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Abstract

The economic viability of converting coal into clean burning liquid fuels in slagging coal gasifiers is compromised by the limited service

lifetime of hot-face refractories. One of the most severe refractory degradation mechanisms is spalling, which can occur by either volume-

expansion phenomena (compressive stresses) or by volume-shrinkage phenomena (tensile stresses). A volume-shrinkage model is benchmarked to

high-chromia refractory material properties and performance under gasifier operating conditions. The model is found to be appropriate for first-

order estimates of gasifier refractory lifetime when the apparent diffusivity of volatized Cr in the refractory includes the effects of slag-filled pores

and cracks.
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1. Introduction

Coal conversion into clean burning liquid fuels promises

environmental advantages and reduced dependence on oil.

However, these advantages have not been fully realized because

of an important economic factor: the limited service lifetime of

hot-face refractories [1,2]. Under optimum conditions in a

slagging coal gasifier, high-chromia refractories could last up to

3.5 years [3]. However, commercial gasifiers must often use sub-

optimal feedstocks and operating conditions, and the refractory

lifetime is often reduced to less than 1.5 years. The expense of

refractory replacement in a large-scale gasifier can exceed US$1

million [1]. Consequently, one of the most frequently cited R&D

needs [2] is for improved refractory durability, including

improved models for refractory lifetime prediction.

The challenging service conditions in a slagging coal

gasifier include high temperatures (1300–1600 8C) and
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pressures (2–3 MPa), temperature transients and the associated

thermal stresses, alternating oxidizing and reducing conditions,

corrosive slags, and erosive residual particulates. Although

additions of phosphate [4], magnesia [5], or alumina [6] to

high-chromia refractories have exhibited measured improve-

ments in durability, industrial refractories have a finite amount

of porosity, including initial flaws and joints between bricks.

These enable penetration of the slag into the interior of the

refractory by permeation and infiltration mechanisms assisted

by the pressure gradients within the gasifier, along with

capillary and diffusive intrusion mechanisms. The thermal–

chemical–mechanical interactions between the refractory and

slag result in degradation by several mechanisms: corrosion,

erosion, cracking, and spalling. Spalling is one of the most

difficult to predict because of its apparent stochastic nature.

Several types of spalling models have appeared in the

literature, e.g., [7–15]. The driving forces that cause spalling fall

into two regimes: those that cause refractory volume expansion

and those that cause volume shrinkage [16]. Aside from the

obvious thermal expansion, other expansion mechanisms include

phase changes resulting from slag-refractory chemical reactions.

Expansion causes compressive stresses in the plane of the

refractory surface, which lead to sub-surface cracking, and the

eventual formation of a ‘blister’ configuration that spalls [17].

Shrinkage mechanisms can include the loss of volatile species,

e.g., Cr [18] or chemically bound water, from the refractory
d.

mailto:Rick.Williford@pnl.gov
http://dx.doi.org/10.1016/j.ceramint.2007.08.011


R.E. Williford et al. / Ceramics International 34 (2008) 2085–20892086
matrix. Shrinkage leads to tensile stresses in the plane of the

refractory surface, and the eventual formation of a crack system

resembling a dried up clay riverbed. The cracked refractory

segments form spalled regions when they are removed by the

flowing slag or by gravity.

We have previously discussed a model of spalling by

volumetric expansion mechanisms [17]. The purpose of the

present work is to explore the application of a shrinkage-based

model [19] for representative gasifier conditions and materials,

and to determine if it can adequately estimate observed spall

sizes and times to spall. The present volume-shrinkage spalling

model, along with the previous volume-expansion model, will

be used to help guide fundamental understanding, testing, and

data collection in our research program on coal gasification.

2. Spalling by volume-shrinkage mechanisms

Yakobson [19] previously derived a model for the tensile

cracking of a homogeneous solid as solutes or other volatile

species are removed. Fig. 1 shows a schematic of the crack

network that results from the volume shrinkage of the host

material. The volatile species diffuses through the solid with

diffusivity D (cm2/s), and escapes from the cracked/solid

interface according to a rate constant k (cm/s). The apparent

diffusivity may be increased by the crack network near the

cracked/solid interface, so transport away from the interface is

usually rapid. The mean crack length at the interface is L (cm),

and defines the mean size of the spalled material. The lower

diagram in Fig. 1 shows the concentration profile of the volatile

species, with the cracked/solid interface moving into the solid

at mean velocity v (cm/s). The concentration of the diffusing

species is normalized to that in the initial solid, with cb being

the normalized concentration at the cracked/solid interface.

Note that although a relatively large cracked region is shown in

Fig. 1, the spalled material is most likely to be carried away by

the flowing slag in a gasifier, or to fall away from the surface

due to gravitational forces.
Fig. 1. Top diagram: crack network propagating towards the interior of the solid

at velocity v. Bottom diagram: concentration profile of volatile species leaving

the solid at the cracked/solid interface (x = 0). Redrawn from Ref. [19].
Yakobson’s model describes the competition between crack

opening forces due to material shrinkage and crack resisting

forces due to material cohesion. Because diffusion is slower

than the growth of an unstable crack, the stress s(x) is balanced

by the material toughness (K), and the system is considered to

be in quasiequilibrium. K is given by fracture mechanics as

[20]:

K ¼ 2

ffiffiffi
L

p

r Z L

0

sðxÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðL2 � x2Þ

p dx (1)

The system is just balanced when K takes the critical value Kc.

In terms of material constants, Kc is given by fracture

mechanics as [20]:

Kc ¼
2GEffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1� n2

pÞ
q (2)

where G is the material surface energy (J/m2), E the Young’s

modulus (N/m2), and vp is the Poisson’s ratio.

The stress distribution in the plane of the refractory surface

was approximated from thermal stress theory [21], neglecting

the effects of crack curvature and crack interactions

sðxÞ ¼ bE½1� cðxÞ� (3)

where

b ¼ DV

3Vð1� npÞ
(4)

is the volume-shrinkage coefficient and DV/V is the volume

shrinkage normalized to the initial volume.

The steady-state concentration profile c(x) of the diffusing

species in the moving coordinate system is defined by the

concentration at the cracked/solid interface (cb)

cðxÞ ¼ 1� ð1� cbÞ e�xv=D (5)

and can be approximated by the linear form

cðxÞffi cb þ xð1� cbÞ
v

D
(6)

for x � D/v. Substituting Eqs. (2), (3), and (6) into Eq. (1) gives

Kc

2Eb

�
1þ v

k

� ffiffiffiffiffiffi
pv

D

r
¼

ffiffiffi
l
p �

p

2
� l

�
(7)

where the dimensionless length is defined as

l ¼ vL

D
(8)

The normalized length of the crack (l) depends on the velocity

ðvÞ of the crack front propagation.

The solution to Eq. (7) is given by a family of possible crack

velocities, so the problem is one of ‘selection’. According to

Yakobson [19], the critical velocity occurs at the maximum

value of the crack elastic opening force, where the gradient of a

corresponding free energy functional is zero. Identifying the

critical velocity as vc, Yakobson solved for the critical

dimensionless length lc = p/6, and from Eq. (8) found the



Fig. 2. Volume change normalized by original Cr2O3 crystal volume for a range

of vacancies and substitutions. Cr vacancies and AlCr substitutions cause

shrinkage, while O vacancies and FeCr substitutions cause expansion. Refer-

ences for the interatomic potentials are indicated in the legend.
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characteristic crack (or spall) size as a function of velocity:

L = pD/6v. Substituting this into Eq. (7) gives the characteristic

equation

v

�
1þ v

k

�2

¼ D (9)

where the coefficient D is determined by the material properties

D ¼ 2D

27

�
Ebp

Kc

�2

(10)

Eqs. (9) and (10) provide the model to be investigated here.

This model has been verified by Monte Carlo simulations [22]

for cases of high and low diffusivity.

3. Benchmarking for gasifier applications: Cr

volatization in high-chromia refractories

There are several possible mechanisms by which a refractory

may exhibit volume shrinkage, such as post-sintering

densification or loss of chemically bound water during initial

dryout. Slagging gasifier operating conditions include high

temperatures and a harsh chemical environment. The chemistry

is often very complicated, so it is problematic to select a

suitable case for benchmarking the candidate model described

above. In the interest of clarity, we have selected Cr volatization

because (a) Cr volatization creates vacancies in the Cr2O3

lattice, which in turn cause volume shrinkage, (b) it has been

observed in slagging gasifier refractories [18], and (c) it is a

problem common to other technologies [23].

The materials database employed was the same as in our

previous volume-expansion model [17]. Young’s modulus (E)

for a typical high-chromia refractory was estimated as

E = 2 � 1011 Pa [24] at room temperature. The correction for

higher temperatures (1 � 0.0002T), with T in 8C, was estimated

from Richerson [25]. The correction for porosity (1 � p)2 from

Gibson and Ashby [26] was employed, with porosity p = 0.15

typical of high-chromia refractories [18,24]. The in situ

operating value was thus estimated as E = 1 � 1011 Pa. The

value of Poisson’s ratio was taken as vp = 0.25 [25]. The crack

extension force, i.e., the force per unit width of crack front

required to advance the crack length was estimated from the

surface energy to be about G = 10 J/m2 [27]. Kc was calculated

from Eq. (2).

Spalling data for benchmarking the model were also the

same as for benchmarking our previous volume-expansion

model [17]. Because of the harsh operating conditions, in situ

data are extremely rare, and not often cited in the literature. At

the average operating temperature of �1450 8C, spall times of

807 h [28] and 1300–1500 h [16] have been observed. We

assumed 1000 h as a typical time to spall. Spall thicknesses of

1–3 cm on the average were reported by Guo et al. [28].

Although experimental conditions were not reported in Ref.

[16], the brick used in Ref. [28] was taken from a Texaco

gasifier after being cycled 20 times between 1350 and 1700 8C
in a Qiwu coal and limestone feed mixture.
The volume shrinkage caused by Cr volatization was

calculated with an atomistic energy minimization method [29]

using several sets of interatomic potentials. The most reliable

potentials were those of Sun et al. [30,31]. Other potentials [32]

employed the more elaborate core–shell models and were

unstable at Cr vacancy concentrations greater than 2%. An

example is shown in Fig. 2. In all simulations, charge neutrality

was maintained by adjusting the charge on the Cr cations. The

correlation for volume shrinkage (DV/V) as a function of the Cr

vacancy fraction (VCr) in Cr2O3, derived using the Sun et al.

[30,31] potentials, was used in this benchmarking exercise

DV

V
¼ �0:45512VCr (11)

Results are shown in Fig. 2. For a high-chromia refractory

(designated CR95 in Ref. [18]), we assumed that the shrinkage

would be dominated by the Cr2O3, which is actually 92.5% of

the refractory material. Effects of the porosity on the mechan-

ical properties were treated as described above [26].

The rate constant k was computed using the conservation of

mass equation for the diffusing species at the cracked/solid

boundary

vð1� cbÞ ¼ kcb (12)

Taking cb as the normalized Cr concentration (cCr) at the

cracked/solid interface, and noting that cCr = 1 � VCr, we have

k ¼ v
VCr

1� VCr

(13)

The cubic form of Eq. (9) was solved numerically [33],

keeping only the single real root. Results are shown in Fig. 3 for a

range of VCr. For D = 10�6 cm2/s, the benchmark spalling data (a

1.4 cm thick spall in 1000 h) are matched for VCr � 0.023 (i.e.,



Fig. 3. Time to spall and spall thickness for a range Cr vacancy concentrations

in Cr2O3, with D = 10�6 cm2/s. At VCr � 0.023, a spall �1.4 cm thick is

obtained in �1000 h.
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2.3%), a reasonable defect level for a ceramic subjected to a

complex chemical environment at high temperatures. This model

is therefore model capable of reproducing observed spalling data

using representative refractory material properties.

Fig. 4 shows the times to spall for a range of diffusivities at

the defect level VCr = 0.023. The rapid increase in spall times

with decreasing diffusivity would seem to indicate that higher

diffusivities are appropriate for porous and cracked refractories,

or that the pore and microcrack networks appear to play an

important role in Cr diffusion through the refractory for spalling

by volume-shrinkage mechanisms.

4. Discussion and conclusions

Because of the complexity of slag/refractory chemical

interactions, identification of an appropriate benchmarking

case was problematic. We chose the relatively simple and clear

case of volume shrinkage caused by Cr volatization because it

has been observed to occur in high-chromia refractories [18].
Fig. 4. Dependence of time to spall on the effective diffusivity of Cr in the

refractory, for 2.3% Cr vacancies.
Although Yakobson [19] assumed that the cracks at the

interface do not strongly influence the diffusion of the volatile

species, our analysis shows that application to refractories gives

results agreeing with available benchmark spalling data only if

the apparent diffusivity in the cracked solid is relatively high

(�10�6 cm2/s). This is much higher than the diffusivity of Cr

through the Cr2O3 crystal lattice (10�10 to 10�18 cm2/s at

1450 8C) [34–37]. However, it is representative of the

diffusivity of metal atoms through liquid slags [38] and

implies that the slag-filled pores and cracks of the refractory

must play an important role in Cr diffusion. This would in turn

imply that the Cr volatization process could occur mostly at the

surfaces of the pores and cracks, where the refractory interacts

chemically with the slag. Although this is physically reason-

able, it also means that the volume shrinkage may actually be

less than that given in Eq. (11) for homogeneous Cr2O3, so the

time to spall may be longer. It is thus apparent that further

refinements are needed in the model. Such refinements include

the possible ‘pore surface confinement’ of the volume-

shrinkage coefficient and the treatment of the assumed

‘homogeneous’ host refractory as a composite for the stress

analysis. We plan to generate data relevant for assessing the

magnitude of these affects in our experimental program.

The above model is investigated for possible use in large-scale

gasifier simulations, so its computational conciseness and

simplicity are attractive. It is essentially a three-parameter

model. The primary input data needed are the diffusivity, the

toughness, and the volume-shrinkage coefficient. The model

treats elastic behavior and does not account for creep or other

stress relaxation phenomena. Although it is approximate, the

model’s computational uncertainties are considered to be

comparable to the uncertainties for the in situ refractory material

properties and the gasifier chemical environment. Thus, the

model appears useful as a first-order estimate for refractory

lifetime predictions for volume-shrinkage phenomena.
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