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DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United
States Government. Neither the United States Government nor any agency thereof, nor
any of their employees, makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or otherwise does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof. The views and opinions of authors
expressed herein do not necessarily state or reflect those of the United States Government
or any agency thereof.
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ABSTRACT

The University of Missouri-Rolla identified materials that permit the safe, reliable and
economical operation of combined cycle gasifiers by the pulp and paper industry. The
primary emphasis of this project was to resolve the material problems encountered during
the operation of low-pressure high-temperature (LPHT) and low-pressure low-
temperature (LPLT) gasifiers while simultaneously understanding the materials barriers
to the successful demonstration of high-pressure high-temperature (HPHT) black liquor
gasifiers. This study attempted to define the chemical, thermal and physical conditions in
current and proposed gasifier designs and then modify existing materials and develop
new materials to successfully meet the formidable material challenges.

Resolving the material challenges of black liquor gasification combined cycle technology
will provide energy, environmental, and economic benefits that include higher thermal
efficiencies, up to three times greater electrical output per unit of fuel, and lower
emissions. In the near term, adoption of this technology will allow the pulp and paper
industry greater capital effectiveness and flexibility, as gasifiers are added to increase
mill capacity. In the long term, combined-cycle gasification will lessen the industry’s
environmental impact while increasing its potential for energy production, allowing the
production of all the mill’s heat and power needs along with surplus electricity being
returned to the grid. An added benefit will be the potential elimination of the possibility
of smelt-water explosions, which constitute an important safety concern wherever
conventional Tomlinson recovery boilers are operated.

Developing cost-effective materials with improved performance in gasifier environments
may be the best answer to the material challenges presented by black liquor gasification.
Refractory materials were selected or developed that reacted with the gasifier
environment to form protective surfaces in-situ; and were functionally-graded to give the
best combination of thermal, mechanical and physical properties and chemical stability;
and are relatively inexpensive, reliable repair materials. Material development was
divided into 2 tasks:

Task 1 was development and property determinations of improved and existing refractory
systems for black liquor containment. Refractory systems of interest include magnesium
aluminate and barium aluminate for binder materials, both dry and hydratable, and
materials with high alumina contents, 85-95 wt%, aluminum oxide, 5.0-15.0 wt%, and
BaO, SrO, Ca0O, ZrO, and SiC.

Task 2 was finite element analysis of heat flow and thermal stress/strain in the refractory
lining and steel shell of existing and proposed vessel designs. Stress and strain due to
thermal and chemical expansion has been observed to be detrimental to the lifespan of
existing black liquor gasifiers. The thermal and chemical strain as well as corrosion rates
must be accounted for in order to predict the lifetime of the gasifier containment
materials.
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INTRODUCTION

Papermaking by the kraft process involves treatment of wood chips in a digester vessel with
a steam-sodium sulfide-sodium hydroxide mixture to separate the cellulose fibers from the
lignin that binds them together. The streams exiting the digester vessel include a fiber-rich
stream that is further treated to provide the fibers that are used to form paper or other
cellulose-based products. The other stream is identified as black liquor which is an aqueous
solution containing the waste organic material including the lignin as well as the spent
pulping chemicals that are primarily sodium carbonate and sodium sulfate. Black liquor
(BL), a by-product of the papermaking process, is an important liquid fuel in the pulp and
paper industry'. A diagram highlighting the steps in papermaking and chemical recovery is
shown in Figure 1.

Steam
turbine

L’é‘%@‘ Black liquor
= concentration
Chips
T0-80%
P il
N
e
Pulp
(Ll
= Causticizing
(\ “‘_(_ﬂ White 4 ! Green Dissolvin Water
~(2]?) Paper liquor liquor e g

Figure 1 Schematic description of the pulping process

The weak black liquor has a solids content of approximately 15% by weight but the strong
black liquor resulting from the concentrator has a solids content of around 75%>.

Black liquor represents a readily available renewable energy source which is expected to
become an increasingly important resource for power generation in the pulp and paper
industry in the future’.

As is seen in Figure 2, the worldwide black liquor production is increasing. Moreover, the
contribution of the United States to this rate is disproportionately high which shows the huge
amount of energy and electricity power which can be obtained from black liquor by 2025*.
Therefore development of a refractory lining material resistant to harsh condition of black
liquor gasifier is necessary to provide a stable operating condition. The most readily apparent
feature of gasification based power plants compared to existing power plants is the much
higher levels of electricity production resulting from the high efficiencies of gas turbine
cycles compared to those of steam turbines’. The following electrical power yields are rough
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estimates; 500-800 kWh/ADMT' for recovery boiler technology and 1200-1800 kWh/ADMT
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for pressurized black liquor gasification with combined cycle technology®.

Black Liquor as Dry Solids (Mton)
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Figure 2 Estimated black liquor production (World)
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Figure 3 shows the potential for electricity production from Black Liquor in Sweden. Of
course the same trend should exist in the other countries of the world such as the United
States. Again the importance of the role of Black Liquor Gasification as a future source of
energy is obvious in this figure so attempts to further develop this process are warranted”.

Potential for Electrity Generation from Black Liquor (Sweden)
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Figure 3 Maximum electric power Potential from black liquor

In a very simple way in gasification process, the carbon in the dry solids reacts with steam
which is formed when the black liquor is heated in the reactor’.

C+H,0——>CO+H,

" ADMT=Air Dried per Metric Ton

(1)
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This is an endothermic reaction, which requires a temperature of
1650—-1830° F(900—-1000°C) in order to proceed rapidly. In the gasification process, an

exothermal reaction is used to raise the temperature to the required level and generate the
heat needed to support the reaction shown above. This exothermal reaction is combustion
(oxidation) of carbon to carbon dioxide®.

C+0,—CO, 2)
Adding the above two reaction gives:
2C+H,0+0,—>CO+CO, +H, 3)
Very simplified, the black liquor is partially burned and partially gasified.

Black liquor gasification (BLG) is a process wherein black liquor is partially burned with a
substoichiometric amount of air or oxygen to recover process chemicals and convert the
organic portion of the liquor into a usable fuel gas’. Boilers and gasifiers are the two main
equipment types used to convert some of the chemical energy of black liquor by combustion
of the liquor which yields an inorganic smelt and gases. The old method to regenerate the
pulping chemicals as well as recover some of the heating value contained in the organic
components was the black liquor recovery boiler. Concentrated black liquor is injected into
this boiler where the water is evaporated, organic materials are burned to produce heat and
steam, and inorganic components are recovered in the bottom of the boiler in a partially
reduced state, primarily as sodium carbonate and sodium sulfate®.

Recovery boilers have been used successfully for many years but they have a number of
shortcomings. First, the boiler is the most expensive piece of capital equipment in a typical
kraft pulp mill. Second, the boiler is not efficient for recovering energy from black liquor and
producing electric power. Besides, there is a safety issue because of the potential for recovery
boiler explosions if the pressurized water contained in the tubes leaks and contacts the bed of
molten smelt. Contact of this hot water with the molten smelt can result in violent explosions
7% The pulp and paper industry is interested in increasing the chemical recovery process
efficiency, either by improving recovery boiler performance or by implementing alternative
technologies. The development and selection of recovery equipment during the next two
decades will be affected by’:

e Aging recovery equipment

Need for incremental pulp production capacity

Changes in mill energy demand, i.e. more electricity and less stream

More stringent emissions regulations

It is reported that the net power output per ton of pulp is 40.7 MW in recovery boiler and
78.4 MW in CHEMREC BL gasifier. Also it is reported that the overall thermal efficiency is
67.5% in recovery boiler and 77.5% in CHEMREC BL gasifier’.

Black liquor gasification (BLG) is widely viewed as the technology most likely to replace the
recovery boiler. Gasification is the conversion of low-cost solids (like biomass) or liquids
(like black liquor) into clean-burning gases (usually for replacement of fossil fuels)'”.
Combined cycle denotes the use of a gaseous fuel in a gas turbine followed by the production
of steam, which is subsequently used in a steam turbine such that both turbines produce
electric power. Splitting sulfur and sodium present in the recovered pulping chemicals into
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separate process streams is the other advantage of the BLG process. This opens up the

opportunity to produce a wide range of pulping liquor compositions * ',

The temperature level defines whether the technology operates below or above the melting
point of the smelt produced” '°. Among different gasification processes, only two of them
have had satisfactory results and are still in operation. The first one is the low temperature

process (600-800°C ) represented by which developed the process and the other one is high

temperature process (900-1000°C ) invented by Chemrec” '’. Chemrec and Noell are two
companies developing pressurized, high temperature gasifiers °.

Low Temperature Black Liquor Gasification is based on indirect heating of a fluid bed with
tube bundles comprised of pulsed heater tailpipes ''. The process involves steam reforming
of the black liquor. In this process, the temperature is kept low enough such that the smelt
doesn’t become molten or even reach the point where it becomes sticky’. The liquor is

gasified at a temperature of 600-800°C under reducing conditions'. A schematic of a
typical reformer/gasifier system is shown in Figure 4. This system utilizes a fluidized bed of
sodium carbonate particles. Steam introduced through the bottom of the vessel serves as the
fluidizing gas as well as the source of water for the reforming operation. The black liquor is
introduced through a nozzle system also located on the bottom of the vessel. Heat is
transferred to the bed through several tube modules that carry hot combustion gas. Heat from
the combustion gases is transferred through the walls of the bed tubes to the bed material
where the reforming operation occurs”®. The composition of product gas is mainly hydrogen
(=80%) in addition to carbon dioxide (=10%) and methane, ethane and propane (=10%) .

In this system, the alkali salts are kept below their melting point. Consequently, no
component is exposed to molten salts and most are utilized at temperatures below those
encountered in the higher temperature process. The outer surface of the bed tubes will be
exposed to a gas mixture that includes hydrogen, hydrogen sulfide, steam, and carbon
monoxide and the tubes will also be subjected to the movement of the particles in the
fluidized bed. The gases exiting the bed tubes are directed into another chamber that is
connected to a heat recovery system. The reformer/gasifier vessel is lined with refractory.
The erosive action of the bed particles is a concern in the bed area, while above the bed,
degradation of the refractory by the aggressive gases as well as mechanical damage from
material condensing on the refractory lining are concerns ®.
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Figure 4 Schematic of steam reformer/gasifier vessel™

The high temperature gasification process can be operated near atmospheric pressure or at
significantly elevated pressures " . A schematic of a high-temperature, low-pressure
(HTLP) gasifier is shown in Figure 5. In this refractory lined vessel, the black liquor fuel and
the air for partial combustion are injected at the top of the vessel. The organic material
contained in the black liquor is gasified and the inorganic salts are left in the liquid state,
primarily on the gasifier wall. The liquid and gaseous products are carried out the bottom of
the gasifier vessel. The product gas is routed through a gas clean-up system to remove
residual particulates and H,S and the inorganic salts are directed to the green liquor tank®.

There is some limited experience with high-temperature, high-pressure (HTHP) gasification.
A 10 tons/day pilot scale unit has been operated in Sweden. A total of only about 1000 hours
operating time was accumulated on black liquor feed®.

There are two competing designs being considered for the HTHP gasifier. One design utilizes
a thick refractory lining within a metal pressure vessel. This design has a refractory lining
similar to that shown in Figure 5 for the HTLP. The alternative design, called a cooling
screen (Figure 6), utilizes a helically coiled metal tube that has a refractory surface coating
and contains pressurized cooling water. Currently, a high-temperature, high-pressure
demonstration scale unit is under construction in Sweden. Operation is expected to begin in
mid t% late 2003 and both the thick refractory lining and the cooling screen design will be
tested".
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Figure 5 Schematic of high temperature, low pressure gasifier

In the high temperature systems, the units operate at temperatures above the melting point of
the inorganic salts, between 900-1000°C , and at pressures ranging from 2 to 4 MPa,
depending on the desired pressure level for gas turbine operation. The synthesis gas is a high
value product composed of chemicals such as hydrogen, methanol or ammonia'®.
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Burner
support unit

Figure 6 Schematic of high temperature, high pressure gasifier®

The core component of the Chemrec system is the gasifier, a refractory lined entrained flow
reactor where the black liquor is decomposed under strongly reducing conditions. Preheated
air is used as oxidant and reducing atmosphere turns to oxidizing in the starting up or
shutting down the furnace. Injection of steam also provides some oxidizing conditions
intermittently. The black liquor droplets are dried and partially combusted, producing
combustible gas and smelt drops. The dry solids are loaded with alkaline catalyst containing
volatiles and a high content of oxygen. Under gasification conditions, black liquor pyrolyses
very rapidly. The black liquor is a unique material because of the extremely fine dispersion
of sodium (or potassium) throughout the carbon matrix. The high catalyst loading and fine
distribution of catalyst is believed to be responsible for the very high gasification rates
experienced’.

It is reported that, during black liquor gasification, sodium and potassium vapors are released
in relatively large quantities. Preliminary data indicates that alkali volatilization can be in
excess of 20% of the total sodium entering with the black liquor’. But equilibrium
calculations of black liquor composition at 950 °C under atmospheric pressure, by FactSage
database, show that the amount of sodium and potassium vapors in the gasifier atmosphere
doesn’t exceed 2%. It is also reported that gaseous alkali compounds are formed above
900°C , in the form of diatomic sodium and sodium hydroxide3. Furthermore, the total
pressure affects the equilibrium amount of alkali in the gas. Higher pressure results in
considerably lower alkali release. Lowering the air/fuel ratio results in significantly increased
alkali volatilization. In the HTHP process, the reactor pressure increases to 20-40 atm
compared to atmospheric pressure which is normally used in HTLP process. As was
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mentioned, the reactor temperature in the high temperature process is between 900-1000°C ,

normally kept in the 950-975°C range™ '°.

The gaseous atmosphere in the gasifier includes hydrogen, hydrogen sulfide, carbon
monoxide, carbon dioxide, nitrogen, methane and steam. In addition, most of the interior
surface of the gasifier vessel is exposed to molten salt (Na,CO3 and Na,S) flowing to the
outlet of the reactor in a reducing environment. The use of oxygen in place of air provides the

possibility of substantially higher gasification temperature, up to 1400°C *°.

In Alumino-silicate refractories, the alkali penetrates into the brick structure, reacts with the
brick components and results in the formation of expansive phases containing varied
combinations of alkali, alumina, and silica. Cracking and spalling occur from the resulting
mechanical stresses associated with the formation of these expansive phases. Below
approximately 1260°C , the phases such as nepheline (soda + alumina + silica), leucite and

kalsilite (potash + alumina + silica) are formed with a large volume change. Above 1260°C ,
the fireclay group typically reacts with the volatile alkali to form a viscous glass. The viscous
glassy layer may protect the refractory and stabilize the wear, however, exposure to increased
temperature can greatly accelerate the pace of fluxing and wear. Alkali also causes free
alumina phases (a —alumina) to recrystallize into £ —alumina which associates with a

large volume expansion. In the experiment accomplished at 1204°C for 5 hours on 60%
alumina samples mixed with sodium carbonate in different proportions, it was found that the
5% soda pellet appeared relatively unaffected. The 10% soda pellet also appeared relatively
unaffected; however, XRD analysis showed the formation of nepheline in some quantity. The
20% sample was weakened and friable, the 30% soda sample showed signs of the initial
expansive phase formation followed by the formation of liquid phases and 40% soda sample
showed significant shrinkage associated with liquid formation. It means that greater soda
levels result in the formation of greater quantities of expansive and/or liquid phases. In the
case of 90% alumina mullite bonded samples; soda reacted with both the free alumina and
the mullite bond, to form nepheline and S —alumina. The proposed reactions for the

mentioned interaction are as follows'®:

Na,O +3Al,0,.25i0, —> Na,0.Al, 0, .2Si0, + 2Al,0, (4)
Na,O +3Al,0,.28i0, +25i0, —3Na,0.2Al,0, 4Si0, + Al,O, (5)
Na,O + Al,O, —> Na,0.Al,0, (6)
Na,O +11Al,0, —> Na,0.11Al,0, (7)
Na,O + SiO, —— Na — Si(Glass) (8)

Yamaguchi, A. has reported that the exposure of f—alumina powder to K,CO, vapor at
1200°C changes the composition from Na,O.11Al,0, to 0.977K,0.0.023Na,0).7.5Al,0,
as a result of substitution of K for Na. The lattice constant of ¢ of f—alumina changed

from 22.54° A to 22.73° A in addition to formation of a great number of cleavages vertical to
the ¢ axis of the crystal [17]. More over it is reported that when fireclay refractories
composed of mullite and silica is exposed to Na,CO, vapor, the main product is nepheline
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(NAS,), but in the case of high alumina refractories composed of corundum and mullite the
main reaction product is carnegieite s.s (NAS, — NAs.s) *. Interaction of corundum with
K,CO, vapor, results in the formation of potassium aluminate and interaction of mullite
with K,CO, , results in the formation of KAS — KAs.s" [2]. When Al,O, —ZrO, —SiO,
system refractories composed of corundum, baddeleyite and a glassy phase approaching the
composition of albite (NAS,) *, is exposed to sodium carbonate, nepheline and carnegieite
s.s (NAS, — NAs.s) * are formed as a result of interaction of alumina and albite with sodium
carbonate and sodium zirconate is formed as a result of interaction of baddeleyite with
sodium carbonate. In the case of exposure to K,CO, vapor, (K, Na)AS, * (kalsilite) and
KAS — KAs.s * are formed as the result of interaction of alumina and albite with K,CO,
vapor and K,O -rich glass is formed as a result of interaction of baddeleyite with K,CO,
vapor'’,

Silica refractories exposed to sodium and potassium carbonate vapor at 1370°C shows
excessive corrosion and depth of reaction. The reaction of potash appears to be more
aggressive. Cracking and spalling were observed in mullite bricks in potash environment as a
result of formation of potassium aluminate and potassium aluminum silicate. The porosity of
the sample has a considerable effect on the degree of corrosion. A high degree of inter-joint
reaction with silica especially in the potash test was observed. Bonded AZS * composition
shows substantial improvement over zircon with respect to degree of reaction with alkali
vapors but is still vulnerable to spalling. A decrease in alumina content and lower apparent
porosity tend to improve resistance to potash vapor. Fused alumina shows negligible
interface reaction but tends to demonstrate a high degree of inter-joint reaction with silica'®.
N. R. Brown has reported that Na,O reacts rapidly with high silica refractories, %10

Na,O will form 50% liquid at temperatures as low as 1100°C . In the case of mullite
refractories, formation of expansive phases such as NaAlO,, g — Al,O, and carnegieite at
low temperatures, and formation of liquid phases at T >1000°C is proposed to be the failure
mechanism [4]. In the case of exposure to K,O, high silica refractories form leucite

(KAS,) *. Kaliophilite (KAS,)" appears in the fireclay refractories and at about 60% Al,O,,
K — g — Al O, is formed. In the case of high alumina refractories K,O.Al,O, (potassium

aluminate) is formed as well as K — g — AlLO, °.
C. R. Kennedy who studied alkali attack on mullite refractories in coal gasifier, detected

NaOH in the samples in the case of existence of water vapor. The proposed corrosion
reaction he proposed is as follows:

11(Al,Si,0,,) + 26(NaOH ) ——>22(NaAlSiO, ) + 4(NaAl,,0,, +13H,0) 9)

In Na,O-Si0, - Al,O, phase diagram and according to the lever rule, a reaction between a
Na compound and mullite should produce ~ 40wt% £ — Al,O, and ~ %60 nepheline with

~ %30 volume expansion which easily explains the failure cause. It is also reported that at
900-1400°C , the corrosion by alkali compounds slows down by the increase in the alumina
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content of aluminous refractories. Formation of £ - alumina was observed only at

temperatures in excess of 1100°C . At 950°C , high silica (~%60) refractories performed
better because of the ability of high silica refractories to react more rapidly with the alkali
and contain its attack at the surface®.

Sodium sulfate condensation as a result of reaction between sodium vapor and sulfur oxides
and formation of nepheline (754 -954°C ) and noselite (1150°C ) is reported to be the cause
of bloating in fireclay refractories. Noselite is a nepheline sulfate mineral:
6(NaAlSiO,).Na,SO,, resulting from the conversion of nepheline by sodium sulfate.
Reducing conditions enhances the formation nepheline®'.

Barrie H. Bieler found that among Na,CO,, Na,SO, and NaCl , the most corrosive material
on Alumina-Zirconia-Silica refractories is Na,CO, and the least with NaCl . He suspended
Error! Objects cannot be created from editing field codes. refractories over molten Na,CO, at
1371°C . He tested other types of refractories over different types of salts as well. If water
vapor present, formation of NaOH is probable because of interaction of sodium carbonate
and water. It is reported that at higher temperatures up to 1470°C , the chemical species are
not only liquid Na,CO;, but also some liquid NaOH and gaseousCO,, H,Oand Na,O . The
major crystalline species in AZS refractories is monoclinic ZrO;; the minor one is alpha
alumina. SiO, is present only as an aluminosilicate glass. In the samples exposed to alkali
vapors, different zones appeared. The gray central core grades into a more bleached zone,
which is more pronounced in the case of exposure to Na,CO, vapor. This then grades into a
zone one millimeter wide which is slightly yellow composed of smaller crystals of
monoclinic ZrO, with a wicker pattern of o — Al,O,. In this yellow band, the original
dendritic texture of ZrO, is broken up into smaller aggregates of ZrO, crystalline masses.

The outermost layer, mottled white and light gray, is locally very porous and has a “warty”
outer surface. This zone appears to be composed of porous aggregates of poorly crystalline
material composed of mixed hydrated carbonates and hydroxides of sodium in both the

NaOH and Na,CO, vapor corroded samples. Sodium aluminate, NaAlO, may be present

in minor amounts=>.

R. A. Peascoe et al, reported the behavior of mullite, MgAl,O, spinel, MgO, alumina,
alumina-chromia based and Si, N, refractories exposed to black liquor at 1000°C . In the case

of mullite based refractories, molten smelt attacks mullite and forms sodium aluminum
silicates accompanied by a dramatic volume change. MgAl, O, refractories in in the case of
polycrystalline spinel in MgO matrix showed minimal penetration and reaction due to
minimal porosity or lack of ai-alumina in the matrix. Fused spinel containing large spinel
crystals was altered from the surface due to low porosity and slow diffusion of smelt.
Samples containing « — alu min aor components such as CaAl .0, in the matrix are not

resistant. Minimal reaction was observed in MgO based refractories but £ — Si,N, sample

dissolved in the molten smelt. Molten smelt were found in the interior of the
chromia/alumina sample with the primary reaction products of sodium aluminate and
chromate®.
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Tadaoki Fukui et al reported that the reactivity of each sodium compound would be in the
following descending order**:

Na,CO, > Na,SO, > NaCl (10)
This can be expected from the dissociation constants of these compounds:
Kiaco, =1x107 at 1400°C (11)
Ka,s0, = 1x10~° at 1400°C (12)
Kpae =1x107" at 1450°C (13)

They reported that a high reactivity vapor, sodium carbonate, is caught at the surface of
refractory but the lower reactivity vapors, sodium sulfate and sodium chloride, infiltrated into
the specimens through the pores and interstices around the grains>".

Commercial high temperature black liquor gasifiers are generally cylindrical in shape as
shown in Figure 7. The height ranges from 1.5 m to 25 m and diameter ranges from 0.5 m to
5 m. In the gasifier reactor vessels, there are usually 2-6 coaxial layers of component lining®.
Refractory lining is used to protect the exterior metallic part of the gasifier vessel. A dense
refractory material layer is designed to be exposed to the highest temperature environment.
The second “safety” layer is usually made of a similar material. Subsequent layers are used to
provide insulation and allow for expansion. The steel shell is used to provide reaction space
and confinement. The gasifier generally operates at temperature ranging from 950 to 1000
[}

C.



DOE Award Number: 26-03NT41491.002 Page 21 of 109

Figure 7 Schematic construction of a typical high temperature gasifier

The commercial high temperature black liquor gasifier was developed by Kvaerner Chemrec.
A pilot plant first started running in 1994 at a pulp mill near Karlstad, Sweden®. The first
commercial size Chemrec system (75-100 tons of dry solids/day) was built at the
AssiDomén mill in Froviforsin 1991. This air blown gasifier has performed well and been
proven to be easy to operate and maintain. The first commercial Chemrec system in North
America started operation in 1996 at Weyerhaeuser's New Bern, SC, USA?’. It was an
atmospheric, air-blown, entrained bed gasifier operating between 950-1000 °C with a
capacity of 350 ton black liquor solids per day. However, this system was shutdown in
January 2000 due to failure of the stainless steel shell”®.

The current refractory materials for the BLG reactor vessel lining are not deemed adequate.
The combination of high temperature and alkalinity produces an aggressive environment for
the reactor lining. Chemrec has used several refractory materials in the pilot units and the
commercial atmospheric units. The refractories last from 1 to 18 months, with a replacement
cost of up to 1 million dollars and several weeks of downtime. Severe refractory thinning
occurred and several bricks were found lost from the upper part of the gasifier vessel during
operation. The refractory lining is subjected to the penetration of sodium and subsequent
reactions with alkali-rich molten smelt, such that the refractory undergoes significant volume
change and strength degradation. Several refractory samples have been studied after
immersion in molten smelt*’. The results of their study are summarized below. For mullite
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based refractories, molten smelt first attacks mullite and forms sodium aluminum silicates.
This reaction is accompanied by a volume change. A significant surface expansion occurs
during immersion testing in smelt. Furthermore, a liquid phase can develop in the mullite
refractory as Na,O concentration increases. Surface expansion coupled with the loss of
structural integrity lead to the spalling of the lining. MgAl,Oy spinel based refractories react
with the smelt to form NaAlO, and MgO, with an associated expansion of 2.1% to 13%. For
o/B-alumina refractories, expansion was accommodated partly through spalling and a
significant radial expansion of the gasifier’s lining. The alumina refractories show the least
corrosion, the chemical expansion of alumina samples is from 0 to 0.7%. Due to this reason,
fused cast alumina which is expansive and sensitive to thermal shock is being used in the
most recent commercial high temperature black liquor gasifier at New Burn, SC, USA*.

Computer simulation of existing materials will accelerate the development of these new
materials. Compared to experimental characterization, computer simulation is much faster
and more economical.
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EXECUTIVE SUMMARY

The University of Missouri-Rolla identified materials that permit the safe, reliable and
economical operation of combined cycle gasifiers by the pulp and paper industry. The
primary emphasis of this project was to resolve the material problems encountered during the
operation of low-pressure high-temperature (LPHT) and low-pressure low-temperature
(LPLT) gasifiers while simultaneously understanding the materials barriers to the successful
demonstration of high-pressure high-temperature (HPHT) black liquor gasifiers. This study
used the chemical, thermal and physical conditions in current and proposed gasifier designs
and then modified existing materials and developed new materials to successfully meet the
formidable material challenges.

Resolving the material challenges of black liquor gasification combined cycle technology
will provide energy, environmental, and economic benefits that include higher thermal
efficiencies, up to three times greater electrical output per unit of fuel, and lower emissions.
In the near term, adoption of this technology will allow the pulp and paper industry greater
capital effectiveness and flexibility, as gasifiers are added to increase mill capacity. In the
long term, combined-cycle gasification will lessen the industry’s environmental impact while
increasing its potential for energy production, allowing the production of all the mill’s heat
and power needs along with surplus electricity being returned to the grid. An added benefit
will be the potential elimination of the possibility of smelt-water explosions, which constitute
an important safety concern wherever conventional Tomlinson recovery boilers are operated.

Developing cost-effective materials with improved performance in gasifier environments
may be the best answer to the material challenges presented by black liquor gasification.
Refractory materials were selected or developed that reacted with the gasifier environment to
form protective surfaces in-situ; and were functionally-graded to give the best combination of
thermal, mechanical and physical properties and chemical stability; and are relatively
inexpensive, reliable repair materials.

Today one of the main obstacles in the development of this technology is the development of
refractory materials for protective lining of the gasifier. So far the materials used for this
application have been based on alumino-silicate refractories but, thermodynamics and
experience showed that these materials are not sufficiently resistant to black liquor under the
harsh working conditions of Black liquor gasifiers. Consequently development of cost-
effective materials with improved performance in gasifier environments to answer the
material challenges presented by black liquor gasification (HTHP, HTLP) was the objective
of this project. Refractories provided by in-kind sponsors were tested by cup testing,
density/porosity determinations, chemical analysis and microscopy. Magnesia and spinel
based gunnable refractories and mortars were developed in this project. They show great
promise and should improve the current status of high temperature gasification. Fused cast
magnesia rich spinel refractories were also proposed as the best available hot face material.
Computer simulation of existing and proposed materials accelerated materials research in
developing these new materials, and it is less costly and time consuming.

The results of thermodynamics and experiment for the reaction of black liquor smelt with
various ceramics were in agreement for some candidate materials but not for others.
Reactions were correctly predicted for Al,O3, CeO,, MgO, MgAl,O4, but not for
3A1,03.2810;, ZrO,, Y103, LiAlO,, BaAl,O4. Failure of the thermodynamic predictions was
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attributed to lack of data for the reaction products produced by reaction of molten black
liquor smelt with candidate materials. Sessile drop experiments were used to verify
thermodynamic predictions and to determine contact angles of the molten Na,CO; and
K,COj3 on candidate materials. MgAl,O4 showed the highest contact angle with Na,COs
(13.3 £ 1.2 degrees) while, the highest contact angle for K,CO; (9.9 + 1.5 degrees) was
obtained with MgO. Although CeO, and MgO were wet by Na,CO3 and K,COs, they did not
react with either. Consequently, either CeO, or MgO could be used for refractories for
applications requiring contact with black liquor smelt. The best choice for this application
may be MgAl,O4. Although MgAl,O4 reacts with both Na,COs3 and K,CO3, a dense layer of
MgO forms quickly and prevents further attack. Based on these considerations, MgO and
MgAl,O4 are suggested for further investigation in the form of rotary finger corrosion tests,
sessile drop studies with actual black liquor smelt, or trials in test gasifiers.

Samples provided by in-kind sponsors were tested using cup testing. The best performing
materials in the cup testing were fused cast materials. Magnesia brick and castables
performed well and should be further developed and moved into industrial trials. A spinel
based mortar, MORCOCOAT SP-P, has been commercially prepared and is to be used in
future gasifier installations.

A coupled thermal-mechanical model accounting for the chemical reaction was developed
for refractory linings in a high temperature black liquor gasifier. This model was
implemented into a commercial finite element code. The stress and strain distributions, time
dependent thermomechanical behavior of the refractory lining under thermal loading and
chemical attack are evaluated. The chemical reaction of the black liquor smelt and the
refractory dominates the stress and strain development in the refractory lining. Four possible
failure modes of the refractory lining are surmised by the stress and strain analysis. The
model helps understand the failure behavior of the refractory lining in a high temperature
black liquor gasifier system.

Chemical reaction and thermal expansion with improper constraints caused the most
compressive damage in the refractory structure. Layered damage occurred in the refractory
structure due to the tensile damage. Expansion allowance affected the damage of the
refractory structure. Tensile damage could be reduced by allowing for larger expansion.

Continuum damage mechanics based analytical model was appropriate for predicting the
failure behavior of the vessel refractories and refractory cup under thermal loading and
chemical attack. The predicted damage patterns predicted by the model were in qualitative
agreement with those observed in practice in the cup test. The maximum compressive
damage occurs on the surface of the cup where is in contact with the black liquor smelt. The
maximum tensile damage was found to occur at the end of the reaction zone. Chemical
corrosion is the dominate factor of the damage of the refractory brick.

Gasifier end-users are still experiencing major refractory problems. Refractories are one of
many issues still slowing use of this energy saving technology. Without continued assistance
from DOE black liquor gasifiers currently in use may be shut down and future work
abandoned.
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EXPERIMENTAL

Both computer modeling and experimental verification were used in this study to develop
and test new refractory materials suitable for black liquor gasification. FactSage 5.1 is a
thermodynamic database which was used to do thermodynamic equilibrium calculations.
This database can used to find the main refractory compounds formed due to reactions with
black liquor smelt.

As sodium carbonate is the main corrosive component of black liquor smelt in contact with
refractories, the interaction of refractory components with Na,COs was measured using
sessile drop testing in conjunction with grazing x-ray diffraction and scanning electron
microscopy to determine the depth of reaction and contact angle between the smelt and
refractory substrate. Materials which performed best against Na,COs; were additional
exposed to K,COs by sessile drop testing as with Na,COs.

The contact angle for molten Na,CO3; was measured on candidate refractory materials using
standard sessile drop testing in accordance with a previously described set-up®'~. Several of
the candidates investigated by thermodynamic modeling were not selected for sessile drop
testing. Specifically, BaO and Li,O were eliminated due to environmental issues and La,0O3
and CaO were not examined due to their very high susceptibility to hydration. Other
candidate ceramics were fabricated as cylindrical pellets ~2 cm in diameter. Al,Os, CeO,,
and MgO pellets were fabricated through uniaxial pressing (~65 MPa) of a high purity
powder (>99.5%) and sintering at 1600°C. Mullite, Y03, MgAl,04, BaAl,O4, and LiAlO;
pellets were purchased from Custom Technical Ceramics, Inc and ZrO; pellet were
purchased from Vesuvius McDanel Inc. The density and percent of open porosity of each of
the substrates were measured using Archimedes’ technique (Table V). Pellets were
mounted, ground, and polished using successively finer abrasives with a minimum abrasive
size of 1 um. A resistance heated horizontal tube furnace equipped with a high purity mullite
tube was used for the reactions. A small quantity (0.2 to 0.3 g) of Na,CO3 was pressed into a
cylindrical pellet ~0.6 cm in diameter and ~0.6 cm high, which was placed on the polished
specimen. The specimen and Na,COj pellet were then placed in a crucible on a D-tube,
inserted into the center of the furnace, and leveled. The ends of the furnace were sealed with
gas-tight end caps, which had optical quality fused quartz windows to allow for viewing
throughout the experiment. An atmosphere of flowing argon (~200 cm’/min) was
maintained. The specimen was heated at ~6°C/min to 1000°C and held for ten hours.
Specimen temperature was monitored with a type K thermocouple sheathed in an alumina
tube that was inserted into the furnace just above the crucible. Once the Na,CO; was melted,
a video camera was used to record images of the molten drop. Contact angles were measured
using images extracted from the video footage. The reported contact angles are the average
of five to seven values recorded after the droplet reached a steady state contact angle.

After sessile drop testing, specimens were examined using grazing incidence x-ray
diffraction (GXRD; X'Pert MRD, Panalytical, Almelo, Netherlands) to determine the
reaction products. In addition to the sessile drop specimens, some of the reaction chemistries
were repeated by mixing Na,COj; with the appropriate ceramic powder and then reacting
under identical conditions (1000°C for 10 hours). Powder x-ray diffraction analysis (XRD;
XDS 2000, Scintag, Cupertino, CA) was used to determine the phases present after reaction.
After examination by GXRD, sessile drop specimens were mounted in epoxy, sectioned
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perpendicular to the reaction interface, and polished to 1 pm. Polished cross sections were
examined using scanning electron microscopy (SEM; S-570, Hitachi, Tokyo) and energy
dispersive spectroscopy (EDS; AAT, X-ray Optics, Gainsville, FL). X-ray mapping was
used to measure the depth of penetration into the substrate.

Results from thermodynamic modeling and sessile drop testing were presented to refractory
manufacturers. Refractory manufacturers supplied commercially available materials for cup
testing with smelt provided by Weyerhaeuser from their commercial high temperature black
liquor gasifier. The cups were evaluated by standard ASTM procedures for chemical
composition, density, porosity and smelt reactions and penetration. The best commercially
available refractories were recommended for industrial trail and used as a starting point for
the development of novel refractories for improved resistance to smelt attack. Improved and
novel materials were then tested as the commercial materials by cup testing and compared to
the commercially available materials.

Cup test processing was performed at UMR. Cups were prepared from monolithic materials
according to the manufacturers directions as a 9” long by 4.5” wide by 3” deep sample with 2
of 1.5” diameter by 1.5” deep holes formed during casting. Brick samples were cut from a 9
inch straight into 2 of 4.5 inch by 4.5 inch by 2.5 inch specimens. A diamond core drill cored
a 1.5” diameter by 1.5 deep core. The core was removed with a chisel.

The removed cores were used to determine density by ASTM C-820 and sectioned for
chemical analysis by ICP and microscopy. The cups are processed by drying at 110°C for 24
hours. The cup was charged with 50 grams of raw black liquor smelt. Heated at 1°C/minute
to 1000 °C, held 240 hours at 1000°C and cooled at 2°C/minute to 25 °C, in an argon
flooded furnace.

The existing gasifier was modeled with a simplified model using the current state of the art
materials. A damage and crack opening model was used to predict maximum safe heating
and cooling rates, expansion allowance needs and damage to the refractories due to constraint
and chemical reaction. Tests were performed by ASTM standards to measure porosity,
density, thermal conductivity, strength, creep rate and young’s modulus of existing and new
materials. All components replaced in industry were to be modeled by the finite element
method to predict failure mode, stresses and eventually lifetime.

During the operation of a high temperature black liquor gasifier refractory, the thermal
behavior, chemical reaction and mechanical behavior are coupled together. In order to
simulate the realistic operational environment accurately, the heat transfer, chemical reaction
and thermomechanical performance should be modeled simultaneously.

(1) Heat Transfer Model

Heat is generated inside the chamber, and transfers through the refractory tubesheet and the
steel base, and then dissipates to the surrounding environment by radiation and convection.
The transient heat conduction equation for an axisymmetry problem described in the
cylindrical coordinate system is given as fellows [18]:

or 190 oT 0 oT
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where p is the density, C is the specific heat, T is the temperature, t is the time, k, and K,
are the conductivities in r and z directions of the material, respectively.

Both the convection and the radiation are involved in the heat transfer boundary conditions.
Heat flux on a surface due to convection is governed by [19]

where his a reference film coefficient, and T* is an ambient temperature.

Heat flux on a surface due to radiation to the environment is governed by [19]

q=cofT-T0) —(r*-T0Y] G)
where € is the emissivity of the surface, and o is the Stefan-Boltzmann constant (5.67 x 10
W/m?K*), and T " is the absolute zero on the temperature scale being used.

(2) Thermoelastic Model

The relationship between strain {8} and displacements for axisymmetry problems is [18]

&, aou/or
es| u/r
tel= e, [T owe ®

Ve ou/dz + ow/ or

For the pulse combustor tubesheet, the total strain of the refractory material includes the
mechanical strain and the thermal strain. The linear constitutive equation for the combustor
tubesheet material can be written as [18]

(1 + v)

14
Ejj :T[Uij —mskké}jj+aAT5ij (5)

where o;; and ¢; are the standard stress and strain tensors, v is the Poisson’s ratio, « is the

coefficient of thermal expansion, T is the temperature, and o; is the Kronecker delta.

For the refractory in the cup test, the total strain of the refractory material includes the
mechanical, thermal strain and the chemically reactive strain. After including the chemical
expansion in the stress-strain relations for the refractory, the elastic constitutive relations for
the refractory material become

_(l;j)(ai__L
: E R R

where &' is the chemical expansion strain.

S j +aATo; +&"9; (6)

The chemical reaction of refractory material is controlled by temperature, time and the depth
of penetration. Reactive strain is used to describe the chemical reaction as a function of the
temperature, T , time, t, and penetration depth, d .

" =F(T,t,d) (7)
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The equilibrium equation of the thermoelastic problem can be written as
o+ fi=0 (8)
where o are the stress components and f; are the body forces.

(3) Damage Model
Since the failure behavior of a refractory material under tension and compression is different,
two damage variables, D, and D, are used to describe the tensile and compressive damages

of the refractory. The damage components due to normal principal stresses are assumed to
follow a simple linear damage evolution law in which damage is linearly related to the
corresponding tensile and compressive principal stress components (o) in a certain stress

range:
D, =0, if 07 < O resnold

O, — O
_ i threshold
D, = 1 lreshold_

’lf Jthreshold < O-i < Jcrit (9)
O crit — O threshold
D, =1, if o, 2 0y

where i = 1, 2 which represent tensile and compressive, respectively.

The material degradation is modeled by loss of stiffness as
E=(1-D)E (10)
where the total damage, D, is the combination of the tensile and compressive damages.
D=1-(1-D,)-(1-D,) (11)

The finite element formulation of the transient heat transfer equation (1) can be written by
using Galerkin’s approach in the following matrix form as [20]

[t f+[K]T )= R} (7

where [C] is the heat capacity matrix, [K] is the conductivity matrix, {T} is the nodal
temperature vector and {R} is the heat source vector.

The finite element formulation of the thermoelastic problem can be obtained by deriving the
equilibrium equation and applying the variational principle in the following matrix form as

[20]
[KJu}={F] (8)

where [K] is the stiffness matrix, {U}={U,W}" is the nodal displacement vector and {F} is
the summation of the body force, surface traction and thermal load vectors.
The thermal behavior and mechanical behavior are coupled together. For this reason, coupled

temperature-displacement analysis is conducted by using commercial software ABAQUS
[21] in the following matrix:
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pionl e Sty ”
TU T AT RT
where AU is the respective corrections to incremental displacement due to thermal

expansion, AT is the respective corrections to incremental temperature, K are submatrices

of the fully coupled Jacobian matrix, and R, and R; are the mechanical and thermal residual
vectors, respectively.

RESULTS AND DISCUSSION

Black liquor is the material used in gasifiers as a raw material to produce energy. Therefore
the composition of black liquor is of high importance, because of its huge effect on corrosion
behavior of refractory material as a lining of gasifier vessel. The typical composition of
virgin black liquor from North American wood is mentioned in Table 1.

Table 1 Typical composition of virgin black liquor from North American wood (wt. %)

Softwood Hardwood

Typical Range Typical Range
Carbon, % 35.0 32-37.5 34.0 31-36.5
Hydrogen, % 3.5 3443 34 2.9-3.8
Nitrogen, % 0.1 0.06-0.12 0.2 0.14-0.2
Oxygen, % 354 32-38 35.0 33-39
Sodium, % 19.4 17.3-22.4 20.0 18-23
Potassium, % 1.6 0.3-3.7 2.0 1-4.7
Sulfur, % 4.2 2.9-5.2 4.3 3.2-5.2
Chlorine, % 0.6 0.1-3.3 0.6 0.1-3.3
Inert, % 0.2 0.1-2.0 0.5 0.1-2.0
Total, % 100.0 100.0

The composition of black liquor listed in Table 1 is in the form of elemental analysis but by
the use of FactSage as a tool of thermodynamic modeling one can convert elemental analysis
compositions to compound compositions as is observed in Table 2 which represents a typical

composition of black liquor at 950°C and P=1atm fed to the gasifier.
Table 2 Composition of Black Liquor (wt. %)

Constituents Na,COs3 Na,S K,COs3 C

% 50-55 25-30 1-3 15-20




DOE Award Number: 26-03NT41491.002 Page 30 of 109

If it is assumed that all the carbon is burned by the air introduced to the gasifier, the
composition of the smelt in contact of refractory lining will be approximately the
composition shown in Table 3.

Table 3 Composition of Black Liquor and melting point of each component (wt. %)

Constituent Na,CO3 NayS K,CO;s
% 70-75 20-25 2-5
Melting Point ("C) 858 1172 901

Therefore, it is observed that about three quarters of the black liquor smelt is composed of
sodium carbonate which is liquid in the operating conditions of black liquor gasifiers.
Obviously the selection of refractory materials for this application should be based upon
resistance to molten sodium carbonate although Na,S and K,COj3 should not be ignored. The
melting temperatures of the main components of black liquor are listed in Table 3. It is
obvious that Na,S is not as corrosive as two other components from the point of chemical
attack because it is in solid state at the operating conditions of the BLG gasifier while sodium
and potassium carbonate are in the liquid state. Obviously this statement is true only when
there is no solution between Na,CO3 and Na,S which based on FactSage, no solution was
observed.

If refractory compounds in Al-Si-O system, are in contact with Black Liquor at 950°C and
P=1atm, the reaction products based on FactSage data base Gibbs free energy minimization
are tabulated in Table 5. The gas phase reaction products include mostly CO and H, with
minor amounts of H,O, CO,, CH4, NaCl, KCl, N,, (NaCl),, H,S, Na, (KCI); and K.
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Table 4 Interaction of alumino-silicate compound refractories with black liquor at
950°C

Refractory Corundum Aluminum Mullite
Compound Silicate
Reaction
Product
Corundum - X X
B"-alumina X - -
B-alumina X - -
k-B"-alumina X - -
Nepheline - X X
Albite - X X
Leucite - X X
Na,S X - i
Graphite X X X

(%): the phase is formed, (-): the phase is not formed

It is obvious from the information in Table 4 that none of the alumino-silicate refractories,
even a-alumina, are resistant to either sodium carbonate or Black Liquor at 950°C which is

the temperature of gasification in both HTHP and HTLP processes. It is observed that all o.-
alumina is converted to £ —alumina in contact with Na,COs and to £ "-alumina,

f —alumina and K — £ —alumina in contact with Black Liquor. All formed phases are in the

solid state in black liquor gasification conditions. Therefore, large volume changes due to
formed phases should impose large stresses in refractory structure. In this condition it is
predicted that crack formation and spallation of refractory may be the main wear mechanism.

In the case of mullite; nepheline, albite, leucite and corundum are formed just based on
thermodynamic equilibrium calculations. All of these phases are in the solid state and have
large volume changes which are enough to produce large cracks in the structure and decrease
the lining life considerably due to spallation. In this case, ai-alumina formed as a reaction
product of mullite with black liquor can be attacked again with black liquor and corroded by
the same mechanism.

The same occurs for aluminum silicate compounds with some differences in the amount of
new phases formed as a result of interaction of these compounds with Black Liquor at

950°C . The vaporization of refractory constituents is negligible in these conditions.

Historically the refractory materials used as the lining of high temperature black liquor
gasifiers to protect the vessel have been based on alumino-silicates refractories which
predictably cannot survive for a long time. The interaction between these refractories and
sodium carbonate is proposed to be as follows:
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Na,CO, + Si0, —— Na,0.Si0, (glass) + CO, (1)
Na,CO, + Al,0,—— Na,0.Al,O, +CO, )
Na,CO, +11Al,0, — Na,0.11Al,0, (S — Alumina) + CO, 3)
Na,CO, +3Al,0,.2Si0, — Na,0.Al,0,.2Si0, + 2Al,0, +CO, 4)

Na,CO, +3Al,0,.25i0, +2Si0, —>3Na,0.2Al,0,.4Si0, + Al,0, +CO,  (5)

The information obtained from use of the FactSage thermodynamic data base regarding
alumino-silicate refractories in contact with Black Liquor only relates to thermodynamics if
equilibrium is achieved and the kinetics are not considered. Experimental verification is
necessary to discover the corrosion mechanism.

Some thermodynamic studies (FactSage) were performed to predict the behavior of some
simple refractory oxides and complex oxides, as well as non-oxides as new refractory
material candidates, against Na,O, Na,CO,,K,0,K,CO,, the main components of black

liquor.

Simple oxides selected as candidates for use in high temperature black liquor gasifier are
Al,0,,8i10,,7r0,,CeO,,La,0,,Y,0,,Mg0 and CaO. In first step an effort was

made to plot an Ellingham Diagram for these oxides against sodium oxide (and also
potassium oxide) to see the potential of sodium or potassium metal vapor to reduce the
candidate refractory oxides because the existence of alkaline metal vapor in the gasifier
atmosphere is probable. Obviously if the free energy of formation of each candidate is less
than that for sodium or potassium oxide, it means that that oxide is more stable than sodium
(potassium) oxide or sodium (potassium) metal vapor is not able to reduce it. Therefore that
oxide is stable and can be still be a candidate for use in our application conditions. It should
be mentioned that the total pressure (Py) selected to plot the diagram is 1 atmosphere. The
plotted diagram is presented in Figure 8.
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Figure 8 Ellingham Diagram of candidate simple oxides against sodium oxide

As is seen from the diagram, all of candidate refractory simple oxides are resistant to sodium
metal vapor or potassium as well at P=1latm and T = 600 -1400K because they all have free
Gibbs Energy of formation, less than that of sodium or potassium oxide. But also it should be
mentioned that Ellingham Diagram can not be the only tool to evaluate the material because
it doesn’t show any data in the case that new compounds are formed. For example, alumina
or silica is not reduced by sodium oxide but they form new compounds which are the cause
of wear.

FactSage was also used to predict the behavior of candidate refractory simple oxides against

the main components of black liquor at T=900-1000°C which is the working temperature
range of high temperature BLG gasifier. The results are listed in Table 5. It shows that all our
simple oxide refractories except Al,O3; and SiO; are resistant against sodium and potassium
oxide and sodium and potassium carbonate.

More over, it is observed that based on the FactSage thermodynamic data base, SiC and
Si3N4, two non-oxide refractory candidates for BLG gasifier applications, are not resistant to
black liquor constituents. SiC is converted to compounds such as (Na,O)(Si0;), NaeSi,07,
K,Si03 and K,Si,05 which some of them are in liquid state in operating temperature on
BLG gasifier and dissolved into the smelt.
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Table 5 Interaction of refractory simple oxides and non-oxide with BLG components at
T=900-1000°C

Refractory Na,O Na,CO;s K,O K>,CO3

AlLO; X X X x
SiO, x x X X
MgO - - - -
CaO - - - -
710, - - - -
Y,03 - - - -
LayO3 - - - -
CeO, - - - -
Li,O - - - -
BaO X X X X

SiC x x x x
SisN, x x x x

(x): reaction, (-): no reaction

There is some concern regarding the hydration of two of the oxides, MgO and CaO
especially when the operating condition of the gasifier includes water vapor. Therefore an
effort was made to predict the hydration behavior of these oxides as a function of
temperature at P, ,= 1, 20 and 100atm. The FactSage data base was used and the results of

this study are listed in Figures 9 and 10.



DOE Award Number: 26-03NT41491.002 Page 35 of 109

2.E+05

1.E+05 +

7.E+04

——MgO+H20=Mg(OH)2
——MgO+H20=Mg(OH)2 at P=20atm
——MgO+H20=Mg(OH)2 at P=100atm

AG (J)

2.E+04

P=100atm

-3.E+04

-8.E+04 T T T T T
250 450 650 850 1050 1250

Temperature (K)

Figure 9 Hydration behavior of Magnesia

There is a temperature gradient across the refractory lining, the hydration depends on
penetration of water vapor into the depth of refractory lining through porosity, cracks or
Joints. As it is observed from Figure 8 even at B, ,= 100atm, hydration doesn’t occur for

magnesia until temperatures less than 500°C but under the same conditions, calcia hydrates
easily at about T=950°C . Therefore, it can be concluded that perhaps magnesia can be used
in BLG gasifiers but calcia would have the problem of hydration because diffusion of water
vapor into the refractory lining to reach the limiting hydration temperature is much more
probable for calcia compared to magnesia.
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Figure 10 Hydration behavior of Calcia

The next step is to study the behavior of aluminates with alkaline atmospheres. The candidate
aluminates are MgAl,O4, BaAl,O4, LiAlO; and the equation for the main corrosion reaction
of these oxides with sodium oxide are as follows:

MgAl,O, + Na,0——>MgO + 2NaAlO, (6)
BaAl,O, + Na,0 — > BaO + 2NaAlO, (7
2LiAIO, + Na,0——>Li,0 + 2NaAlO, (8)

The change in the free Gibbs Energy (AG) because of reaction is plotted versus temperature
in Figure 11. The data to plot this diagram was provided from the FactSage data base.

From this diagram it is understood that none of the aluminates are resistant to sodium oxide
in the range of temperature 600-1400K because AG for reaction for all of them with sodium
oxide is negative although it can be concluded that barium aluminate is the most resistant one
and magnesium aluminate is the least resistant one against sodium oxide.

As sodium is in the form of sodium carbonate and not sodium oxide in black liquor and in the
working conditions of high temperature gasifiers therefore it is worth while to try to predict
the behavior of these aluminates to sodium carbonate as well.
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Figure 11 AG for the reaction between three candidate aluminates with sodium oxide

The reaction equations of candidate aluminates with sodium carbonate are as follows:

MgAl,O, + Na,CO, —>MgCO, + 2NaAlO, 9)
BaAl,O, + Na,CO, ——»BaCO, + 2NaAlO, (10)
2LiAIO, + Na,CO, ——> Li,CO, +2NaAlO, (11)

First we should know the ranges of temperatures over the carbonate products are stable. The
reaction equations for stability of the three above listed reactions (the diagram for K,CO3 and
CaCO:s is plotted as well) are as follows:

MgCO, —— MgO +CO, (12)
BaCO, —— BaO +CO, (13)
Li,CO, — Li,0+CO, (14)
Na,CO, —— Na,O0 + CO, (15)

AG for dissociation of carbonates as a function of temperature in the range of 600-1400K
based on FactSage thermodynamic data base is shown in Figure 12.
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Figure 12 AG of dissociation of carbonates versus temperature

From Figure 11 it is recognized that all considered carbonates as reaction products of
aluminates with sodium carbonate are stable except magnesium carbonate which dissociates
at 673K and P, = latm. The same happens to calcium carbonate but at higher temperature.
Therefore from T=637K, the equation for the reaction of magnesium aluminate with sodium
carbonate should change to the reaction as follows:

MgAl,O, + Na,CO, ——2NaAlO, + MgO + CO, (16)

Also it can be seen that sodium and potassium oxide are not in the form of an oxide in the
range of working temperatures of BLG gasifiers but they are in carbonate form.

Now following the reactions mentioned above, thermodynamic stability of aluminates
against sodium carbonate can be evaluated based on FactSage data base. Figure 13 is the
result of this thermodynamic modeling in the form of AG of reaction versus temperature.

It is observed that all candidate aluminates are stable against sodium carbonate and among
them magnesium aluminate spinel is the most resistant because it has the highest change of
Free Gibbs Energy as a result of reaction with sodium carbonate.

It is hard to decide whether to candidate these aluminates for the lining of high temperature
gasifiers because, although they are resistant to sodium carbonate, they are corroded by
sodium oxide. Thermodynamic modeling shows that sodium is stable in the form of sodium
carbonate and sodium sulfide in the operating conditions of high temperature black liquor
gasifier and not in the form of sodium oxide, but it seems to be risky to use these refractory
materials in these conditions because existence of sodium oxide due to introduction of water
vapor to the gasifier and unstable operating condition is probable.
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Figure 13 AG of reactions between aluminates and sodium carbonate

Thermodynamic modeling of reaction of aluminates with black liquor composition shows
that they are not resistant to potassium containing compounds of black liquor; therefore, it
was decided to study the reaction behavior of aluminates with K,O and K,COs5 as well.

The main reaction of three aluminates with potassium oxide is as follows:

MgAL0, + K,0——>MgO + 2KAIO, (17)
BaAl,O, + K,0——>BaO + 2KAIO, (18)
2LIAIO, + K,0—>Li,0 + 2KAIO, (19)

Free Gibbs energy change of the reaction as a function of temperature is plotted in Figure 14.

It is observed that none of our candidate aluminates resist potassium oxide and, among them,
barium aluminate is the most resistant one and magnesium aluminate is the least. Reaction
equations of aluminates with potassium carbonate are as follows:

MgALO, + K,CO, —>MgCO, +2KAIO, (20)
BaAl,O, + K,CO, — > BaCO, +2KAIO, 1)
2LiAlO, + K,CO, ——>Li,CO, + 2KAIO, (22)
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Figure 14 AG of reactions between aluminates and potassium oxide

AG of reactions between aluminates and potassium carbonate versus temperature are plotted
in Figure 15. It can be concluded from this figure that among the three aluminates, only
lithium aluminate is resistant to potassium carbonate and the usage of barium and magnesium
aluminates in exposure to potassium carbonate is not advisable.

It can be summarized that all three aluminates are resistant to sodium carbonate, but not
sodium oxide. Also it was observed that none of the aluminates are resistant to potassium
oxide, but, regarding potassium carbonate, lithium aluminate is resistant.
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Figure 15 AG of reactions between aluminates and potassium carbonate

Contact angles measured for molten Na,COj; on the candidate materials are shown in Figure
16. All of the candidate oxides were wet by Na,COj; at 1000°C. The highest contact angle
was observed on MgAl,O4 (13.3 + 1.2 degrees) and the lowest on BaAl,O4 (~0 degree). The
molten smelt was expected to wet all of the oxide refractories since the compounds in the
smelt including Na,COs are highly ionic.>* Contact angles measured for molten K,CO; on
the candidate materials are shown in Figure 17. For K,COs, MgO showed the highest
contact angle of about 9.9 + 1.5 degrees. The lowest contact angle was observed for
BaAl,04, which was completely wet by K,COs with a contact angle of about zero.
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Figure 16. Contact angles for molten Na,CO3; on candidate refractories. Note: the
contact angle was ~zero with a deviation of + 0.3 for BaAl,O..
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Figure 17. Contact angles for molten K,CO3 on candidate refractories. Note: the
contact angle was ~zero with a deviation of + 0.2 for BaAl,O..

The candidate materials could be divided into three main groups based on x-ray diffraction
analysis: 1) materials that did not react; 2) those that reacted to form expansive phases that
exposed the underlying material to further attack; and 3) those that quickly formed a dense,

protective reaction layer that limited further reaction. The diffraction results are summarized
in Table 6.
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Table 6. Products formed by reaction of candidate refractories with Na,CO; and K,COjs at
1000°C as determined by sessile drop testing followed by XRD analysis.

Candidate Material Na,CO3 K,CO3
Al,O3 NaAlO, -
3AI,03°2Si0; NaAlSiO4 -
CeO, NR NR
ZrO, NayZrO; -
MgO NR NR
Y203 NaYO, -
MgAl,O, MgO,NaAlO, MgO,KAIO,
LiAIO, NaAlO, K6Al44O069
BaAl,O, NaAlO, Ba3;Al,Oq

(NR): No Reaction, (-): No Experiment

The first group, materials that did not react with either Na,COj; or K,COj3, consisted of only
MgO and CeO,. This is in agreement with the thermodynamic analysis (Table 6), which did
not predict reaction for either of these oxides. Based on relative cost and the commercial
availability of MgO bricks, CeO,, while resistant to attack, is not currently a viable candidate
for high volume industrial production.

The second group that reacted with Na,CO; to form expansive phases included o-Al,Os3,
3A1,03°2810,, Zr0O,, Y,03, LiAlO; and BaAl,O4. After a-Al,O3 was exposed to molten
Na,CO3, NaAlO, was found by XRD as had been proposed previously by C. R. Hubbard et
al.>* A volume expansion of 46% was expected for this reaction based on theoretical density
as compared to 30% volume expansion measured by R. A. Peascoe et al*’. Mullite reacted
with Na,COj to form Na,Al,SiO¢. The expected volume expansion for this reaction would
be 12% based on theoretical density as compared to 13% volume expansion measured by R.
A. Peascoe et al.”’ Similarly, Na, 75Al; 755192504 was formed when mullite contacted with a
smelt composed of Na,S, Na,SO4, and Na,CO3.” For contact of Na,COs with 710,,
Na,ZrO; was identified by x-ray diffraction. Thermodynamic analysis in the current work
had predicted no reaction. Earlier work by Yamaguchi®® did correctly predict the reaction,
and his work was verified by x-ray diffraction analysis in this study. The incorrect prediction
of ZrO; reactivity in this study, as well as those for Y,03, LiAlO,, and BaAl,Oys, clearly
illustrate the problems that occur when databases contain inaccurate data, or as in this case,
no data for certain compounds. In this case, the database employed did not contain data for
Na,ZrOs. For Y,03, NaYO,, which also did not appear in the database, formed during
contact with molten Na,COs. The LiAlO; specimen cracked during sessile drop testing,
probably due to reaction with Na,COj;. Analysis using GXRD showed that the LiAIO;
substrate reacted with Na,COs to form NaAlO,. X-ray diffraction analysis of the LiAlO;
substrate exposed to K,CO; showed some peaks that could be attributed to the formation of
K6Al14Og9 or KAIO,, but the peaks could not be assigned unambiguously due to the
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similarity of the patterns and the signal to noise ratio of the data. BaAl,O4 also reacted with
Na,COs and, like the other aluminates that were tested, reacted to form NaAlO,. For the
reaction of BaAl,04 with K,COj3, one of the reaction products was BazAl,Og, unlike the other
aluminates that all reacted to form sodium-containing compounds.

It is interesting to note that the formation of a lithium rich layer on aluminosilicate
refractories has been reported as a method to increase resistance to alkali attack.’**’ In this
method, a lithium containing material such as LiOH or Li,COs is applied to the refractory
surface, which is then heated to a sufficient temperature so that the lithium containing
material forms an alkali resistant surface layer. The composition of the surface layer has not
been reported in detail. It generally comprises crystalline and/or glassy phases that may
include lithium aluminate, lithium silicate, or lithium aluminosilicate depending on the
composition of the starting refractory material.”® Apparently, the different composition of
the surface layer as compared to the pure LiAlO; investigated in this study, changes the
behavior of refractory material against alkali attack. Other refractory materials such as
alumina, mixed o-f3 alumina, and MgAl,O4 based refractories have shown improved
resistance to molten alkali salts after a lithium treatment though not to the extent observed for
mullite based refractories.”” This may indicate that a surface layer containing glassy or
crystalline silica could be resistant to alkali attack.

The only oxide that fell into the final group of materials that reacted, but formed protective
phases was MgAl,04. Upon reaction with Na,CO3;, MgAl,O4 was converted to MgO and
NaAlO,,(Table 6) similar to the results reported by C. R. Hubbard et al** The penetration of
the reaction layer into the substrate was minimal (<10 um) relative to reactions that formed
expansive phases, due to the formation of a protective layer of MgO (Figure 18.). Likewise,
MgAl,04 reacted with K,CO; to form MgO and KAIO; (Table 6). As with the reaction with
Na,CO3, MgO is also presumed to form a protective layer in this system. One possible
reaction path that would be consistent with the observed behavior would have MgA1,04
dissociate to MgO and Al,O; first and then the Al,O3; would react with the carbonates to form
alkali aluminates. Once a sufficient quantity of MgO forms, it could protect the underlying
MgAl,O4 from further reaction. Unlike using MgO refractories that would be susceptible to
hydration, MgAl,Oy is stable against hydration and would react with the smelt to form the
protective MgO layer. If the MgO layer was damaged in service or by hydration during shut
down, the underlying MgAl,0O4 would react with the smelt and repair itself in-situ.
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Figure 18. a) SEM micrograph showing dense MgO layer on MgAl,O, and EDS
mapping showing, (b) Mg enrichment (c) Al depletion from the reaction layer

By comparing the results of thermodynamics (Table 5) with the results of x-ray diffraction
from sessile drop testing (Table 6), it was found that the thermodynamics and experiment
were not in agreement for ZrO,, Y,03, LiAlO; and BaAl,O4. For a-Al,O3, thermodynamics
predicts the formation of Na;Al;;,09 (B"-alumina). However the amount of this phase
compared to the amount of NaAlO, was very small (Na;Al;,019/ NaAlO, = 1.4 x 107) to the
extent that is not detectable by grazing incidence x-ray diffraction technique. For mullite,
thermodynamics predicted the instability of the candidate in contact with the smelt; but the
reaction products predicted by thermodynamics were not completely in agreement with the
results of XRD analysis. In contrast to the prediction by thermodynamics, a-Al,O3 was not
identified by x-ray but NaAlSiO4 which was also predicted by thermodynamics was
identified. Some unidentified peaks were present in the pattern, which could belong to
complex compounds in Na-Al-Si-O system. These XRD peaks could be caused by non-
equilibrium phases that may disappear if longer reaction times were employed. The other
reason for the discrepancy could be the lack of thermodynamic data in the database for one of
the compounds, as discussed above. For MgAl,Oj, the correct reaction was predicted by
thermodynamics, but the reaction was impeded by the formation of a diffusion barrier (MgO)
that inhibited further reaction.

The penetration of Na compounds into candidate refractories was investigated using x-ray
mapping of polished cross sections of sessile drop specimens. As expected based on
thermodynamics and the large volume change associated with the reaction, Na penetrated
into mullite forming a distinct reaction layer at the surface of the substrate (Figure 19).
Mapping showed that the reaction layer was about 50 um thick after sessile drop test. In this
geometry, it is likely that the depth of penetration was limited by the quantity of the reactant
(NayCOs3) during the reaction as all of the smelt was consumed. For alumina, the thickness of
the reaction layer was about 100 um. Based on the volume change associated with the
reaction, deeper Na penetration would be expected for alumina than mullite.
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Figure 19. (a) SEM micrograph showing the reaction layer that resulted from molten
Na,COjs in contact with mullite, and (b) An EDS map of Na (Note that the image and
EDS map have different magnifications).

The reaction layer for the ZrO, substrate was thin compared to alumina and mullite, ~Spum.
Analysis by GXRD verified the formation of Na,ZrO; as predicted by Yamaguchi*®. Based
on the reported densities, a volume expansion of 46% is predicted for conversion of ZrO; to
Na,ZrOs, comparable to the expansions predicted for the reactions of alumina and mullite.
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Although ZrO; reacted with Na,COs and formed an expansive phase, the rate of penetration
was slow compared to alumina and mullite. The reaction layer for Y,0s3 was also relatively
thin, ~5-10um. Analysis by GXRD confirmed the formation of NaYO,, which should result
in a volume expansion of ~15%. Based on sessile drop tests, ZrO, and Y03 could be
candidates for black liquor smelt contact applications due to significantly slower penetration
rates compared to alumina and aluminosilicates. However, neither showed the chemical
resistance demonstrated by MgO or MgAL,Os.

Among the aluminates, both the LiAlO, and BaAl,O4 substrates contained open porosity.
Thus, separation of the effects of penetration due to flow through pores from penetration due
to formation of a reaction layer was difficult. As reported in the previous section, Na,COs
reacted readily with both of these aluminates and significant penetration (on the order of the
penetration observed for alumina and mullite) would be expected. As discussed previously,
widespread cracking was observed upon reaction of LiAlO; with Na,COj3 (Figure 20). The
cracking appeared to follow the grain boundaries suggesting them as the primary route of
attack in this material.

Figure 20. Crack formation in the LiAIO; substrate after contact with molten Na,CO:s.

Although Na,COs3 did not react with CeO,, some penetration of the smelt through the pores
was detected. This penetration is attributed to flow of the smelt through the small volume
fraction of open pores, not reaction. Archimedes’ density measurements found ~2 vol%
open porosity in the CeO, substrate. Neither thermodynamic analysis nor XRD indicate that
CeO; should react with Na,COj;. Thus, CeO; should be considered among the candidates for
black liquor contact applications, if the price and availability issues are overcome.

Based on thermodynamic analysis and sessile drop studies, dense MgO is resistant to
penetration and is a candidate for applications requiring contact with molten black liquor
smelt. Although the smelt was found to react with MgAl,O4, a dense MgO layer was formed
in-situ (Figure 18), preventing further attack. The layer was approximately 3-4 um thick and
it appeared to protect the underlying MgAl,O4 substrate from further attack. Based on these
results, further testing with MgO or MgAl,O4 as monolithic materials or as coatings on other
substrates is warranted.
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Samples of currently used, in-house, and refractories developed based on the results provided
previously were provided by in-kind sponsors. These samples were tested according to the
experimental procedure given in the experimental section. Table 7 is an overview of the
results.

Table 7 Cup testing results

Theoretical %

Sample impurities | Density Density Theoretical

Number | AI203 % | SiO2 % | ZrO2 % | MgO % | CaO % | Fe203 %| Na20 % [ TiO2 % [ P205 % % (g/ce) (g/ee) Density Performance
5 93.29 5.07 1.64 3.43 4.06 84.37|Good
10 72.29 26.24 1.47 2.56 3.47 73.85|Good
16 59.46 34.06 1.51 2.33 2.64 2.46 3.35 73.35|Good
18 80.14 16.45 1.27 2.14 291 3.64 80.04|Good
20 97.23 1.17 1.6 3.94 Good
21 95.3 0.25 2.34 2.11 3.60 3.95 91.24|Good
25 78.2 18.1 0.1 0.1 1.4 1.9 0.2 2.69 3.17 85.02|Good
26 84 7.5 8 0.2 0.1 0.2 3.02 3.55 85.09|Good
27 0.7 0.5 96.5 1.1 0.7 0.5 2.98 3.52 84.59|Good
4 95.61 2.67 1.71 3.07 4.01 76.60|Small Cracks
8 88.72 0.8 7.76 2.72 3.29 4.10 80.19|Small Cracks
9 89.62 0.82 7.97 1.58 3.39 4.10 82.79|Small Cracks
11 89.43 0.78 7.78 2.01 3.33 4.10 81.24|Small Cracks
12 80.21 17.31 2.48 2.54 3.64 69.75|Small Cracks
13 89.74 0.81 8.11 1.34 3.24 4.10 78.99|Small Cracks
15 2.52 36.74 57.84 2.9 3.78 4.42 85.62|Small Cracks
17 95.95 0.21 0.89 2.95 3.00 3.94 76.23|Small Cracks
19 89.37 0.17 2.35 2.32 4.47 1.3 2.79 3.84 72.75|Small Cracks
24 87.1 11.36 1.54 2.82 3.69 76.41|Small Cracks
1 79.3 18.75 1.95 2.64 3.61 73.20|Failed
2 84.84 1.17 12.27 1.72 3.31 4.15 79.85|Failed
3 73.7 24.18 2.72 2.42 3.53 68.67|Failed
6 74.74 14.72 8.91 1.63 2.91 3.86 75.40|Failed
7 73.81 9.51 15.18 1.5 3.05 4.08 74.79|Failed
14 80.34 17.48 2.18 2.52 3.63 69.54|Failed

The best performing materials in the cup testing were fused cast materials. New castables
appear to be outperforming any of the previously tested materials. Magnesia and spinel based
castables and mortars also performed well. The materials that performed well are shown in
more detail in the following discussion.

Sample number: 27
Type: Magnesia Brick

Chemistry:  MgO: 96.5/98.5; CaO: Max. 1.1; Fe203: Max. 0.7; AI203: Max. 0.7; S102:
Max. 0.5.

Density: 2.98 g/cc
Porosity: 15.4 %
Notes:

Sample 27 performed very well in the cup tests.

No reaction interface is visible on the surface of this sample. The RL and CL images
illustrate the microstructure of a MgO brick (>96 % MgO) subjected to black liquor (Na,SO4
+ Na,CO;3) corrosion test at 1000°C for 240 hours. Samples are taken from “left”, “right” and
“bottom” sides of the test cup to determine smelt penetration and degree of refractory
alteration in all three dimensions. Microstructures are identical or similar in all side and smelt
penetration and the degree of alteration were indistinguishable in polished samples.

Most important feature observed was the intense delineation of grain boundaries of sintered
MgO clinkers due to smelt vapor penetration. The matrix (not well polished) does not appear
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to be smelt but rather fine MgO bond but may contain smelt component. An XRD run has
been performed to confirm this. Although, no direct intense reaction is observed between
smelt and MgO, the silicate impurities in the matrix and in grain boundaries would react
readily resulting in refractory deterioration or mechanical disintegration.
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Figure 21 RL and CL pair of micrographs taken from an unused sample 27.

The unused brick is made from silicate bonded MgO (>96 % MgO). The silicate bond in
MgO clinker is calcium silicate (CS) bond. Forsterite (Mg,SiO4) and monticellite
(CaMgSi0,) are not recognized under RL/CL microscopy. Calcium silicate bond makes the
brick more refractory, CaO/SiO; ratio is larger than 1. As shown in RL/CL micrographs of
tested samples, strong grain boundary delineation is observed in MgO clinker suggesting
reaction between silicate bond and black liquor, although no intense reaction or reaction
product is observed between black liquor and MgO brick. We suggest that before MgO brick
is recommended for BLG, an in-situ test must be performed.

N

Sintered MgO

o2 200 um | . 200 um

Figure 22 RL and CL microstructure of sample 27 subjected to black liquor cup test.
These samples are made from the “Left” side of the test cup.
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Figure 23 RL and CL microstructure of sample 27 subjected to black liquor cup test.
This sample is made from the “Right” side of the test cup.
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Figure 24 RL and CL microstructures of sample 27 subjected to black liquor cup test.
Sample is taken from the “Bottom” side of the test cup.
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Figure 25 XRD pattern of sample 27 subjected to black liquor cup test, showing
diffraction lines of only Periclase (MgO). The black liquor has a very poor crystallinity
and strong MgO diffraction lines obscure the Na-carbonate and sulfate diffraction lines.

Figure 26 Cup Sample after smelt test.

A company provided two castable refractories materials, 25 and 26 to UMR for cup testing
with black liquor smelts (high alkali content).
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Sample: 25

Type: Castable

Chemistry:  Al,O378.2%, Si0; 18.1%, Fe,03 1.4%, TiO; 1.9%, CaO 0.1%,
MgO 0.1%, Alk. 0.2%, P,Os, SiC, ZrO,, Other.

Density: 2.69 g/cc
Porosity: 14.98%
Sample: 26

Type: Castable

Chemistry:  Al,O384.0%, Si0, 7.5%, Fe,03 0.1%, TiO, 0.0%, CaO 0.2%,
MgO 8.0%, Alk. 0.2%, P,0Os, SiC, ZrO,, Other.

Density: 3.02 g/cc

Porosity: 14.91%

Cup Preparation:
Casting
25: 5.8% water was used, and the mixture is easy to cast.
26: 4.6% water was used, and the mixture is easy to cast.
Firing
All two cups were fired at 1050 °C for 5 hr. The heat rate was 1 °C/min. The cooling rate
was also 1 °C/min.
Charge smelt
50 g smelt was charged to each cup.

Two cups were set in the box furnace. The furnace was flooded with Argon gas. The test
temperature was 1000 °C. The test time was 240 hr. the heat and cooling rate were 1 °C/min.

Both cups have good resistance against smelts attack. Figure 27 shows the top view of
sample 25 after cup test with 50 g smelts at 1000 °C for 240 hr. Figure 28 shows the cross-
section in which there is an average thickness of 2.3 mm corrosion ply formed.

Figure 29 shows the top view of sample 26 after cup test with 50 g smelts at 1000 °C for 240
hr. Figure 30 shows the cross-section in which there is no corrosion ply observed.
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Figure 27 Top view of sample 25 after cup test.

Figure 28 Cross-section of sample 25 after cup test.
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Figure 29 Top view of sample 26 after cup test.

Figure 30 Cross-section of sample 26 after cup test.
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Figure 31 shows RL and CL microstructures of virgin sample 25 before firing. This sample is
identified as cement-free high alumina castable refractory, which is made up of large alumina
aggregates (AA), medium-sized fused mullite (FM) grains blended with most likely
microsilica matrix. No calcium aluminate cement particle is identified. Alumina aggregates
are highly impure containing Fe-Ti oxides as well as alkali matrix suggesting they are
derived from clay-balls or bauxitic raw materials.
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Figure 31 Pre-test microstructure for sample 25.

In Figure 32, RL/CL microstructures of sample 25 after BL smelt cup test showing reaction
front. About 2 mm thick reaction interface is visible on the surface of this sample. BL smelt
has reacted with refractory material to form mullite and alkali rich silicate glass.
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In Figure 33, these micrographs are also taken from sample 25 (adjacent to above
micrographs) showing refractory-smelt interface. A dense layer is formed at the interface,
which blocked further penetration of smelt. Although, this refractory altered relatively more
intense compared to sample 26, the alteration is still not too intense or strong.
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Refractory
matrix

Figure 34 shows RL/CL microstructure of sample 25 after cup test, showing interface
between refractory and smelt. The thickness of alteration is negligible.
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Figure 34 Post-test microstructure for sample 25.

Figure 35 shows RL and CL microstructure of virgin sample 26 before firing, which is
identified as cement-free, spinel reinforced high alumina castable refractory, which contains
large tabular alumina aggregates (TA), medium sized fused spinel (FS) grains, blended with
most-likely microsilica (?). No calcium aluminate cement particles are identified.
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Figure 36 shows the same sample under low magnification showing general structure of the
refractory.
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Figure 36 Pre-test microstructure for sample 26.

Figure 37 shows RL and CL micrographs taken from sample 26 after cup test, illustrating
microstructure of smelt-refractory interface. Note that there is almost no smelt penetration
and reaction at the interface.
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Figure 38 shows RL and CL microstructures of sample 26 taken from refractory-smelt
contact surface. Micrographs show that there is no sign of refractory degradation, for
example reaction of refractory grains with smelt to form intermediate phases, in this given

Both 25 and 26 refractory have good corrosion resistance against smelts attack. Results
indicate the 26 material is better to against smelts attack than 25.

Sample: 18

Type: Castable

Chemistry:  80% Al203, 16% Si02, 1.3%Ca0O
Density: 2.91 g/cc

Porosity: 20%
Notes: Sample 18 performed well in the cup tests.

Compositions similar to this have been panel tested in black liquor smelt gasifiers and have
performed as well as 60% alumina brick and almost as well as fused cast alumina. Sample 18
does not exhibit chemical expansion which damages most high alumina containing products
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and does not seem to corrode as fast as 60% alumina brick, spinel based brick and other
castable systems.
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Figure 41 Sample 18 post-test microstructure (top is at reaction zone)
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Sample: 22
Type: Fusion Cast
Chemistry:  92% Al203, 7% Na20 (data provided by manufacturer)

Density: 2.75 g/ce
Porosity: 31%
Notes: Fused cast alumina performed best in cup tests. Sample 21 has been used in

black liquor smelt gasifiers and have performed well. Sample 21 exhibits chemical expansion
which damages most high alumina containing products and does not seem to corrode as fast
as other systems.

Figure 42 Sample 22 cup

Figure 43 Sample 22 pre-test microstructure
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Figure 44 Sample 22 post-test microstructure (top micrographs at reaction zone) Blue
intergranular material is reaction products leading to volume expansion.
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The best performing materials in the cup testing were fused cast materials. Two new
castables appear to be outperforming any of the previously tested materials. A fused cast
magnesia or spinel should perform better than other fused cast materials. However, during
shutdowns magnesia would be prone to hydration and thus problematic. Spinel would form a
dense magnesia layer, as shown by sessile drop testing that would be prone to hydration and
may slough off during shutdowns. Magnesia based gunning and castable materials were
developed using coarse magnesia aggregate and fine spinel for the matrix. It was thought
based on the work that this material would perform well as a repair or hot face material. Cup
testing showed, Figure 45, that there was bloating of the material. Based on these results the
manufacturer in conjunction with UMR is reevaluating the mix to improve the performance.
The porosity of this material was very high and could have allowed reaction with the fine
spinel in the matrix to form soda aluminate and magnesia, without forming a dense magnesia
layer.

Figure 45 Bloating of magnesia castable mix.

Low open porosity and permeability appear to be important for materials although it can not
be proven by the current work. Low permeability spinel and magnesia castables should be
formulated and investigated. It is also show that materials that form a viscous glass smelt
refractory interface layer perform well. This has not been proven in the field and may be
detrimental to green liquor quality or may be rapidly removed by scouring action of the
liquid with entrained solids smelt washing down the interface layer.

Currently a spinel lining is being used in New Bern, although there is no strong connection
between the selection of the spinel lining and this project. It is of note that spinel is one of the
materials strongly suggested by this project. Mortar, MORCOCOAT SP-P. developed was
tested by Oak Ridge National Laboratory, ORNL. This mortar performed better than other
mortars, and is scheduled for installation in February of 2006.

Materials were tested and modeled for the pulse combustors at Big Island. The MorcoCast
AZ10 developed, tested and recommended appears to be performing adequately. It was
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reported by MORCO that Big Island has ordered additional material to replace the current
refractory in the remaining pulse combustors.

Refractory materials are being evaluated and modeled to be used in the pulse combustors,
shown in Figure 46, that are failing at Big Island and Trenton.

Figure 46 Picture of failed pulse combustor tube sheet.

An enlargement showing the critical delamination at a depth of 5-6” into the 11” thick by 5’
diameter panel is shown in Figure 47. The delamination eventually would lead to blockage of
the heat exchanger tubes and necessitates refractory replacement. Material properties of two
possible replacement materials have been measured and a finite element model of the tube
sheet was developed.
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Figure 47 Enlargement showing critical delamination failure at 5-6"" in depth and
accompanying transverse cracking.

The AZ-10 material installed at Big Island failed in 2 pulse heaters due to improper
installation and in 2 pulse heaters due to attack by gases generated by the surrounding Pligun
LWI28 insulating castable. It is currently believed that the AZ10 is not strong enough for use
in the pulse heater and that chemical attack from other refractory materials is leading to
failure in the tube sheet. MORCO is redesigning the AZ10 to have higher strength and better
flow characteristics. Optional materials for this installation are 90+ % alumina dense
refractories. It is important that all refractory materials be compatible.

Figure 48 identifies the component layers and bricks, the brick joints and the geometry of the
two-dimensional model for the BLG refractory lining problem. Region “ABCD” in Figure 48
is modeled in the study. The model is composed of two layers of refractory lining, one layer
of insulation fiber and steel shell. The inner diameter of the reactor is 2.4 m. The thickness of
each refractory lining is 152 mm. The thickness of fiber layer is 20 mm. The thickness of the
shell is 30 mm. The interface between adjacent layers is considered to be intact initially but
capable of separation and sliding. In each refractory lining, there is one-half refractory brick.
The left hand side of the brick of the inner refractory lining and the right hand side of the
brick of the outer refractory lining are defined to be at the centerline of the brick. The other
side of the brick is defined as the brick joint. The centerline of the brick is fixed without
rotation during the operation of the brick. Dry brick joints are used in the model. That is, a
joint could transfer a compressive load across it and remain intact but it would open under
any tensile stress so the load at the joint would be released.
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Figure 48 Idealized black liquor gasifier model.

Alumina material is selected for both the working and back-up refractory linings, a fiber
layer is used as insulation, and a carbon-steel is used for the container shell. The thermal and
mechanical properties of those materials are usually non-linear and temperature dependent.
The refractory material is treated as an elastic-plastic material. The properties of alumina are
highly temperature dependent. However, only a limited experimental data is available. Some
thermal properties of the refractory are obtained with varying temperature by Hemrick’s™.
Other properties of the refractory are E = 103 GPa at 23 °C and E = 81 MPa at 900 °C. The
Young’s modulus at other temperatures will be linearly interpolated based on the above two
values. The room temperature properties of the refractory are p = 3480 kg/m’, & = 8.7 x 10"

%/K and v = 0.24, yield strength, o, = 200 MPa and ultimate strength & =220 MPa.
The room temperature linear elastic-plastic properties for the carbon steel are p = 7800
kg/m’, k =55 W/mK, C =500J/gK, & = 13x10° e= 0.8, E = 210 GPa, v = 0.3 and the
yield strength, o .., =300 MPa. A fiber material which could be compressed up to 80% in

yield ultimate

yield
volume is used in the model. Due to the lack of data, simple temperature independent thermal
and mechanical material properties for the fiber material are used; p = 300 kg/m’, k = 0.2

W/mK, C =2900J/gK anda = 0.

Gap conductance of the interface of refractory linings is given as an average value of 1000
W/m’K (when the two surfaces are contacted tightly) and zero (when the gap between two
contacted surfaces exceeds 100 mm) based on the work of Gmelin*. This value would have
very little effect on the temperature, stress and strain distributions in the geometry studied. A
small drop in temperature between the interfaces would be expected in the model. The same
value is taken for the gap conductance of the interface between component layers due to its
insignificant effect.

A coupled thermal-mechanical user interface model accounting for chemical reaction is
developed and implemented into a finite element code, ABAQUS. Increments of temperature
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and displacement are calculated based on equation (10). A FORTRAN language programmed
user subroutine UEXPAN is developed to model the chemical expansion and implemented to
interface with the main finite element code. Both the thermal expansion and chemical
expansion are defined as functions of temperature and time in the subroutine. Plane stress
elements CPS4T are used for all the components of the BLG system. The mesh was chosen
following refinement studies in which one mesh (1307 nodes) matched a finer mesh (2765
nodes) with respect to maximum stress components to within 4%. Finer mesh of 2765 nodes
and 2261 elements are employed in the finite element model. In order to better capture the
stress response, a finer mesh is used in the inner surface region of the refractory linings
which is exposed to the highest temperature, as shown in Figure 49. Cylindrical coordinate
system is used in the model. R is referred to as radial direction and 0 is referred to as
tangential direction.

Steel shell
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Fiber layer
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Figure 49 Illustration of assembles and meshes of the model.

The inner surface of the reactor is heated up to 950 °C at a constant heating rate of 20°C per
hour. The ambient temperature (surrounding the steel shell) is 23 °C in the beginning of
heating and increases to 49°C at the end of heating. The value of absolute zero, T = -273
°C and a convection coefficient, h = 30 W/m? K is used to describe the motion of the
surrounding air outside the steel shell.
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The chemical reaction is assumed to occur only when temperature is above 850 °C. The
reaction rate changes linearly with the temperature. Chemical reaction rate at 850 °C is
assumed to be 6 x 10”/h. The chemical reaction will be completed when the volume change
of corroded alumina reaches 130%. It is also assumed that the chemical reaction wouldn’t
affect other properties of the refractory.

Temperature distribution in the refractory lining is important to the development of strain and
stress in the refractory. Thermal gradient produced through the thickness of the refractory
lining would cause differential strain in the refractory therefore resulting in stresses in it.
Figure 50 shows the comparison of the tangential stresses in the inner refractory lining and
the outer refractory lining at the same moment (time t) during the operation. It is found that
the stress in the inner refractory lining is significantly larger than in the outer refractory
lining. Therefore, only the thermomechanical behavior and the chemical expansion of the
inner refractory lining are presented in the following studies. Moreover, because the behavior
of the refractory under tension and compression is different, strain and stress components in
both tangential and radial directions are analyzed.
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(b) Stress in outer refractory lining

Figure 50 Comparison of the tangential stresses in the inner and outer refractory
linings at time t.



DOE Award Number: 26-03NT41491.002 Page 72 of 109

Figure 51 shows the tangential strain distributions in the inner refractory lining. The strains at
the surface and the interior of the brick at the end of heating and after 3 months service are
presented. For both time ranges, different amounts of expansion are developed through the
thickness of the brick. The strains decrease approximately linearly from the hot face to the
cold face at the end heating. This is caused by the thermal gradient in the refractory lining®'.
However, nonlinear strain distribution appears in the refractory brick after 3 months service.
Very high tangential strains appear in the region between hot face and at a depth of about 50
mm from the hot face. The strains in the rest of the brick after 3 months are similar to the
strains at the end of heating. This is because the temperature exceeds 850 °C up to the depth
of about 50 mm from the hot face. This results in considerable chemical expansion in this
region which is the so called reaction zone. Note that the highest tangential strain on the
surface of the brick after 3 months is close to the end of the reaction zone because of the
development of plastic strain in the region.
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Figure 51 Tangential strain distribution in the inner refractory lining.

Figure 52 shows the radial strain distributions in the inner refractory lining. The strain
distribution at the end of heating is similar to that of the tangential strain. However,
extremely high radial strains, much larger than the tangential strains in the same region, are
developed in the reaction zone after 3 months. Strains in the rest of the brick after 3 months
are similar to the strain at the end of heating. This is due to the chemical expansion and less
constraint in the radial direction than the tangential direction. As a result, a very large
expansion gradient is produced at the end of reaction zone after 3 months. This differential
expansion will cause significant stresses which would damage the refractory material.
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Figure 52 Radial strain distribution in the inner refractory lining.

Figure 53 shows the tangential strain history of the inner refractory lining. The minimum
tangential strain is on the cold face of the refractory lining. It increases during heating due to
the thermal loading, and then decreases slightly due to the compression of the fiber and the
temperature drop in this region. The maximum tangential strain is at the end of the reaction
zone. It increases until about 800 hours of operation at which time the fiber layer is fully
compressed. During heating, due to the combined effect of thermal loading and chemical
reaction, the strain increases at a much higher rate. The tangential strain history of the brick
corner is also shown in Figure 53. The strain in this region begins to decrease after about 320
hours of operation due to the development of the plastic strain.
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Figure 53 Tangential strain history in the inner refractory lining.

Figure 54 shows radial strain history of the inner refractory lining. The minimum radial strain
is on the cold face of the lining. It increases during heating due to the thermal loading, and
then decreases slightly until about 400 hours because of the temperature drop in this region
due to the compression of the fiber layer during this period. The minimum radial strain
reaches steady state after the full compression of the fiber. However, the pressure on the cold
face increases due to the confinement from the steel shell. The mechanical strain is fairly
small compared to the thermal strain. The maximum radial strain is on the hot face. It
increases nearly linearly throughout the operation although the refractory lining is confined
from the outside. The hot face can expand inward when spalling occurs at the corners of the
brick.
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Figure 54 Radial strain history in the inner refractory lining.

The expansion of the refractory lining and the confinement from the surrounding structures
induces significant stresses in the refractory lining. Figure 55 shows the tangential stress
distribution in the inner refractory lining. Compressive tangential stress is developed in the
high temperature region, about 40 mm deep from the hot face at the end of heating. Almost
no tangential stress is developed in the rest of the brick at the end of heating. These results
indicate that the brick joint opening takes place from the cold face and extend up to the
region about 40 mm from hot face. Ultimate compressive tangential stress is reached in the
unopened portion of the brick after 3 months, which means that spalling occurs in this region.
Tangential stress on the brick surface after 3 months is very small due to the brick joint
opening. Very high tensile tangential stress is developed in the interior of the brick at the end
of the reaction zone after 3 months. This is caused by the considerable differential expansion
in this region by the chemical reaction. As a result, crack in radial direction could possibly
develop in the interior of the brick due to this high tensile tangential stress.
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Figure 55 Tangential stress distribution in the inner refractory lining.

Figure 56 shows the radial stress distribution in the inner refractory lining. Radial stress in
the inner lining brick is very small at the end heating due to expansion allowance. High
tensile radial stress is developed on the surface of the brick at the tip of the brick joint
opening at the end of heating. As a result, cracks parallel to the hot face would initiate at this
point. Significant radial stress is developed after 3 months due to the extremely large
differential expansion caused by chemical reaction. Very high tensile radial stress is
developed in the interior of the brick at the end of the reaction zone. This means the slabbing
crack would initiate either from the tip of brick joints opening during heating and propagate
inward towards the center of the brick after heating, or starts in the interior of the brick
during long term service. Very high compressive radial stress is developed on the surface of
the brick after 3 months due to the high compressive tangential stress and the pressure from
the second refractory lining.
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Figure 56 Radial stress distribution in the inner refractory lining.

From the foregoing stress and strain analysis, the following four failure modes of the inner
refractory lining are envisioned as outlined in Figure 57:

(1) Pinch spalling at the brick corners or spalling of the entire hot face.
(2) Cracking parallel to the hot face from the interface.

(3) Cracking parallel to the hot face in the interior of the brick.

(4) Radial cracks in the interior of the brick.

The failure modes observed from the real gasifier refractory bricks relate to the
thermomechanical and chemical expansion study presented above.
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(1) (2)

3) “4)
Figure 57 Possible failure modes due to the stress in the inner refractory lining. (1).
Pinch spalling at the brick corners or spalling of the entire hot face. (2). Cracking

parallel to the hot face from the interface. (3). Cracking parallel to the hot face in the
interior of the brick. (4).Radial cracks in the interior of the brick.

Based on above results, it can also be observed that the chemical reaction of the smelt and
refractory dominates the developments of strain and stress and hence the failure in the
refractory lining. Better corrosion resistance will improve the performance of the refractory
material in a high temperature BLG system.

The compressive and tensile damage patterns of refractory lining with 10 mm fiber layer are
given in

Figure 58. Dark color means higher damage and light color means less damage.
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Figure 58 Damage of the refractory lining with 10 mm fiber layer after 3 months

High compressive damage occurs in the high temperature region of the inner layer refractory
material. The highest compressive damage is 0.39. Tensile damages occurred near the hot
face and the region about 1/3 of the total thickness of inner refractory layer from the hot face.
The highest tensile damage is 0.014. The failure here does not mean fracture but rather refers
to the formation of micro-cracks. As discussed before, no experimental data is yet available
for the damage parameters. Therefore, the results of this study should be treated in a
qualitative sense and should only be used to study the possible trends in refractory structures
in real situations. A brick sample taken from a glass melting furnace, which has been
exposed to similar environments as the black liquor gasifier, is shown in Figure 59 for
comparison. The comparison of damage patterns predicted for BLG refractory and the
observed damage pattern for glass melting furnace refractory is encouraging. From this point
of view, the model presented here may be appropriate for evaluating the failure behavior of
the refractory structure.
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Figure 59 Damage observed in a silica brick taken from a glass melting furnace

The fiber layer plays an important role in the black liquor gasifier. It provides expansion
allowance for the refractory linings and insulation for the structure. Thickness of the fiber
layer affects the behavior of the refractory lining. Insufficient expansion allowance (thin fiber
layer) would produce significant stresses in the refractory structure and therefore damage the
refractory material. Excessive expansion allowance (thick fiber layer) would not provide
enough confinement to the refractory linings, thereby resulting in an unstable lining structure.
Effects of the fiber layer thickness are also studied.

The compressive and tensile damage patterns for the refractory lining with 20 mm fiber layer
are given in Figure 60. The compressive damage is similar to that of the lining with 10 mm
fiber layer. Only one slabbing damage pattern is found in the lining with 20 mm fiber layer.
It is clear from the results that fiber thickness has little effect to the compressive damage,
however, it affects the tensile damage of the refractory lining.
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Figure 60 Damage of the refractory lining with 20 mm fiber layer after 3 months

The through thickness compressive and tensile damage for the refractory lining is given in
Figure 61 and Figure 62, respectively. The compressive damages in the two linings with
different fiber layer thicknesses are almost the same. The compressive damage is maximum
at the hot face and decreases with a steep gradient from the refractory hot face to the region
about 50 mm from hot face where the expansion is dominated by the chemical reaction. In
the other word, the reactive strain causes the most damage in the refractory. The damage
curve decreased with a much higher gradient after the first 25 mm from the hot face of the
refractory. This may have been caused by the separation of the refractory bricks. The opening
provides an increased space for the expansion of the refractory lining, thereby causing a
decreased compressive stress and subsequentially reducing the damage. The through
thickness tensile damage along the centerline of the inner layer brick, Figure 62 shows a
layered damage occurs in the refractory lining with 10 mm fiber layer. The damages are
located occur near the hot face area and at the end of reaction zone. Only one damage region
is developed in the lining with 20 mm fiber layer due to larger expansion allowance. The
damage is located at the end of the reaction zone
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Figure 61 Through thickness compressive damage for two fiber layer thicknesses
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Figure 62 Through thickness tensile damage for two fiber layer thicknesses
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The compressive and tensile damage histories for a 3-month time span are given in Figure 63
and Figure 64, respectively. The compressive damage shows a linear dependence on time.
Since the damage was assumed to depend linearly on the chemical reaction, this result
reinforces the earlier observation that the compressive damage is primarily caused by
reaction strain. The compressive damage of the refractory linings with 10 mm and 20 mm
fiber layers were almost the same numerically. The tensile damage-time relationship is non-
linear. Most tensile damage occurs during the first 200 to 300 hours. When the fiber layer is
compressed to the highest capacity of compression, the confinement from the steel shell
limits the increase in the tensile deformation. A systematic experimental study is needed
before one can give a phenomenological explanation of the damage process.
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A 2-D axisymmetric coupled temperature-displacement finite element model is used to
simulate the refractory cup under thermal loading and chemical attack. Commercial finite
element package ABAQUS is used for the modeling. A FORTRAN language programmed
user material subroutine UMAT is developed and implemented to interface with the main
ABAQUS code to simulate the constitutive and damage behavior of the refractory using the
approach described earlier.

Due to the unavailability of property data for the tested material, the properties of an alumina
refractory material studied by Hemrick are employed in this model. Some temperature
dependent properties of the refractory are given in Table 8. Other properties of the refractory
are described below. E = 103 GPa at 23 °C and E = 77 GPa at 1000 °C, the Young’s
modulus at other temperatures will be linearly interpolated based on the above two values.

The following properties of the refractory are at room temperature: © = 3480 kg/m’, & =
8.7x10°/K and V = 0.24.

Compressive and tensile strengths of alumina refractories at ambient temperature can reach
about 3000 MPa and about 200 MPa, respectively. However, it is well known that the
strength of refractory materials would be decreased dramatically when exposed to high
temperature and chemical corrosion environments. Due to the paucity of knowledge on the
strength of refractories under such environments, the threshold compressive and tensile
strengths are assumed to be 50 MPa and 10 MPa in the model, respectively. The critical
compressive and tensile strengths are assumed to be 300 MPa and 100 MPa as the damage
criterion of the refractory material, respectively.

Table 8. Temperature dependent properties.

Temperature Thermal Specific heat
°O) conductivity | (J/g K)
(W/mK)
23 9.34 778
100 9.28 916
200 8.29 1010
300 7.55 1080
400 6.75 1130
500 5.81 1170
600 4.37 1210
700 4.65 1220
800 4.76 1240
900 4.86 1250
1000 5.21 1270
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The chemical reaction is taken to be linearly related to all the factors mentioned earlier due to
the unavailable experimental data. Reaction is also assumed to occur only at temperatures
above 800 °C. The chemical expansion rate is assumed to be 0.006/hour. The depth of the
penetration is limited to maximum of 5 mm. The penetration rate is assumed to be 0.05 mm
per hour.

The idealized geometry of the refractory cup used in the model is shown in Figure 65. The
outer radius of the refractory cup is 57 mm, the inner radius of the cup is 19 mm, the
thickness of the cup is 76 mm and the depth of hole is 38 mm.

2

A

Figure 65. A cut-away view of the refractory cup used in the model.

In this section, the CDM constitutive model and finite element method described above are
employed to predict the damage pattern and growth for the refractory cup in the corrosion
test.

Figure 66 is a picture of the cross section of the refractory cup after the corrosion test. The
refractory material reacted with the smelt. A thin layer of reaction zone is created behind the
surface of the hole. The volume of the reaction zone increased. Spalling is observed on the
reaction surface and cracks are observed starting from the top edge of the hole and directly
behind the reaction zone.

Figure 66. Cross section of the refractory cup after testing.
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Figure 67 shows the reactive strain in the refractory cup after the test. The curve in the plot is
the reactive strain along the dotted line in the contour pattern. The depth of the reaction zone
is about 5 mm from the reaction surface. Reactive strain is the highest on the surface and
reduces to zero at the end of the reaction zone. Compared with the picture in Figure 66, the
results shown in Figure 67 describe the corrosion of the refractory cup very well.
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Figure 67. Reactive strain pattern and numerical result.

Figure 68 shows the predicted tensile damage in the refractory cup after the corrosion test.
Highest tensile damage occurs from the top edge of the hole toward the inside of the cup and
then stays in the region right behind the reaction. This result means that the tensile cracks
would be developed from the top edge of the hold and behind the reaction zone. Cracks
observed in the tested refractory cup shown in Figure 66 exactly lay on the predicted
damaged regions. So the model could be verified based on this.
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Figure 68. Predicted tensile damage pattern.

Figure 69 shows the predicted compressive damage in the refractory cup. Highest
compressive damage occurs on the reaction surface, which means the spalling could occur on
the surface of the hole. This phenomenon is also observed in the cup after the test, as shown
in Figure 66.
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Figure 69. Predicted compressive damage pattern.

Figure 70 gives the numerical results of the damage in the cup. The curves in the plot are the
damage along the dotted line in Figure 67. Compressive damage starts from the reaction
surface and ends at a depth about 4 mm away from the surface. The maximum compressive
damage, which is about 0.85, is on the surface. Tensile damage starts about 2.5 mm away
from the reaction surface and ends about 20 mm away from the reaction surface. The
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maximum tensile damage, which is about 0.7, is right behind the reaction zone. The total
damage is dominated by the compressive damage in the reaction zone and by the tensile
damage in the remainder of the refractory cup.
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Figure 70. Through thickness damages.

Figure 71 shows the history of the maximum reactive strain. The reaction starts after about
10 hours during heating when the temperature is above 800 °C. Then the reactive strain
increases linearly until the temperature is lower than 800 °C during cooling. The history of
the maximum damage is shown in Figure 72. However, the growth of damage shows
nonlinear behavior due to the degradation of the material stiffness. For the case studied,
compressive damage starts after about 35 hours of the test and reaches steady state after
about 180 hours. The tensile damage starts after the occurrence of the compressive damage.
The tensile damage is always less than the compressive damage at the same moment. As a
result, the maximum total damage is controlled by the maximum compressive damage.
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Figure 72. History of the damages.

A modeling of pulse combustor refractory tubesheet was completed. The model has been
idealized based on the real combustor tubesheet, as shown in Figure 73 and Figure 74. The
tubesheet is simplified into a 2-D axisymmetry problem. The radius of the tubesheet (R in the
figures) is 715 mm. The thickness of the tubesheet (Z in the figures) is 280 mm. The
tubesheets are held by only one hook or “v” shape anchor. The hook and anchor are attached
to the steel base. The roots of the hook and “v” shape anchor are 250 mm away from the
centerline of the tubesheet. There is a 1 mm gap between the tubesheet and the anchor. The
tubesheet and the steel base are in contact initially and capable of separation.
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A constant thermal expansion rate of 8.0 x 10°%/ °C is used for the refractory material for
temperatures below 1200 °C. Shrinkage of the refractory material occurs when temperature is
higher than 1200 °C, a shrinking rate of 1.1 x 10” / °C is used. Emissivity of 0.8 is used for
the steel.

The hot face of the tube sheet is heated up to 1370 °C in 3 days linearly. Then the
temperature is hold constantly for another 7 days. The surrounding media temperature is 250
°C instantly from the beginning of heating. Convection coefficient of 568 W/m? °C is used
for the heat transfer between the steel base and the surrounding fluid.

Z(2) 1370°C

c

1

o 1l

R(1)

v Convection and Radiation

Surrounding media
temperature 250°C

Figure 73. Idealized model of refractory tubesheet held by a hook
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Figure 74. Idealized model of refractory tubesheet held by a “v” shape anchor

Models of the pulse combustor tube sheet were completed. It was determined that there is a
minimal change in stress distribution with different anchor shapes. The wavy V anchor was
the best at distributing the stress along the length of the anchor. Maximum principal stress in
the refractory with hook occurs at 62.9 hours of heating when hot face temperature is
1223°C; Maximum principal stress in the refractory with anchor occurs at 66.9 hours of
heating when hot face temperature is 1302°C.

Figure 75 and Figure 76 show the maximum principal stress distributions in the tubesheets
during heating. The maximum stresses developed in the tubesheet held by hook occur at 62.9
hours of heating when hot face temperature is 1197 °C. The maximum stresses in the
tubesheet held by “v” shape anchor occur at 66.9 hours of heating when hot face temperature
is 1273 °C. Due to the stress concentration in this region, the maximum stress components in
the tubesheet held by hook occur at the end of the hook hole, and the maximum stress
components in the tubesheet held by “v”’ shape anchor occur at the end of the anchor hole of
the longer leg.
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Figure 75. Maximum principal stress in the tubesheet held by hook
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Figure 76. Maximum principal stress in the tubesheet held by “v” shape anchor



DOE Award Number: 26-03NT41491.002 Page 94 of 109

Table 9 gives the comparison of the maximum stress components in the tubesheets held by
hook and “v” shape anchor. The maximum radial stress is lower in the tubesheet held by “v”
shape anchor than in the tubesheet held by hook. However, the maximum axial stress is
higher in the tubesheet held by “v” shape anchor than in the tubesheet held by hook. From
the overall consideration, there is a little improvement on the maximum principal stress in the

tubesheet by using the “v” shape anchor to hold the tubesheet.

Table 9. Comparison of the maximum stress components in the tubesheets held by hook
and “v” shape anchor during heating

Maximum Maximum Maximum
principal stress| radial stress | axial stress
(MPa) (MPa) (MPa)
Refractory 365 200 326
with hook
Refractory 344 153 342
with anchor

Stresses in the tubesheets after 10 days of operation which is the steady state of the heat
transfer were also investigated. Figure 77 and Figure 78 show the maximum principal stress
distribution in the tubesheets after 10 days. The maximum principal stresses in the tubesheets
during the steady state occur at the end of the anchor holes also, same as that during heating.
Comparing the stresses in the tubesheets during the steady state, there is no difference in the
maximum principal stresses, as shown in Table 10. This result means anchor type has very
little effect on the maximum stress in the tubesheet.



DOE Award Number: 26-03NT41491.002 Page 95 of 109

3, Max. In-Plene Principal
{Ava. Ceit.1 TN}

&
ety
PER
£

LLLEEEEAS

EnEuiaEE s e B

Caly
[ ]
DD W) ]~ B &

gddddsssds

0DB: Pulacheater-jdaya.odb ABAQUS/Standard 6.4-1 Thu Sep 01 13:24:37 Central Standard

’!-pl Seap-1

Iaocemant 110; Step Time = B,§800RH1S

Primacy Yar1 5, Hax. In-Plana Prino L

Daformed Yar1 U Deformation Jomle kor1 +1.000e400

Figure 77. Principal stress in the tubesheet held by hook after 10 days
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Table 10. Comparison of the maximum stress components in the tubesheets held by
hook and “v”” shape anchor during steady state

Maximum Maximum Maximum
principal stress| radial stress | axial stress
(MPa) (MPa) (MPa)
Refractory 318 150 308
with hook
Refractory 311 150 308
with anchor

Due to the thermal expansion, the tubesheets held both by hook and by “v”” anchor deform
more in the center region, resulting in bow shapes after heating, as shown in Figure 79 and
Figure 80. For the tubesheet held by a hook, gap between the center of the tubesheet and the
steel base is 4.2 mm after heating. For the tubesheet held by a “v”” anchor, gap between the
center of the tubesheet and the steel base is 3.8 mm after heating. Furthermore, contact
between the tubesheets and the anchors are also resulted due to the deformation. As results,
significant tensile stresses have been induced at the neck of the hook and at the region where

the legs are connected to the “v” anchor screw.
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Figure 79. Deformation of the tubesheet held by a hook after heating (shape is

magnified to 10 times)
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Figure 80. Deformation of the tubesheet held by a “v”” shape anchor after heating
(shape is magnified to 10 times)
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CONCLUSION

The results of thermodynamics and experiment for the reaction of black liquor smelt with
various ceramics were in agreement for some candidate materials but not for others.
Reactions were correctly predicted for Al,O3, CeO,, MgO, MgAl,04, but not for
3A1,03.2810;, ZrO,, Y103, LiAlO,, BaAl,O4. Failure of the thermodynamic predictions was
attributed to lack of data for the reaction products produced by reaction of molten black
liquor smelt with candidate materials. Sessile drop experiments were used to verify
thermodynamic predictions and to determine contact angles of the molten Na,CO; and
K,COs; on candidate materials. MgAl,O4 showed the highest contact angle with Na,CO;
(13.3 £ 1.2 degrees) while, the highest contact angle for K,CO;3 (9.9 £ 1.5 degrees) was
obtained with MgO. Although CeO, and MgO were wet by Na,CO3 and K,COs, they did not
react with either. Consequently, either CeO, or MgO could be used for refractories for
applications requiring contact with black liquor smelt. The best choice for this application
may be MgAl,O4. Although MgAl,O4 reacts with both Na,CO3 and K,CO3, a dense layer of
MgO forms quickly and prevents further attack. Based on these considerations, MgO and
MgAl,O4 were suggested for further investigation in the form of rotary finger corrosion tests,
sessile drop studies with actual black liquor smelt, or trials in test gasifiers.

Samples provided by in-kind sponsors were tested using cup testing. The best performing
materials in the cup testing were fused cast materials. Magnesia brick and castables
performed well and should be further developed and moved into industrial trials. A spinel
based mortar, MORCOCOAT SP-P, has been commercially prepared and is to be used in
future gasifier installations.

This study presented continuum damage mechanics based analytical model for predicting the
failure behavior of refractory lining black liquor gasifiers, pulse combustors and cup testing.
The damage model accounts for the chemical expansion in addition to mechanical and
thermal expansion. A comparison of predicted damage patterns for BLG refractory material
with the observed damage pattern in the cups used indicates that this model could be used to
evaluate failure behavior of refractory linings in black liquor gasifier.

A coupled thermal-mechanical model accounting for the chemical reaction was developed
for refractory linings in a high temperature black liquor gasifier. This model was
implemented into a commercial finite element code. The stress and strain distributions, time
dependent thermomechanical behavior of the refractory lining under thermal loading and
chemical attack are evaluated. The chemical reaction of the black liquor smelt and the
refractory dominates the stress and strain development in the refractory lining. Four possible
failure modes of the refractory lining were surmised by the stress and strain analysis. The
model helps understand the failure behavior of the refractory lining in a high temperature
black liquor gasifier system.

Chemical reaction and thermal expansion with improper constraints causes the most
compressive damage in the refractory structure. Layered damage occurred in the refractory
structure due to the tensile damage. Expansion allowance affects the damage of the refractory
structure. Tensile damage could be reduced by allowing for larger expansion.

Continuum damage mechanics based analytical model is appropriate for predicting the
failure behavior of refractory cup under thermal loading and chemical attack. The predicted
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damage patterns predicted by the model are in qualitative agreement with those observed in
practice in the cup test. The maximum compressive damage occurs on the surface of the cup
where is in contact with the black liquor smelt. The maximum tensile damage occurs at the
end of the reaction zone. Chemical corrosion is the dominate factor of the damage of the
refractory brick.

The thermomechanical model of the pulse combustor refractory tubesheet showed that the
maximum stresses in the refractory tubesheets through the operation occur slightly before the
end of heating. Maximum stresses were located at the end of the anchor holes due to the
stress concentration. Lower maximum principal stress is developed in the tubesheet held by
“v” shape anchor. However, during the steady state, anchor type has very little effect on the
stresses. The tubesheets deform into bow shapes. Contact between the tubesheet and the
anchor are resulted due to the deformation and resulting in significant tensile stresses at the
neck of the hook and at the region when the “v” anchor legs are connected to the screw.

No systematic experimental work has been done so far to characterize the failure behavior of
refractory materials in black liquor gasifier. Experimental work is needed to validate the
models presented here.

Gasifier end-users are still experiencing major refractory problems. Refractories are one of
many issues still slowing use of this energy saving technology. Without continued assistance
from DOE black liquor gasifiers currently in use may be shut down and future work
abandoned.
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