs,k) and is based on constant (3)

 provide the flow velocity and slag thickness by implicit solution if large temperature gradients exist through the slag layer. In such a case, Equation (1)

- GOTOBUTTON ZEqnNum112064  \* MERGEFORMAT  and 
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 values. 
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With low wall temperatures (e.g., for Shell gasifiers where water-cooling jackets are used), slag can be frozen at positions adjacent to the internal refractory surface. In such cases, the critical viscosity temperature is used to divide the slag flow into a Newtonian flow and frozen region. Slag below the critical viscosity temperature is motionless. However, this phenomenon is not considered for the refractory wear model since chemical corrosion is insignificant at low temperatures/frozen slag conditions.

Heat Transfer through the Slag, Refractory, and Steel Layers

The temperature profiles of the slag and refractory strongly influence the slag flow and chemical corrosion. Figure 2 illustrates a typical gasifier layer structure and a temperature profile through the heat transfer layers. Typical air-cooled gasifiers have one anti-corrosion refractory liner and several insulation refractory layers. The refractory liner layer usually has higher thermal conductivities than the insulation layers to minimize refractory wear due to creep or thermal expansion effects. The insulation layers have low thermal conductivities to minimize heat loss.
At low Reynolds numbers, heat transfer due to slag convection and viscous dissipation is negligible, and the heat conduction along the radial direction dominates energy transport. Although heats of reaction between slag and some refractory can be significant, the reaction rates are slow, so heat generation terms are negligible. Under these assumptions, a single equation describes the temperature profiles and heat flux through the slag, refractory, and steel shell layers. At steady state, this 1-D heat equation simplifies to
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where T is the temperature and λ is the local thermal conductivity. Equation (6)

 can be further simplified into
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where 2πrLq is the heat flow, which is constant with respect to radial position but may vary with respect to axial position. This formulation assumes that heat flows dominantly in the radial and not in the axial direction. Equation (7)

 can be solved analytically if the value of λ is known, or can be solved numerically at given boundary conditions.

The volume fraction of flying particles is small compared with the reactor volume and the particles generally are very small and rapidly equilibrate to the local temperature. Therefore, only the radiation and the forced convection effects between the syngas and slag are considered for the energy balance at the gas-slag interface. The boundary conditions of Equation (9)

,  
(8)

 and (6)

 at the gas-slag and steel shell-air interfaces are expressed in Equations 
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respectively, where Ro is the external radius of the steel shell, λ slag and λ st are the thermal conductivities of the slag and steel shell, respectively, 
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are the convective heat transfer coefficients of the gas and environmental air at the interface, respectively, Tslag, Tg, Tst and Tair are the temperatures of the slag, gas, steel shell, and environmental air, respectively, 
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 are the emissivities of the slag to the gas and the steel shell to the air, respectively, and 
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 is the Stefan’s constant.

In practical applications, the temperature profiles through the slag and gasifier layers can be computed based on the energy balance in the gasifiers (i.e., in pure gasification modeling work), or can be solved using some measurable boundary conditions (e.g., using Tst values measured with thermocouples) if on-line measurements are available. If measured boundary conditions are used, it will greatly decrease the computational complexity since the heat transfer rate can be computed directly without extensive iterations.

Chemical Corrosion Model
The chemical corrosion analysis here assumes the following:

1. Direct chemical dissolution dominates the corrosion rate.

2. The slag composition (but not concentration/amount) is uniform in the radial direction except in a thin transport boundary layer adjacent to the slag-refractory interface.

3. The composition and structure of refractories are uniform and isotopic

Bui et al.3 conducted chemical corrosion experiments using the rotating cylinder method. They reported that chemical corrosion may also occur by the indirect dissolution mechanism where oxides diffuse through the reaction solids formed along the liquid-solid interface. However, this mechanism is not considered in this investigation because the indirect dissolution is much slower than the direct dissolution that occurs on the slag-refractory interface. 

Chemical reactions and mass transfer affect the corrosion rate of refractories, and either of these can represent a rate-limiting step. Refractory liners used in coal gasifiers include both alumina- and chromia-based materials. Taira4, Samaddar et al.5 and Yu et al.6 reported that the corrosion rate of alumina in liquid slag is controlled by the diffusion mechanism. Similar conclusion has been reported for Cr2O3-based materials by Hirata et al.7 and Greenberg and Poeppel8. Hence, only the diffusion effect is considered in the present work. Bennett9 claimed that particle-bond dissolution accelerates the corrosion rate in non-uniform refractory materials. This effect, however, is not considered in the present work due to the restrictions of obtaining proprietary information on commercial refractory structures.

Based on the above assumptions, Equation (10)

 describes the molar flux for a solute species, A, dissolved into a liquid phase



[image: image25.wmf]AAA

NkC

=D


 MACROBUTTON MTPlaceRef \* MERGEFORMAT (10)

where NA is the molar flux of A, kA is the mass transfer coefficient, and 
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 is the solute concentration difference between the solid-liquid interface and the bulk liquid. The concentration at the interface can be calculated using a phase equilibrium program.

The value of kA in Equation (10)

 is a function of the slag flow and solid-liquid interface properties, and can be obtained using the boundary layer theory (See Appendix B). After simplification, kA can be expressed as:
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where 
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, 
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, and DAs are computed at the interface temperature, and η is the correction factor used to account for the high net mass transfer rate and is defined as
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with Rx being 
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where 
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 is the saturated mole fraction of A at the boundary, and xAb is the bulk mole fraction of A. 
The corrosion rate of the refractory in the slag is then determined by
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where 
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 is the corrosion rate of refractories at axial position L, MA is the molecular weight of A (kg/mol), 
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 is the density of solid A, and 
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 is the porosity of the refractory material. 

Baseline and Data Specification

Chemical corrosion in slagging gasifiers and combustors is a complex phenomenon influenced by such factors as coal type, refractory material, gasifier geometry, ash/slag deposition rate, heat transfer, and operating conditions. Because most coal ashes dominantly include Ca, Al, Si, and O elements, a ternary slag system, CaO-Al2O3-SiO2, describes the thermodynamic conditions in this investigation. The refractory material properties correspond to be Greencast 9410 (Al2O3 > 94%) since many properties of Al2O3-related slag and refractory materials have been publicly reported (e.g., solubility, viscosity, and diffusion coefficients). Similar calculations could be performed with iron-containing slags and chromia-containing refractory using similar techniques.

To simplify the computation, only one refractory layer is considered here, although typical commercial gasifiers have multiple refractory layers. Similarly, the steel shell is assumed to be exposed in the air directly, although a cooling jacket/heat exchanger may be present in commercial gasifiers. However, the model does have the capability to compute cases with more than one refractory layer and with cooling systems. 

Results and Discussion

All results presented in this section assume the baseline system and materials described in Section 5 and slag properties (e.g., slag viscosity and melting point) consistent with the literature and resulting from predictive models developed in this investigation. Figures Figure 3quote  \*”arabic”
3
 and Figure 4quote  \*”arabic”
4
 depict the temperature and gas composition profiles in the gasifier firing coal at 5500 tons/day, a water/coal ratio (mass) of 0.50, and an oxygen/coal ratio (mass) of 0.87, computed using our gasification package11. Because refractory wear is most serious in the slagging chamber where temperatures are high and slag is mostly liquid (corresponding to L= 0.2~0.6 m as shown in Figure Figure 3quote  \*”arabic”
3
), the corrosion discussion focuses here around the highest temperature zone where slag freezing effect is not significant. With this consideration, a position at L ~ 0.36 m from the top of the gasifier forms the baseline analysis position in the following discussion. For analysis convenience, the averaged value of 
[image: image37.wmf]m
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is assumed to be 0.1 kg/m2∙s along the axial direction and the mass fraction of the baseline slag is assumed to be 40%CaO-20%Al2O3-40%SiO2 through the gasifier unless the variants are specified in a specific subsection. The thermodynamic data reported by Eriksson and Pelton12 provide parameters for the liquid-solid phase equilibrium of the slag (e.g., solubility and melting points of slag at given compositions).

Temperature and thickness of the slag in the slagging chamber

Figure Figure 5quote  \*”arabic”
5
 depicts the temperature profiles of slag at the hot-face (slag-gas interface) and the cold-face (slag-refractory layer) boundaries, computed using the models developed in this investigation. In the slagging chamber, the slag layer is thin and mostly liquid and has a higher thermal conductivity than typical ash. Hence, the cold-face temperature profile is close to the hot-face temperature profile. The temperature difference between the two profiles is most appreciable around the highest temperature region where the heat flux is largest.
Figure 6 illustrates the slag thickness as a function of the axial position. The typical computed liquid slag thickness is on the order of millimeters, which is similar to those reported by Benyon et al.13, Wang et al.14,  and Bockelie et al.15.
Figure 7 reports the predicted slag velocity in the slagging chamber. The highest velocity occurs where the slag temperature is highest and the viscosity is the lowest. Because the slag viscosity decreases exponentially with increasing temperature (Figure 8, baseline slag viscosity computed using the Kalmanovitch and Frank model16), the slag velocity profile is significantly influenced by the temperature. 
Effect of temperature on corrosion rate
Figure 9 illustrates the corrosion rate as a function of temperature. The diffusivity of Al2O3 is calculated with the Stokes-Einstein equation using a reference point reported by Samaddar et al5. The corrosion curve can be divided into two smooth regions according to temperature: the 1325~1423 ˚C and 1423~1600 ˚C regions. In each region, the corrosion rate increases with increasing temperature. The curve becomes flat and close to zero as temperature approaches 1325 ˚C. The trends in this figure arise from the solute solubility and diffusivity changes with temperature (Figures Figure 10quote  \*”arabic”
10
 and Figure 11quote  \*”arabic”
11
). The solute solubility is a highly nonlinear function of temperature since different high-melting point solid compounds may be formed as more solute is dissolved into the unsaturated liquid slag. Depending on the temperature and composition, the saturated liquid slag can be in equilibrium with different solid compounds. For example, the saturated liquid slag is in equilibrium with Ca2Al2SiO7, CaAl12O19, and Al2O3 over the temperature ranges of 1325~1423 ˚C, 1423~ 1593 ˚C, and 1593~1600 ˚C, respectively. The change of the solubility trend at 1593 ˚C is not as distinct as that at 1423 ˚C because both CaAl12O19 and Al2O3 have large fractions of Al2O3 and therefore have similar Gibbs energy changes per mole of Al2O3. Around 1425 ˚C, the corrosion rate varies less abruptly than the solubility curve because solute diffusivity moderates the effects of solubility (Figure 11). As temperature approaches 1325 ˚C from above, the slag saturates with respect to Al2O3 (Figure 10) and cannot hold more solute in the liquid, resulting in a zero corrosion rate. 
Figure 9 indicates some notable difference between these results and those reported by earlier work of Chen and Buyukozturk 17, particularly at temperatures below 1425 ˚C. Due to the significant effect of temperature on chemical corrosion, Chen and Buyukozturk expressed the corrosion rate as an exponential function of temperature without explicitly including transport or thermodynamic effects. This simplified model works well in some temperature regimes but will fail with either transport or thermodynamic effects becoming important. In particular, Samaddar et al.5 pointed out that the temperature-function modeling approach can be misleading for these and other reasons. In this case, the saturated solute concentration and the solute diffusivity depend not only on temperature, but also on the liquid composition. For example, the zero corrosion rate at temperatures close to 1325 ˚C and the abrupt change in the corrosion rate shown in Figure 9 cannot be accounted for by a simple temperature function. Chen and Buyukozturk also did not treat the effect of slag flow on corrosion rates. 

Effect of slag composition on corrosion rate

To study the effect of slag composition on the corrosion rate, the gas temperature and composition profiles are fixed at the values shown in Figures Figure 3quote  \*”arabic”
3
 and Figure 4quote  \*”arabic”
4
, and the average fly ash mass flux is kept as 0.1 kg/m2s while slag composition/ratio varies. All results in Section 6.2 are computed at the gas temperature corresponding to the position of L = 0.36 m (~1590 oC). 

Figure 12 illustrates the effect of Al2O3 composition on the corrosion rate. The corrosion rate decreases with increasing Al2O3 composition in the slag and approaches zero as the composition of Al2O3 approaches 0.51, its saturation concentration under these conditions. The slag nears the saturated point with the addition of solute in the slag, and thus, the ΔCA term defined in Equation Figure 13(10)

 approaches zero as the composition of Al2O3 increases. The corrosion rate is zero at Al2O3 compositions above 0.51 because the slag is saturated/oversaturated ( GOTOBUTTON ZEqnNum211782  \* MERGEFORMAT ).
Figure 14 depicts the corrosion rate as a function of CaO composition in the slag. The corrosion rate is zero at CaO compositions below 0.13 or above 0.52. The melting point curve in Figure 15 helps explain the corrosion rate curve. The phase equilibrium package developed as part of this model and based in part on previous work18 predicts these results. At CaO compositions below 0.13 and above 0.52, the melting points of stable solid compounds are higher than the computed slag cold-face temperature. In other words, the liquid slag is saturated/oversaturated in CaO, resulting in a zero corrosion rate. The vertical distance between the melting point and the slag cold-face temperature in Figure 15 reflects the soluble capacity. However, the transition points of the corrosion rate curve (e.g., the peak points) do not occur at the corresponding CaO compositions due to solute diffusivity in the slag. The diffusivity curve (Figure 16) increases dramatically with increasing CaO composition, and thus, results in the shift of the transition points of the corrosion rate curve to higher CaO compositions. Similar trends appear in the corrosion rate vs. SiO2 composition at fixed CaO/Al2O3 ratio (Figures Figure 17quote  \*”arabic”
17
 and Figure 18quote  \*”arabic”
18
); however, the corrosion rate-SiO2 composition curve “shifts” to the lower SiO2 composition side because the diffusivity of Al2O3 decreases with increasing SiO2 composition (Figure 19). 
Note that the slag temperature at L = 0.36 m is not a constant, although the gas temperature, composition, and velocity profiles are fixed along the gasifier in Section 6.2. The slag cold-face temperature slightly increases with increasing CaO composition (Figure 15) and decreasing SiO2 composition (Figure 18). This is because the viscosity is a strong function of slag compositions. The slag thickness is thinner at lower slag viscosities (corresponding to higher CaO compositions and lower SiO2 compositions), resulting in a slightly higher slag cold-face temperature due to the decrease of thermal resistance along the radial direction.
Effect of slag flow on corrosion rate
The corrosion kinetics of oxides in the slag has been studied by many researchers using a rotating cylinder3, 4 or immersion method19, 20. The rotating cylinder method, though widely used to evaluate refractory resistance and qualitatively investigate corrosion mechanisms, often overestimates the corrosion rate in slagging gasifiers since the velocity gradients in the gasifier are much lower than those in the rotating cylinder experiments. The immersion method (diffusion in stationary slag), on the other hand, underestimates the corrosion rate in slagging gasifiers because the velocity gradients are zero. Figure 20 illustrates predicted velocity-gradient effects on corrosion rate. The zero-gradient curve (dashed line) assumes pure radial diffusion through the slag layer. The difference between this and corrosion with a slag velocity gradient (solid line) increases with increasing temperature. When a velocity gradient exists, transport resistance in the slag becomes much smaller and the solute is more quickly removed by the flowing slag.

Figure 21 depicts refractory wear as a function of axial position from the top of the gasifier, using the syngas temperature and composition profiles as shown in Figures Figure 3\quote  \*”arabic”
3
 and Figure 4\quote  \*”arabic”
4
. Some positions in the slagging chamber exhibit relatively little chemical corrosion because, at low gas temperatures (and therefore low slag-wall temperatures), slag is either nearly saturated with the refractory material or the solute diffusivity is too small to transport refractory material. If the temperature is lower than the melting point of the slag, a frozen slag layer forms that protects the refractory from direct contact with the liquid slag. Refractory wear is most serious around L=0.36 m since the corresponding slag-refractory interface temperature is the highest, with corresponding high solubility and diffusion rates. Temperature also has a significant effect on the slag flow due to the strong dependence of slag viscosity on temperature. However, compared with the direct effect of temperature on solute solubility and diffusivity, the slag flow effect on the corrosion rate is much less pronounced. The significant effect of temperature on refractory wear suggests that the remaining useful life of refractory liners may be prolonged by installing thicker liner materials or installing a cooling jacket around the highest temperature region or by mitigating locally high-temperature regions in the refractory.

As the refractory corrodes and becomes thinner, its temperature should decrease (presuming the thermal resistance of the anti-corrosive refractory liner is finite compared with the insulation and steel shell layers), decreasing its subsequent corrosion rate. These transient effects are not shown here but would generally decrease the rates of corrosion at longer times relative to those shown here.

These predicted results provide realistic trends in ceramic behavior based on the underlying submodels (thermodynamics, transport, etc.) developed in this investigation and reported in literature. However, the integrated model/simulation remains unvalidated, mainly for lack of available data.  The predicted corrosion rates in this investigation exceed those reported by Bakker 2 for a lower-temperature, chromia-based system. Both the lower temperature and the Cr2O3-based material decrease corrosion rates relative to Al2O3-based materials. Materials, thermodynamic, and transport properties for the chromia-based refractories are yet to be sufficient for modeling purposes, although the investigators hope to provide some estimates for them from the literature and other sources to facilitate analysis of this important material.

7. Conclusions
In this investigation, a comprehensive dissolution model has been developed to predict the chemical corrosion behavior that occurs in slagging gasifiers. The effects of temperature, slag composition, and slag flow have been analyzed and discussed based on an Al2O3-CaO-SiO2 slag and an Al2O3-based refractory material.

The corrosion rate increases dramatically with increasing temperature. Both the diffusion coefficient and the solute solubility increase as temperature increases. However, a temperature-dependent rate law alone cannot correctly describe the corrosion phenomenon. Slag composition has a strong influence on both the slag thermodynamic and transport properties, and thus on the corrosion rate. Slag flow also influences the corrosion rate. The flow effect, however, is less pronounced than the slag temperature and composition effects. Rotating cylinder or immersing techniques provide valuable information on the transport and corrosion rates and mechanisms, but neither is appropriate to evaluate the corrosion rates directly.

Not all positions in the slagging chamber experience significant chemical corrosion. The corrosion rate is highest at the position where the temperature is highest. Because the remaining useful life of refractories is determined by the severity of local wear, more attention should be paid to the region where combustion reactions dominate and gas temperature is highest.

The model presented in this investigation has been integrated with the coal gasification package 11 to investigate refractory wear.
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Figure 1.  Slag flow and fly ash addition into the slag along the refractory surface.
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Figure 2.   Scheme of heat transfer layers in the coal-based gasifiers.
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Figure 3. Average temperature profiles of gas and slag vs. axial position.


[image: image41.wmf]0.0

0.5

1.0

1.5

2.0

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0.45

0.50

0.55

0.60

 

 

Gas Composition

Position (m)

H

2

CO

CO

2

H

2

O

O

2

N

2


Figure 4. Average composition profiles of gas vs. axial position.
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Figure 5. Slag temperature vs. axial position.
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Figure 6. Slag thickness vs. axial position.
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Figure 7. Slag velocity vs. axial position.
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Figure 8. Viscosity of liquid slag vs. temperature.
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Figure 9. Corrosion rate vs. temperature.
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Figure 10. Solubility of Al2O3 in the baseline slag as a function of temperature.
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Figure 11. Diffusivity of Al2O3 in the baseline slag as a function of temperature.
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Figure 12. Corrosion rate vs. Al2O3 composition in the slag at CaO/SiO2 = 1.
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Figure 13. Solubility of Al2O3 at CaO/SiO2 = 1.
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Figure 14. Corrosion rate vs. CaO composition in the slag at Al2O3/SiO2=0.5.
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Figure 15.  Melting point of Al2O3-CaO-SiO2 slag at Al2O3/SiO2 = 0.5.
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Figure 16. Diffusivity of Al2O3 at Al2O3/SiO2 = 0.5.
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Figure 17. Corrosion rate vs. SiO2 Composition in the slag at Al2O3/CaO=0.5.
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Figure 18. Melting point of Al2O3-CaO-SiO2 slag at Al2O3/CaO = 0.5.
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Figure 19. Diffusivity of Al2O3 at Al2O3/CaO = 0.5.
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Figure 20.  Comparison of corrosion rates with and without the slag flow effect.


[image: image58.wmf]0.8

0.6

0.4

0.2

0.0

0.00

0.04

0.08

0.12

0.16

0.20

0.24

 

 

1000hr

1500hr

Refractory Wear Depth (m)

L (m)

500hr


Figure 21. Refractory wear distribution along the axial direction.
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