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Abstract
A dissolution model has been developed to account for the refractory wear due to chemical corrosion in entrained-flow slagging gasifiers. This model is based on the diffusion-dominant mass transport assumption, and incorporates the effects of slag flow and heat transfer on the corrosion rate. The boundary layer theory is used to derive an analytical equation form of the mass transfer coefficient. The effects of temperature, composition, and slag flow are analyzed and discussed based on a CaO-Al2O3-SiO2 slag and an Al2O3-dominant refractory material. Results indicate that temperature and slag composition have significant effects on the corrosion rate. This model, combined with the spalling and coal gasification models, will be used to support the development of monitoring capabilities to on-line access the wear of refractory liners in entrained-flow gasifiers.
1. Introduction
Entrained-flow gasification has proven to be a high efficient technology to convert solid fuel (coal, biomass, etc.) into energy-rich gaseous chemicals. This technology partially oxidizes pulverized coal, petcoke, or biomass into light molecules like hydrogen, carbon monoxide, and carbon dioxide. During the gasification processes, the inorganic impurities in fuel are oxidized and accumulate on the internal surface of the gasifier. Due to the highly corrosive nature of liquid slag, refractory liners installed in gasifiers are continuously dissolved by the slag. Slag also penetrates into refractory through pores or fractures, which accelerates corrosion rates and leads to spalling occurrences [1, 2]. Due to serious refractory wear, typical gasifiers can only be normally operated up to 4-18 months, and it takes 2-3 weeks and costs more than 1 million dollars to shutdown, uninstall the damaged refractory liners, and install new ones. Because of the high-temperature, high-pressure, and harsh operating conditions, it is difficult to on-line measure refractory wear. Models are needed to simulate the refractory degradation, monitor the refractory remaining useful life, and control/improve the operational performance of gasification processes. In this study, a chemical corrosion model combined with slag flow and heat transfer effects has been developed to predict the corrosion rate of refractory liners. A ternary slag system, CaO-Al2O3-SiO2 is used as an example to attentively describe the corrosion of an Al2O3-based refractory material.
2. Slag Flow along the Refractory Liner

The slag flow along the refractory is a complex phenomenon since fly ash continuously deposits on the flowing slag. To model the slag flow, three assumptions are made in the present work:

1. Slag is Newtonian fluid and uniformly distributed around the refractory at a given axial position.

2. Slag flow is fully developed and is 1-D laminar along the flow direction.
3. The shear force between the slag and syngas is neglected.

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 is 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), 
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 is the slag density, g is the gravity, and 
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 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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r

 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. 
During gasification processes, the oxidized inorganic matters in gasifiers continuously merge into the flowing slag film. Therefore, rs is not a constant but a function of the axial position as the slag flows downwards.
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Figure 1:  Slag flow and fly ash addition into the slag along the refractory surface
At steady state, the mass balance on the flowing slag is:
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where L is the film length at the inflow position, and 
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 is the mass flux of joined fly ash. 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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 due to  GOTOBUTTON ZEqnNum679278  \* MERGEFORMAT .
In the above, no assumptions have been made on the slag properties (i.e.,
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 and 
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). Iterations are needed to solve Equations 
(5)

 which is approximated at constant (3)

 to obtain the flow velocity and slag thickness if large temperature gradients are present through the slag layer. In such a case, a reasonable initial guess of rs at the bottom of the kth computational zone (rs,k) can be obtained using Equation (1)

- GOTOBUTTON ZEqnNum112064  \* MERGEFORMAT  and 
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 values (See Appendix A). 
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If the wall temperature is too low (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 as case, the critical viscosity temperature is used to divide the slag flow into two regions: Newtonian flow region and non-Newtonian flow region. If slag temperature is lower than the critical viscosity temperature, it is assumed that slag is motionless because of the large viscosities. However, this phenomenon is not considered for the refractory wear model since chemical corrosion is insignificant at low temperatures.
3. Heat Transfer through the Slag, Refractory, and Steel Layers

The temperature profiles of the slag and refractory are needed to solve 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-cooling gasifiers have one anti-corrosion refractory liner and several insulation refractory layers. The refractory liner layer usually has higher thermal conductivities than those of insulation layers to minimize refractory wear due to creep or thermal expansion effects. The insulation layers are made of materials with low thermal conductivities to keep high cold gas efficiency.
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Figure 2:   Scheme of heat transfer layers in the coal-based gasifiers

At low Reynolds numbers, the heat transfer due to slag convection and viscous dissipation is negligible, and the heat conduction along the radial direction dominates the energy transport mechanism. Therefore, the slag layer, refractory layer, and steel shell layer can be modeled using the same governing equation. At steady state, the 1-D heat equation can be simplified into
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where T is the temperature and k is the thermal conductivity. Equation (6)

 can be further simplified into
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where q is a constant and can be taken as the heat flow rate (In fact, 2πq is the exact heat flow rate through the layer for the 1-D steady state radial heat conduction). Equation (7)

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

The volume fraction of flying particles is small compared with the reactor volume. 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,  kslag and kst are the thermal conductivities of the slag and steel shell, respectively, 
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 and 
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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, 
[image: image27.wmf]slag

e

 and 
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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. Strictly speaking, the value of R is not a constant but a function of time due to continuous refractory wear. However, the wear rate is significantly slow when compared with the heat transfer, and thus, the energy transport can be taken as a quasi-steady state process. The value of R, therefore, can be taken as a constant at a given computational time interval. 

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.
4. Chemical Corrosion Model
The following assumptions are used in the chemical corrosion model:

1. Direct dissolution mechanism dominates the corrosion rate.

2. Slag concentration is uniform along 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

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 study because the indirect dissolution is much slower than the direct dissolution that occurs on the slag-refractory interface. Because the useful life of refractory liners is determined by the local refractory wear, only the direct dissolution mechanism needs to be considered in slagging gasifiers.

The chemical corrosion rate of refractories is affected not only by chemical reactions between the molten slag and refractory, but also by the diffusion of refractory materials into the slag.  Most refractory liners used in coal gasification processes are made of alumina or chromia-based materials. Taira 
 ADDIN EN.CITE 
[4]
, 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 Poeppel [8]. Hence, only the diffusion effect is considered in the present work. Bennett [9] claimed that dissolving of particle bonds accelerates the corrosion rate in non-uniform refractory materials. This effect, however, is not considered in the present work either due to restrictions of obtaining proprietary information on commercial refractory structures.
Based on the above assumptions, Equation (10)

 is used to calculate the molar flux for a solute species, A, dissolved into a liquid phase
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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, which 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 
[image: image37.wmf]*

A

x

 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 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. 
5. Baseline and Data Specification

Chemical corrosion in slagging gasifiers is a complex phenomenon influenced by such factors as coal type, refractory material, gasifier geometry, ash/slag deposition rate, heat transfer, and operating conditions. In the present work, a single-stage entrained down-flow gasifier is used to simulate a G.E. coal gasification process (Figure 3). Because most coal ashes are abundant of Ca, Al, Si, and O elements, a ternary slag system, CaO-Al2O3-SiO2, is used in this study to compute refractory wear.  The refractory material is assumed to be Greencast 94 [10] (Al2O3 > 94%) since many properties of Al2O3-related slag and refractory materials have been publicly reported (e.g., solubility, viscosity, and diffusion coefficients). 
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 or with cooling systems. 
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Figure 3:  Scheme of one-stage entrained-flow gasifier. The internal diameter D = 2.8 m.

6. Results and Discussion
All results presented in this section are computed based on the baseline demonstrated in Section 5, including the slag properties (e.g., slag viscosity and melting point) that have been validated in the literature and the results predicted using the models developed in this study. Figures Figure 4quote  \*”arabic”
4
 and Figure 5quote  \*”arabic”
5
 depict the temperature and gas composition profiles in the gasifier at the flowrate of Wyodak coal 5500 tons/day and water/coal (mass) = 0.50 and oxygen/coal (mass) = 0.87, computed using our gasification package [11]. Because refractory wear is most serious in the slagging chamber where temperature is high and slag is mostly liquid (above the fusion temperature line in Figure Figure 4quote  \*”arabic”
4
, corresponding to L= 0.2~0.6m in this study), attention is paid here to the corrosion 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 is used as the default analyzing position in the following discussion. For analysis convenience, the averaged value of 
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is assumed to be 0.1 kg/m2∙s along the axial direction and the mass fraction of the default slag is assumed to be 40%CaO-20%Al2O3-40%SiO2 through the gasifier unless the variants are specified in a specific section. The thermodynamic data reported by Eriksson and Pelton [12] are used in the present work to calculate the liquid-solid phase equilibrium of the slag (e.g., solubility and melting points of slag at given compositions).
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Figure 4: Averaged temperature profiles of gas and slag vs. position
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Figure 5: Averaged composition profiles of gas vs. position
6.1. Temperature and thickness of the slag in the slagging chamber
Figure Figure 6quote  \*”arabic”
6
 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 study. In the slagging chamber, the slag layer is thin and mostly liquid and has a relatively 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 transfer flux is largest.
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Figure 6: Slag temperature vs. axial position
Figure 7 illustrates the slag thickness as a function of the axial position. The typical computed liquid slag thickness is in an order of millimeters, which is similar to those reported by Benyon et al.[13], Wang et al.
 ADDIN EN.CITE 
[14]
,  and Bockelie et al.[15].
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Figure 7: Slag thickness vs. axial position
Figure 8 reports the predicted slag velocity in the slagging chamber. The highest velocity occurs where the slag temperature is highest. A possible explanation is that the velocity is strongly dependent on the viscosity of the slag. Because the slag viscosity decreases exponentially with increasing temperature (Figure 9, computed using the Kalmanovitch and Frank model [16]), the slag velocity profile is significantly influenced by the temperature. 
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Figure 8: Slag velocity vs. axial position
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Figure 9: Viscosity of liquid slag vs. temperature
6.1. Effect of temperature on corrosion rate
Figure 10 reports 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 al 
 ADDIN EN.CITE 
[5]
. The corrosion curve can be divided into two smooth regions according to temperature: the 1325~1423 ˚C region and 1423~1600 ˚C region. In each region, the corrosion rate increases with increasing temperature. The curve becomes flat and close to zero as temperature approaches 1325 ˚C. The trend of the corrosion rate can be explained using the solute solubility and diffusivity changes with temperature (Figures Figure 11quote  \*”arabic”
11
 and Figure 12quote  \*”arabic”
12
). 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 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 based on per mole of Al2O3.  Around 1425 ˚C, the corrosion rate varies not as abruptly as the solubility curve because the corrosion curve is smoothed by the contribution of solute diffusivity with respect to temperature (Figure 12). As temperature approaches 1325 ˚C, the slag becomes saturated with respect to Al2O3 (Figure 11) and cannot hold more solute in the liquid, resulting in a zero corrosion rate. 
As shown in Figure 10, there is a noticeable difference between our results and those reported by 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. Samaddar et al. [5] pointed out that the temperature-function modeling approach is ineffective and misleading in general. The saturated solute concentration and the solute diffusivity are dependent not only on temperature, but also on the liquid composition. For example, the zero corrosion rate at temperatures close to 1325 ˚C and the non-smooth curve of the corrosion rate shown in Figure 10 cannot be accounted for by a simple temperature function alone. In addition, the effect of slag flow on the corrosion rate is ignored in Chen and Buyukozturk’s work. 
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Figure 10: Corrosion rate vs. temperature
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Figure 11: Solubility of Al2O3 in the default slag as a function of temperature

[image: image53.wmf]1300

1350

1400

1450

1500

1550

1600

0.000

0.005

0.010

0.015

0.020

0.025

Diffusivity (mm

2

/hr)

Temperature (

o

C)


Figure 12: Diffusivity of Al2O3 in the default slag as a function of temperature

6.2. Effect of slag composition on corrosion rate
To study the effect of slag composition on the corrosion rate, the gas temperature at L = 0.36 m is fixed in the present section. Figure 13 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 is close to 0.51. A possible explanation is that the corrosion rate is significantly influenced by the solute solubility. The slag becomes more and more close to the saturated point with the addition of solute in the slag, and thus, the ΔCA term defined in Equation (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.
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Figure 13: Corrosion rate vs. Al2O3 composition in the slag at CaO/SiO2 = 1
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 zero corrosion rate can be explained using the melting point curve as shown in Figure 15, calculated using our current phase equilibrium package, which is an updated version of that used in [18]. At CaO compositions below 0.13 or above 0.52, the melting points of stable solid compounds are higher than that of the computed slag cold-face temperature. In other words, the liquid slag is saturated/oversaturated 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 point) do not occur at the corresponding CaO compositions where the transition of the melting point curve does. A possible explanation is that the corrosion rate depends on both the solute solubility and 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 corrosion rate curve to higher CaO compositions. Similar trends can be expected in the curve of the corrosion rate vs. SiO2 composition at fixed CaO/Al2O3 ratio, though the figures are not shown here due to the similar mechanism to the CaO effect; however, the corrosion rate-SiO2 composition curve “shifts” to the lower SiO2 composition side because the diffusivity of Al2O3 decreases with increasing SiO2 composition. 
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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
6.3. Effect of slag flow on corrosion rate
The corrosion kinetics of oxides in the slag has been studied by many researchers using the rotating cylinder (e.g., [3, 4]) or immersing method. The rotating cylinder method, though is widely used to evaluate refractory resistance and qualitatively study corrosion mechanisms, often overestimates the corrosion rate when it is used in slagging gasifiers since the slag flow effect is not properly estimated. The immersing method (diffusion in stationary slag), on the other hand, underestimates the corrosion rate in slagging gasifiers due to the ignorance of the slag flow effect. An example of the slag flow effect is shown in Figure 17. The without-slag-flow curve is computed using the pure radial diffusion assumption through the slag layer. The difference of corrosion rates increases with increasing temperature. A possible explanation is that the slag velocity increases with increasing temperature resulting in a thinner mass transfer boundary layer. As a result, the transport resistance in the slag becomes much smaller and the solute is more quickly removed by the flowing slag.
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Figure 17:  Comparison of corrosion rates with and without the slag flow effect
Figure 18 depicts the refractory wear as a function of axial position from the top of the gasifier. For analysis convenience, the syngas temperature and composition profiles are fixed at those shown in Figures Figure 4\quote  \*”arabic”
4
 and Figure 5\quote  \*”arabic”
5
. It can be found that not all positions in the slagging chamber are of appreciable chemical corrosion. A possible explanation is that temperature has a significant effect on corrosion rates. 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 appreciable dissolution occurrence (if temperature is lower than the melting point of the slag, ash deposition will occur which protects the refractory from direct contact with the liquid slag). Refractory wear is most serious around L=0.36m since the corresponding slag-refractory interface temperature is the highest. 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.
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Figure 18: Refractory wear distribution along the axial direction
7. Conclusions
In this study, 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 function alone cannot correctly describe the corrosion phenomenon. Slag composition has a strong influence on both the slag thermo 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 can be used to analyze the transport and corrosion mechanisms, but are not appropriate to be directly used in slagging gasifiers to evaluate the solute dissolution behavior.
Not all positions in the slagging chamber are of 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 are dominant and gas temperature is highest.
It should be pointed out that the predicted corrosion rates are higher than those reported by Bakker [2]. A possible explanation is that the reported results were obtained with a gasifier operated at lower temperature. In addition, the Cr2O3-based material was used in Bakker’s work which is more anti-corrosive than Al2O3-based materials. However, the presented modeling approach can be easily used to predict Cr2O3-based refractory wear once the needed Cr2O3-related properties are obtained.

The model presented in this study has been integrated with the coal gasification package [11] developed at INL to investigate refractory wear.
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Summation of Equation (4)

 over k computational zones results in 



[image: image63.wmf]s,

R

,

k

zii

ik

Rr

vdrmL

r

£

-

=D

å

ò

&


 MACROBUTTON MTPlaceRef \* MERGEFORMAT (A.2)

where 
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 is used since no ash deposition is assumed to exist at the initial flowing position. Substituting Equation (A.2)

, after simplification, results in(A.1)

 into Equation 
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The value of rs is a small number compared with R. Hence, the term in the parentheses of Equation (A.3)

 can be further simplified into



[image: image66.wmf](

)

(

)

2

23

sssss

s

23

2

23

ss

sssss

2

ss

3

s

1

2()ln

3

1

2,

32()3()

4

3

R

RrrRrRrr

Rr

rr

RrrRrrr

RrRr

r

æö

-+---

ç÷

-

èø

æö

»-+--++-

ç÷

--

èø

»

K


 MACROBUTTON MTPlaceRef \* MERGEFORMAT (A.4)

where the approximation of 
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 is used in the above derivation. Equation (A.3)

 (Equation (5) is the exact solution in Cartesian coordinates).(A.4)

 into Equation (5)

 can be obtained by substituting Equation 
For slag flow with large temperature gradients along the r direction, the values of
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 and 
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 evaluated at the hot-face temperature of the slag can be used as initial guesses. 

For the interfacial mass transfer through the flowing slag, the steady-state governing equation is
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where NAz and NAr are the mass fluxes of A along the z and r directions, respectively. Due to the slowness of slag corrosion (typically ~ 10-9 m/s), the bulk slag concentration can be assumed to be constant during the dissolution process. The NAz and NAr terms can then be expressed as
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where CA is the concentration of A, DAs is the effective diffusion coefficient of A in the slag, and 
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x

 is the mole fraction of A in the slag. The 
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 results from the dominance of convection on the transport of A along the flow direction. 

Substituting Equations (B.1)

 results in:
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with the boundary conditions of
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where CAb is the bulk concentration of A, and 
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C

 is the saturated concentration of A at the slag-refractory boundary.
For slow diffusion (~10-9 m/s for typical dissolution rates in slagging gasifiers), the distance through which solute can penetrate is much small compared with the slag thickness (i.e., rs). The governing equation and the boundary conditions defined in Equations (B.5)

 can be replaced by
(B.4)

 and 
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and


[image: image79.wmf]AAb

*

AA

AAb

at 0,                ,

at 0,               ,

at ,              ,

zCC

yCC

yCC

==

==

=¥=


  MACROBUTTON MTPlaceRef \* MERGEFORMAT 

 MACROBUTTON MTPlaceRef \* MERGEFORMAT (B.7)

where 
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. The R-y term in Equation 
(B.6)

 is approximated to be a constant due to  GOTOBUTTON ZEqnNum891534  \* MERGEFORMAT  (The approximated expression in Equation (B.6)

 can also be taken as the transport equation in Cartesian coordinates).
If A is dilute in the slag (i.e., 
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In general, Equation (B.4)

 is used to calculate the solute dissolution rate.

We first consider the diffusion case in dilute solutions as shown in Equation 
(B.8)

. According to the boundary layer theory, a mass transfer boundary layer with a thickness,  GOTOBUTTON ZEqnNum370631  \* MERGEFORMAT , is present in the vicinity of the slag-refractory interface which dominates the mass transport resistance along the r direction. Due to the slow velocity change within 
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where 



[image: image87.wmf]s

sin

gr

a

rq

m

=


 MACROBUTTON MTPlaceRef \* MERGEFORMAT (B.10)

Equation (B.8)

 can then be transformed into
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Substituting CA/
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with the boundary conditions of 
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A realistic solution of Equation 
(B.12)

 are dimensionless. For a particular case where (B.12)

 exists only if the term in the parentheses is a constant since all other terms in Equation  GOTOBUTTON ZEqnNum815477  \* MERGEFORMAT , 
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by assuming 
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which results in
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or
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for the solution solved using the finite difference method.

The solution to Equation (B.12)

 is
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where Γ(4/3) ≈ 0.8930 is the value of the gamma function at 4/3.

The diffusion flux at the slag-refractory boundary in dilute solutions at the axial position L can then be found by
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For a general solution, the diffusion flux at the boundary can be obtained by inserting the effects of CAb as shown in Equation (B.20)

.  
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The kA term can therefore, after simplification, be expressed as Equation (11)

.
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