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Corrosion of refractory silica brick used to line the roof or “crown” of many glass-melting furnaces is a serious problem in
furnaces using oxygen-fuel rather than air-fuel mixtures. In this work, we report equilibrium calculations that support a corrosion
mechanism in which alkali hydroxide gédaOH or KOH), produced by reaction of water vapor in the combustion gas with the
molten glass, reacts with the silica brick in the furnace crown to produce an alkali silicate liquid with a composition that depends
on the temperature of the crown. Our reported calculations predict the variable-composition liquid-solution corrosion product
phase as a function of key furnace variables. Critical thermodynamic data needed for the liquid corrosion product were generated
using a modified associate species solution model and critical analysis of thermochemical information found in the literature for
the NgO-SiO, and K,O-SiO, systems. Excellent agreement with reportedgM&iO, and K,O-SiO, phase diagrams and with
experimentally measured activities for Jfaand KO is achieved. The results of our current calculations are for temperatures
between 1273 and 1973 KLO00-1700°¢ under either air-fired or oxy-fired conditions, and are used to define a “critical
temperature,” above which corrosion is not expected to occur for a given K@@ KOH(g) partial pressure.
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Refractory brick composed primarily of silica is commonly used NaOH(g) concentration, and water vapor concentration. However,
to line the interiors of glass-melting furnaces. In air-fired furnaces,these calculations did not consider the formation of any variable-
the furnace roof or “crown” typically lasts on the order of ten composition liquid-silicate phases. As a result, there may be system-
years. Recently, however, the replacement of air with pure oxygeratic errors in the conclusions deduced from these previous results.
in the combustion gases in many melting furnaces has led to sub- The accuracy of a thermodynamic calculation depends, of
stantially higher silica corrosion ratédn some cases, crown life- course, on the quality and completeness of the data employed. Un-
times decreased by as much as a factor of two. The high cost ofortunately, the MO-SiO, systems are quite complex and very high
rebuilding these furnaces is driving organized efforts to determinedeviations from Raoult's law are observed with the use of typical
the factors controlling corrosion, so that either furnace conditionsliquid solution models. Methods that attempt to model nonideal so-
can be adjusted to reduce corrosion to acceptable rates or alternatiligtion behavior are needed to determine accurate thermodynamic
refractory materials can be identified that are more inert. The formeifunctions for the low-melting glass that are the typical products of
solution is preferable since silica brick is attractive because of itssilica corrosion by alkali-containing species. The thermodynamics
low density (which simplifies furnace constructinlow thermal of the sodium oxide/silica system have been extensively studied due
conductivity, and low cost. to their impé)rtance ina variegty of fields; two recent investigations

A major component of many glasses is sodium oxide,(Na by Wuet al® and Zaitse\et al. proylde the latest experlmental data
which in the presence of combustion-generated water vapor form{0" these systems as well as reviews of the relevant literature. Wu
gas-phase sodium hydroxigdiaOH). Some glasses, such as those ©t al- fit the NgO-Si0, and K:0-SiG, phase diagrams using their
used to make television tubes and lead “crystal” tableware, also duasi-chemical” model of the liquid phase to obtain the activities
contain high concentrations of potassium oxide®¥, which reacts ~ ©f N&O and KO in melts with SiQ; the results are in good agree-
with water vapor to form potassium hydroxi@€OH). Reaction of ~ Ment with experiment. Zaitseet al. used Knudsen effusion mass
these hydroxide gases with the silica brick in the furnace crown toSPectrometry to determine M@ and SiQ activities in the melt as a
produce an alkali silicate liquid is assumed to be the corrosion
mechanism(Fig. 1), based on postmortem analysis of refractory
sampleg:® Experimental concentrations of Na@#l in oxy-fuel
furnaces are reported to be as much as three to four times highe i
than in air-fired ?urnace%Both temperaturkand gas velocityalso ’ SiO2 Refractory
appear to play important roles. Since the temperatures of the silice . L . .
refractory are typically quite high, ranging from more than 1600°C | 2NaOH + SiO2 <> NapO(liquid solution w/ SiO) + H20
at the surface exposed to the furnace to above 1100°C on the exte
rior side of an insulated crown, equilibrium represents a reasonable

description of the chemical behavior of the corrosion processes
Thus, thermodynamic calculations that predict equilibrium chemical
compositions can play a useful role by identifying energetically
stable species and by predicting the limiting extent of corrosion and
corrosion products.
Previous investigators have used calculations of equilibria in the H20(combustion gas) NaOH(g)

Na,0-Si0*%7 and K,0-SiO,° systems to identify gas-phase species
present in furnace atmospheres and to examine the dependence
the SiQ corrosion by alkali hydroxides on refractory temperature,

* Electrochemical Society Active Member. . . . . . .
** Electrochemical Society Fellow. Figure 1. Schematic of the processes involved in the corrosion of silica
Z E-mail: mdallen@sandia.gov refractory by NaOkKy).
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Table I. Typical input conditions for equilibrium calculations. P(total)=1 bar, T = 1200-2000 K(927—1727°Q).

n(CH,)? n(0y)* n(Ny)? n(M;0)*¢ a(Sioy)°
Calculation ofpy,o
Air-fired fuel mixture 1.00 2.05 8.2 - -
Oxy-fired fuel mixture 1.00 2.05 - - -
Corrosion predictions
Air-fired fuel mixture 1.00 2.05 8.2 0.1 1.0
Oxy-fired fuel mixture 1.00 2.05 - 0.1 1.0
aMoles.
P Activity of SiO, (crystalline was fixed at unity.
°M = Naor K.

function of composition and temperature, as well as thermodynamiche key alkali-containing species participating in the corrosion of
functions for the NgO-SiO, melt and of solid silicates at high- silica. Its formation can be described by the following chemical
temperature. These investigators also provide a thorough comparieaction

son of their results with the available data in the literature for this

system. M,0 (in glass melt + H,O(g, combustion gas
In this work, we use a modified associate species niBdel
describe the thermodynamic functions for the liquid phases in the <2MOH(g), M = NorK (1]

Na,0O-Si0O, and KO-SiO, systems. We then use these data to cal-

culate the equilibrium between silica and typical air- and oxy-fuel- At the surface of the refractory, a second reaction occurs to form a
fired glass-melting atmospheres. These are the first calculations tgjjica-rich liquid solution in which MO is dissolved

assess the impact of the formation of sodium- or potassium-silicate

glasses on the corrosion of silica. The corrosion results reported here 2MOH(gas

include (i) the temperature dependence of gas-phase alkali-

containing species concentrations in equilibrium with a liquid cor- +—M,0 (dissolved in liquid SiQ + H,O(g, combustion gas)
rosion product and crystalline SjQ(ii) the composition of the cor- [2]
rosion products and their temperature dependence; (&indthe

predicted refractory temperature and MOH furnace concentration

regimes in which corrosion of silica is expected to occur. Finally, The liquid SiQ solution in Reaction 2 is in equilibrium with crys-
we use these results to suggest mechanisms that may be active in tkaline SiG, (cristobalite above-1470°Q. This liquid solution com-
corrosion process. A preliminary report of our work on the corrosion position is fixed by the temperature of the liquid-Si@rystalline

of silica refractories by sodium-containing species was given in aequilibrium shown at high temperatures in the $i@h regions of
proceedings volumé. However, a more thorough analysis and list- the binary MO-SiO, phase diagrams discussed below. The fixed
ing of the thermodynamic data for the J&aSiO, system, including  composition at a given temperature translates to a fixed activity of
the liquid NgO-SiO, phase, and refined predictive results for the M,0 in the liquid solution at this temperature. Since the partial

silica refractory corrosion are reported in the present paper. pressure of water is determined by the furnace atmospnenstly
Corrosion Mechanisms, Thermodynamic Data, :he comtbustlonlequnlbr)atar;d Keq (2) 'Sf a constant_a;t_a given
and Modeling Approach emperature, only one partial pressure of M@Hcan exist in equi-

librium with the silica refractory and its liquid corrosion product at
Corrosion reactions—Previous calculatiofis! as well as those  the temperature of the refractory surface. If the partial pressure of
reported here show that NaQi and KOHg) are the most abun- MOH(g) produced by Reaction 1 is smaller than the equilibrium
dant gaseous species containing alkali metals at equilibrium betweewnalue for Reaction 2, no corrosion will occur; conversely if the
combustion atmospheres and sodium- or potassium-containing glagsartial pressure of MOH)) from Reaction 1 is larger than that at
melts. Therefore, we assume in these calculations that (dDid equilibrium for Reaction 2, this latter reaction is driven to the right

Table Il. Major species used in calculations and sources of thermodynamic data.

Gas phase
N, N,O NO NO, 0, H,
H OH H,0 CH, co co,
NHa HCN SiO, Sio
Na NaOH K KOH

Liquid phasé
Na,O(1) (2/5)NasSio, (2/3)NaSiO, (1/2)N&,Si,O Si,0,
K,O(1) (213)K,SiO; (1/2) K,Si,Os (1/3)K,Si;0q

Solid phasées
SiO, (cristobalitg SiO, (tridymite) SiO, (quart2
Na,0 Na,SiO, NasSi,O; Na,SiO, Na,Si,05 NasSigO;19
K,0 K,SiO; K,Si,O5 K,Si,0q

aA total of 75 species were initially used in these calculations. The major source of their thermodynamic data waKR&GTE except as noted

b Thermodynamic data from JANAFRef. 15.

¢ The source of thermodynamic data for the listed liquid and solid species was assessments of the type described in Ref. 10; values for these species
are listed in Table IIl. A total of 15 fixed composition solid phases were initially included in our data file, but only the above phases were of
importance for the present study.
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Table Ill. Thermodynamic data for important species in Na,O-SiO, and K,O-SiO, systems.

Cp=a+b-T+c- T2+ d/T?(Imol-K)

AH{50g Sso8
Species (J/mol) (J/mol-K) T(K) a b . 10° c- 1¢f d-10"°
Gases
Na 107,500 153.716 2700 21.025 —0.384 0.143 —0.134
4700 61.372 0.445 —0.052 —31.192
NaOH —197,757 228.443 1500 51.971 2.281 0.778 —3.848
6000 58.196 1.315 —0.115 —66.087
K 89,000 160.339 2100 21.136 —0.653 0.293 —-0.017
4500 16.475 —0.366 0.709 9.801
KOH —232,630 236.376 1200 53.038 —0.004 2.094 —4.168
3200 52.639 4.546 —-0.614 —20.879
Liquid associates
Na,0O(1) —370,284 108.989 1023 55.480 70.210 —30.540 —-4.140
AHyans (1023 K) = 1,757 1243 82.563 12.350 0 0
AHyans (1243 K) = 11,924 1405 82.563 12.350 0 0
3500 104.600 0 0 0
Na,SiO,(2/5) —785,540 117.004 1000 73.036 56.920 —24.436 —18.936
1393 94.702 10.632 0 —15.624
3000 112.332 0.752 0 —15.624
Na,SiO5(2/3) —980,800 116.366 1000 84.740 48.060 —20.360 —28.800
1363 102.795 9.487 0 —26.040
3000 117.487 1.253 0 —26.040
Na,Si,Ox(/2) —1,199,000 113.875 1147 99.370 36.985 —15.270 —41.130
3000 123.930 1.880 0 —39.060
K,0(1) —327,300 129.959 1013 75.947 17.146 0 —5.196
3000 100.000 0 0 0
K,Si0y(2/3) —997,100 123.100 1249 98.385 12.684 0 —29.984
3000 114.420 1.253 0 —26.040
K,Si,0s(/2) —1,220,370 117.100 1319 109.604 10.453 0 —42.018
3000 121.630 1.880 0 —39.060
K,Si,04(/3) —1,425,750 106.300 1043 120.822 8.222 0 —54.052
3000 128.840 2.507 0 —52.080
Si,0,(1) —1,793,592 101.658 1996 143.260 3.760 0 —78.120
3000 171.544 0 0 0
Crystalline solids
Na,O —417,982 75.040 1023 55.480 70.210 —30.540 —4.140
—417,982 75.06F
AH ans (1023 K) = 1,757 1243 82.563 12.350 0 0
AH ans (1243 K) = 11,924 2500 82.563 12.350 0 0
Na,SiO, —2,095,630 195.811 1000 182.590 142.300 —61.080 —47.340
—-2,101,297 195.811 1393 236.756 26.580 0 —39.060
3000 280.830 1.880 0 —39.060
NagSi,O; —3,676,200 317.000 1000 309.700 214.390 -91.620 —90.540
—3,596,080 360.826 1363 390.949 40.810 0 —78.120
3000 457.060 3.760 0 —78.120
Na,SiO; —1,555,500 119.000 1000 127.110 72.090 —30.540 —43.200
—1,558,601 113.846 1363 154.193 14.230 0 —39.060
3000 176.230 1.880 0 —39.060
N&,Si,05 —2,475,200 165.000 1147 198.740 73.970 —30.540 —82.260
—2,470,340 164.055 3000 247.860 3.760 0 —78.120
NagSigO;o —9,241,573 585.000 1147 739.480 225.670 —91.620 —324.900
-9,167,917 652.863 3000 886.84 15.040 0 —312.480
K,0 —361.700 96.000 1013 75.947 17.1460 0 —5.196
—361.498 102.006 3000 100.000 0 0 0
K,SiO, —1,544,000 146.000 1249 147.577 19.0260 0 —44.976
—-1,560,362 146.147 3000 171.630 1.8800 0 —39.060
K,Si,O —2,509,000 191.000 1319 219.207 20.906 0 —84.036
—2,522,542 182.004 3000 243.260 3.760 0 —78.120
K,Si;Oq —4,327,000 282.000 1043 362.467 24.6660 0 —162.156
—4,338,562 265.684 3000 386.520 7.5200 0 —156.240
SiO,(cris) —906,377 46.029 1996 71.630 1.880 0 —39.060
—906,377 46.029 3000 85.772 0 0 0
SiO,(trid) —907,257 45524 1996 71.630 1.880 0 —39.060
—907,045 45524 3000 85.772 0 0 0
SiOy(quay —908,758 44.207 1996 71.630 1.880 0 —39.060
—908,627 44.207 3000 85.772 0 0 0

aData from JANAF Table$® see text for discussion of uncertainties in Na@Hdata.

b . [
Values forAHy,gg andS,gg in italics are from Wuet al®
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Table IV. Excess free energy equations representing the positive interaction terms between pairs of liquid associate species in liquid solutions.
A Redlich-Kister expansion of a regular solution constant is used.

Na,Si,O5(1/2)-Si,04(1) AG®S = X(1—X){10,000-11,40q1—2X)} (J/mol of liquid species
K,Si,04(1/3)-Si,0,(1) AG®S = X(1—X){14,000-3,8001—2X)} (J/mol of liquid species

and corrosion occurs. Therefore, to model the above corrosion readrussian group responsible for the IVANTHERMO databé&Ser-
tions at equilibrium requires knowledge of the partial pressure ofokhov et al)!® revealed that their experimental mass-spectrometric
H20(g) (pu,0) in the combustion atmosphere and the activity of measurements of NaOH vapor pressures yieldAB g of

M,0 (aMzo) as a function of temperature and composition in the —189.7+4 kJ/mol. The IVANTHERMO Databasé has assessed
SiO,-rich liquid that is in equilibrium with crystalline SiQ The this value to be-191.0+8 kJ/mol. Both of these values lie between
equilibrium Constantg(eq for Reactions 1 and 2 as a function of the SGTE and JANAF values. In the calculations described here, we
temperature are also needed, but note Kat(1) = [1/K{(2)]. use the JANAF value foAH¢,q(NaOH,9. However, the effect of

the difference in the SGTE and JANAF values in predicting the
critical boundary lines that separate corrosive from noncorrosive

. . ._conditions for air-fired and oxygen-fired furnaces is included and
perature of the combustion gases could be predicted by performing,. -
an equilibrium calculation under the constraints of constant enthalp iscussed later in Fig. _9' ) )
and pressure, the adiabatic flame temperature thus obtained is not an The thermodynamic data for the binary X®SIO, and
accurate reflection of the true furnace-gas temperature. This is du;0-SiO, systems, including their liquid phases, were assessed and
to the fact that heat losses in the furnace, which are difficult tooptimized by performing a CALPHAD-type thermodynamic fitting
predict, play a critical role in determining the actual temperature ofof the binary equilibrium phase diagrams for these systems. As de-
the combustion gases. Consequently, we performed our calculationscribed previously® this procedure provides a means of testing
under the constraints of constant temperature and pressure. A ranggd generating a set of self-consistent thermodynamic information
of temperatures was us¢200-2000 K that could be encountered for 5 system, including the generation of thermodynamic data for
by thefrefrbactory. AlIII cra]tlculatkl]g?ns were performedr:or aftotal Pres- the oxide liquid phase. Data for the phase diagrams such as phase
?:(:rg (r)naly l?er' qRu?t((;eahitgr?E 1\’;’30'0‘9 }t;;mlg%rgtl:é‘?nspitr;uieregrgﬁggt ;UrTormation, melting points, eutectic compositions, and liquidus
amounting to hundreds of degrees over a distance of roughly 30 cnﬁwves were obtalned_ frggm various ssourcﬁpama_lrlly from Ehase
can exist within the silica bricksee Introduction Since these re- iagrams  for Ceramlst Wu et aI.,' and' _Zaltsevet al’; the
fractories are poroug~20-25% is typical, combustion gases can latter two papers provide an extensive critical assessment of the
permeate the brick and encounter substantially lower temperature@vailable data Experimental activity data for BO(l) in the
The partial pressure of 0 in the combustion ga,o, which M,O-Si0, liquid phases for M= Na89923and M = K824 are
plays a key role in the corrosion procé&eactions 1 and)is thus  available from a wide range of sources and are compared with cal-
(primarily) determined by the input fuel/oxygen ratio used in the culated values in the Results section of this paper.
calculations. The input compositions used are given in Table |I. Accurate values of the thermodynamic data for liquid-oxide so-
Thermodynamic data-To be able to predict the corrosion of lutions are of Cm".:a.l |mport.ance 0 Qur thermodynamic dgscnptlon

dof the M,O-containing liquid corrosion product. To obtain these

crystalline silica, reliable high-temperature thermodynamic an ) - . o ) .
phase-equilibria data are required for all critical species and phase%2|ues, we described the liquid using a modified associate species

in the M,0-SiO;-H,O system. These data are available for most of M0de! that has been previously discusSedihis model uses inter-

the combustion gases involved, although the range in reported valfediate liquid chemical species with their corresponding thermody-
ues for the heat of formation for NaOH is relatively large, as is Namic data to represent the negative free-energy terms caused by
discussed below. Table Il provides a listing of major species used irmonideal mixing of the end-member components in a system. For
the calculations, and their sources of thermodynamic data. Tabulatedxample, in the N#D-SiO, binary system, the liquid is composed of
data for liquid-phase corrosion products are lacking, so these valuefquid species NsO, (2/5)NaSiO,, (2/3)NaSiOs, (1/2)NaSi,O,

were determined as part of an assessment and optimization of thg,y 5;0, Table IIl provides a complete listing of associate species
values for all liquid and crystalline phases in the®4SIO, binary  geq in the current calculations. To provide equal weighting to all

systems. The computer program Chemsléglé,was thg primary liquid associate species, each species contains a total of two non-
tool used for developing an assessed, internally consistent thermo-

) ! . oxygen atoms in its formula. While these liquid species may not
d)é?fi';nrrl]?ndatsaubtfg E’ér:?iaﬁf?ﬂ%ggdorztﬁésﬁ?zrﬁztrﬁmes}ﬁgfzz)rro?XiS‘ as chemical entities that can be isolated and characterized, they
gion reacgons bet?Neen MQ) and SiG(s) Th% foIIovF\)/ing para- can accurately represent the negative interaction energies that occur

graphs describe our analysis of the available data for this system anf€tWween MO and SiQ at specific compositions in this liquid oxide

the choices made for the values used in the equilibrium calculation$0!ution. Positive interactionsepulsion terms ultimately leading to
described later in this paper. phase separation in solutionsannot be modeled using the standard

The required thermodynamic data for most gas-phase Speciegssociate species model. Instead, we use positive interaction param-
were obtained from the assessed SGTE datalasewever, the  eters between pairs of associate species that compositionally bound
AH{ 5 value for NaOHg) in this databasé—185.649 kJ/malis  the region of phase separatidmmiscibility gap.® In the two
quite different from that found in the]ANAF Thermochemical chemical systems of interest in this paper, these respective pairs of
Tables(—197.757 kJ/mol*® although the corresponding values of species are (1/2)N&i,Os and Sj0,, and (1/3)KSi,Oq and SO,
the entropy 6,59 from the two sources are quite similé228.589 A composition-dependent regular solution constant is used in repre-
and 228.443 J/mol-K, respectivglythe AH g andSyg values for  senting the excess free energy. The excess free energy equations and
the solid, NaOHs), from the two sources are essentially the same. constants for these two interactions are given in Table IV. These
Thus, the 12 kJ/mol difference in thieH o values for the vapor ~ equations accurately model the liquid thermodynamics in the com-
species appears to be the only major uncertainty in the sodium hyposition region in which a metastable immiscibility gap has been
droxide data used in our calculations. Communications with thereported for glass phases in these systéme the lower right por-

Computational approach to equilibrium modeling of the
furnace-gas/refractory interactior-Although the equilibrium tem-
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Figure 2. Calculated phase diagram for the J8aSiO, system. Current tem-
peratures are shown, along with previously reported values in parenthesgshase transformations when appropriate. Enthalpies of fusion are
(Ref. 8 and bracketgRef. 9. not listed separately since these numbers are incorporated in the
relative enthalpies of formation of liquid and solid phases. The posi-
tive interaction parameters for the pairs of liquid species bounding
tions of the phase diagrams in Fig. 2 and %he thermodynamic ~ Metastable liquid immiscibility gaps are also given in this table in
data for the system was optimized to achieve the best overall agredhe form of excess free energies of solution. The agreement with
ment with the most accurate experimental information reported forreported information and our calculated diagrams and activities is
(i) each phasdiji) the phase diagram, ariiii) experimentally mea- ~ quite good, as is discussed below.

sured activities for NgD and_ KO dissolved in liquid silica. ~ Modeling the MO-Si hase diagram and activities—

The set of thermodynamic data we used for all condensed specieg, ode| t%le co?rdosionqofsilica refrgactories, w&g first determined
and the important gas-phase species in the,ONBIO, and  thermodynamic data given in Table Il for sodium-containing and
K20O-SiO, systems are listed in Table IIl. The data in this table are in potassium-containing silica-rich liquid phases that exist in equilib-
a form directly usable by ChemSage, and were used to calculate thgum with crystalline silica. These liquids are the expected products
phase diagrams shown in Fig. 2 anfl@nd the activity plots shown  of silica corrosion by NaOHy) and KOHg). We used the above-
in Fig. 3 and 5. These data includeH’,qg and Syog values, along  mentioned modified associate species model to represent the liquid
with C, equations fo r various temperature ranges, and enthalpies ofolution thermodynamic behavior. The results of these calculations

are shown in the form of a phase diagram for the@&iO, systenfi
in Fig. 2, and for the KO-SiO, systeni in Fig. 4.

¢ Temperatures in these figures are given in degrees Celsius for ease of comparison
with the referenced phase diagrams in the literature. Units of kelvin are used in the
remainder of the discussion.
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Figure 3. Calculated and measurd®ef. 8, 9, 19-28 Na,O activities in Figure 5. Calculated and measure@Ref. 8, 24-26 K,O activities in
N&a,0-SiG, liquid (glass solutions. K,0-Si0, liquid (glasg solutions.
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Predicted melting points and eutectic compositions are given in 25 e [T T
each figure; numbers in parenth8sand square brackétsorre-
spond to reported values. The JaSiO, diagram is in good agree-
ment with the experimental and assessed phase diagram for the wel
established crystalline phases of ,8&0,, NgSiO;, NaSiO;,
Na,Si,0s, NasSigO; and given by Wuet al.? and Zaitsevet al®
The calculated phase diagram for thgkSiO, system given in Fig.

4 aggees well with the critically assessed diagram given by Wu
et al!

The important portions of these diagrams for this corrosion study
are the two-phase regions in which crystalline silieéther cristo-
balite or tridymitg is in equilibrium with a liquid of composition
[(M,0); _,(Si0,),, where X(Si0,) = 0.8]. The thermodynamic
data for the Si@rich liquids in the two alkali systems predict the
observed metastable liquid-phase separatiamsniscibilities) that
occur for X(SiQ,) > 0.8 portion of the diagrams at temperatures
below about 855°C for the N&-SiO, system, and at temperatures
below about 558°C for the JO-SiO, system. Calculated phase tran- (o] FRETEETEE Lot bt bin iy
sition temperatures for Sil¥) using the data in Table Il also agree 1200 1400 1600 1800 2000
well with reported values.

As shown in Fig. 3 and 5, our use of the modified associate
species model for the liquid phagglasg, and our assessed thermo- Temperature (K)
dynamic properties for th'§ _phase are in gOOd_ agreemept \_Nlth rneal':igure 6. Percent NgO and percent kO in these respective liquid corrosion
sured values of the activities of J® (ay,o) dissolved in liquid  progucts as a function of temperature. Crystalline,Sn equilibrium with
silica (M = Na or K). Significant scatter exists in the reported val- these liquids.
ues, but this is not unexpected considering the difficulty in making
such measurements on well-characterized samples at well-defined
temperatures. The combined agreement of our calculated and re; TSR ;
ported activity values, and our calculated and reported binary phasegpelsésunréze MO activities in the glass, but also on the(@) partial
diagrams for the two MD-SIO, systems provides a stringent test of
the relative accuracy and internal consistency of the sets of thermo- (1/2)M,0 (glass = M(g) + (1/4)0,(g) [3]
dynamic data given in Table Il

20

in Liquid

15

10

Percent Na,O or K,O

IIIIIIIIIIIIIIIIIIIIIII

The variations of oxygen pressure in a glass melting furnace atmo-

Corrosion Analysis, Predictions, and Discussion: Equilibrium sphere are not great enough to ever cause tiig) Mquilibrium
Species The predicted equilibrium concentrations of MQ@plare always

The phase diagrams for the )&SiO, and K,0-SiO, systems in ~ about a factor of two higher in oxy-fired furnace atmospheres than
Fig. 2 and 4, respectively, reveal that at the temperatures in the glad§iose predicted for air-fired furnace atmospheres. This is in qualita-
melting furnaces, crystalline silica in the refractory can react with tive agreement with reports that experimental concentrations of
Na- or K-containing species to produce an equilibrium product con-NaOH(g) in oxy-fuel furnaces are as much three to four times higher
sisting of a silica-rich liquid containing dissolved )& or K,0. than in air-fired furnace$put suggests that other factors may be at
Although crystalline alkali silicates are included in the calculations WOrk as well. The equilibrium prediction is simply a resuit of the
(Table 1), none are predicted to form in the temperature range of thedifferences in HO(g) partial pressures in these two atmospheres
glass furnaces. Figure 6 shows that the respectivd®ONand KO  (€.9., at 1873 K oxy-firedp, o = 0.654 bar and air-fired
mole fraction Ky_o) in the liquid corrosion product decreases from p,, o = 0.177 bar). From Reaction 1 or 2, it is seen that the gaseous

values greater than 0.15 &t1200 K to zero at 1996 K, the melting ratio
point of cristobalite. This changing )} concentration with tem- 05 s
perature in liquids that equilibrate with crystalline Si®as two MOHoy, /MOHir = (HyO0/H;04i)*® = (0.654/0.17F°° = 1.92
important consequences for the development of corrosion mecha- (4]
nisms. First, the minimum partial pressures of M@Hthat can ) o )
cause corrosion depend on the activity ofMin the liquid corro- ~ Maximum MOH(g) equilibrium partial pressures occur al873 K
sion productiand thus the composition of this liquidSecond, itis  for these two systems. This results from a combination of two com-
known that increasing D concentrations in the liquid corrosion Peting effects. The decreasing concentratiactivity) of Na;O(l) in
product reduces the viscosity of alkali silicate méftg‘? the liquid corrosion product with increasing temperat(fe. 7b,
Selected results of equilibrium calculations for two typical com- dashed ling ultimately causes the NaQy) concentration to de-
bustion mixturegsee Table )l are shown in Fig. 7-10. The equilib- créase at higher temperatures. Counteracting this effect, however,
rium gas-phase concentrations shown in Fig. 7a correspond to th@nd leading to the maximum in the Na@Jj concentration, is the
situation when crystalline silica is in equilibrium with a Siéich ~ Increase with temperature in the equilibrium constant for the reac-
liquid phase containing varying amounts of 8eor K,O. Corrosion tion _NaQO(I) + HZO(g.) - 2N_aOI—(g) (Fig. 7b, So.l'd ling. This
of the refractory is possible if the equilibrium calculation predicts Ma@Ximum has some interesting consequences with regard to the re-
the formation of a liquid alkali-silicate solution in equilibrium with 910ns in which corrosion is predicted to occur; this is discussed in
crystalline silica as described by Reaction 2. more detail below. . . .
Figure 7a yields two important results. First, Na@His the In addition to.predlctlng the concentrations of sodium-containing
dominant sodium-containing species and K@His the dominant gas-phase species, the cglculatlons !ndlcate_that, over the 1200-2000
potassium-containing species in the gas, significantly exceedind® temperature range of interegi, o is practically constant: 65.6
their respective atom concentration at all temperatures. Reaction 8 65.2% for oxy-fired, and 17.8 to 17.6% for air-fired fuel mix-
below shows how the alkali metal atom partial pressures depend ndures. This occurs because the combustion products qfaDd G
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150 N Jeo p(H,0), bar
’c§T 1.0 :_ > Figure 8. Partial pressure of NaOH as a function ofCHpartial pressure for
c N -9.5 Q@ temperatures of 1373, 1573, 1773, 19781K00, 1300, 1500, 17009CThe
2 C ’g\ gases were assumed to be in equilibrium with crystalline, %@ a silica-
g 05F Pt ] = rich liquid containing dissolved M. JANAF datd® for NaOHg) were
g F S H1-100 Z used.
1 0s Z
= r H-105 =©
2 -05F r L .
2 r d We note here that the refractory temperature in actual glass-
C — log (K, (Reaction -2)) .11 ¢ melting furnaces is routinely much higher than lower temperature
1.0 - - - log (a(Na,0}) 1 limits shown in Fig. 6-10 for the typically insulated cro®hTem-
o 1 peratures as low as 650 K can occur when the cold side of the crown
Asbntnnbininn lboinnluniud s is not insulated, but equilibrium calculations will aimost certainly be
1200 1400 1600 1800 2000 of little use at such low temperatures since the approach to equilib-
(b) Temperature (K) rium is so slow.

The curves in Fig. 9 show that, for a given,oy, there are
Figure 7. (a) Partial pressures of Na, NaOH, K, and KOH as a function of t€mperature regions in which corrosion will occur and where it will
temperature for air- and oxy-fuel mixtures. The respective equilibrium water N0t occur. In general, corrosion occui®., a liquid sodium silicate
pressures produced by these fuel mixtures was 0.18 and 0.65 bar. As showphase formsin the region of conditions to the right of each curve.
in Table I, an input @/CH, fuel ratio of 2.05 was used. The gases were For example, if thepy,on in the combustion atmosphere is higher
assumed to be in equilibrium with crystalline Si@nd a silica-rich liquid than that in equilibrium with crystalline silica and the liquid sodium
containing dissolved MD. As discussed in the text, data for Na@Hfrom silicate phaséthe boundary line in Fig.)9then corrosion can occur.
the JANAF Table¥ were used in these calculatiors) Temperature depen-  The lower branch of the curves in Fig. 9 thus defines a “critical
denc_e of the equilibrium constant for Reaction 2, with the@lactivity in temperature,” above which corrosion does not occur for a given
the liquid phase. Pnaow iN the combustion atmosphere. This concept was introduced
previously by Faber and Verheijit. Above the lower branch of the
solid curve, corrosion will not occur sing®y,on IS below the equi-
are primarily CQ and HO in this temperature range. It would thus I[brium value. These result; are again co.nsister.lt with the obgerva-
o ) : tions in actual furnaces, which show that insulating the cold side of

be realistic to assume a fixed value @ o at all temperatures of e crown refractory, and thus increasing the temperature of the hot
interest. _ _face, slows the rate of corrosiéh.

It should also be pointed out that, under actual furnace condi- |t js important to note that our calculatexi,oy corresponding
tions, py,0 may actually be lower than the values used here. Thisto the critical temperatures determined by Faber and Verheije
can be caused by the dilution of the combustion gases by gases sudonsiderably lower than the inppi.on Values they used. In their
as CQ, which evolves from the glass melt due to the decompositionwork, Faber and Verheijn treated Na@jfas a reactant, using input
of carbonate starting materials, or by the use of auxiliary oxy-fuel concentrations of 60 ppm under air-fired conditions and 220 ppm
burners in air-fired furnaces. We do not directly account for theseunder oxy-fired conditions. They also considered only the formation
dilution effects since their values depend on the mixture of raw of crystalline sodium silicate®r their congruent melisas corrosion
materials used to produce the glass. However, calculatiqngfy products. These assumptions lead to critical temperatures of 1593 K
as a function ObHZO (F|g 8) shows that, even with re|ative|y wide for air-fired and 1681 K for OXy'flred furnaces. In contrast, our

i . . . _ calculations, which include formation of a liquid corrosion product
variations inpy,o, the partial pressure of NaQ) at a given tem in equilibrium with SiQ, yield 17.9 ppm and 63.5 ppm, at 1593 K

perature does not vary greatly. For example, increaping from and 1681 K, respectively. Thus, our results suggest that the
0.51 bar to 0.75 bar at 1773 K results in only a 22% increase inNaOHg) concentration above which corrosion will occur at a given

PNaoH- temperature is significantly lower than was previously predicted.
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B B | T KOH, as defined byl .iical (S€€ text for air- and oxygen-fired melting con-
- 2 ' 7 ditions. The vertical dash-dot line indicates the partial pressure of (§DH
2000 B Corrosion I . above which corrosion occurs at all temperatures.
5 I
o 1800k No Corrosion - sion might be very small at these temperatures, since the
5 B N calculations reveal that the amount of Jain the liquid corrosion
T R I product decreases as temperature incred@sgs2 and 6, leading to
> = . I 4 more viscous liquids that could pose a transport limitation to the
2 1600 Corrosion R reaction. At concentrations above66 ppm(air-fired or ~125 ppm
QE) I A (oxy-fired), corrosion can occur at all temperatures sipggoy iS
— ‘ T always above the liquid-SiQ(crystalline equilibrium value.
1400 ] The two curves in Fig. 9 show that the region in which corrosion
R JANAF Tables | '_ occurs sh_ifts_ to highepNaOH at a given temperature as one shifts
- - - SGTE Data Base l i from an air-fired to an oxy-fired furnacee., as the concentration of
o N water vapor in the furnace atmosphere increases. However, this re-
1200 DU TN T T T U W NN S N A T T T N I N AN sult can be misleading if one does not take into account the fact that
40 80 120 air-fired combustion atmospheres contain lower concentrations of
NaOHg) than oxy-fired atmospheres because of the higher water
Partial Pressure NaOH (ppm) concentrations in the oxy-fired furnaces.

Finally, Fig. 9 shows the effect of the difference in the SGTE
Figure 9. Zones of corrosion as a function of gas-phase partial pressure oftnd JANAF® thermodynamic values for NaQg) in predicting the
NaOH, as defined b¥ qical (S€€ text (A) Air-fired conditionsy(B) oxy-fired critical boundary lines that separate corrosive from noncorrosive
conditions. Note the horizontal scales on the two plots are not the same. Dataonditions for air-fired and oxygen-fired furnaces. This figure pro-
for NaOH(g) from the JANAF Table¥ were used to calculate the solid vides a measure of the uncertainty in quantitative numbers produced
curves; the dashed lines were calculated curves from using XaQidta by our calculations. However, the general conclusions and explana-
from the SGTE databa¥b(see text The differences in the two curves ions of the observed corrosion behavior are not dependent on the
indicates the uncertainty in the zone of corrosion caused by the uncertainty iRormation enthalpies of NaOlg).

NaOH(g) thermodynamic data. The labels “Corrosion” and “No Corro- P -
sion” apply only to the solid curves. The vertical dash-dot line indicates the The equilibrium behavior of O and NgO are expected to be

partial pressure of NaOlg) above which corrosion occurs at all tempera- gualitatively the same based on their similar chemical nature and
tures. this is borne out by the calculations reported here. Data for the

K,0-SiO, system are shown in Fig. 6, 7a, and 10, the first two of
which also include the predictions for the J}@aSiO, system for
The differences between our critical temperatures and those of Fabelrect comparison.
and Verheijn are largely due to the inclusion of the liquid corrosion ~ Figure 7a displays the predicted equilibrium partial pressures of
phase, although the thermodynamic data for Né@tand several KOH and K as a function of temperature. Like the,NaSiO, sys-
condensed-phase species are not identical between the two investem, the hydroxide is the potassium-containing species in highest
gations(Ref. 7 uses the SGTE database exclusively; exceptions teconcentration in the gas phase, followed by potassium atoms; no
this for our study are given in Table)ll other gas-phase potassium-containing species are present in signifi-
Interestingly, the results in Fig. 9 suggest that, if sufficiently high cant concentrations. The maximypgoy of ~104 ppm under oxy-
temperatures are reachdde. above the upper branch of the fuel conditions and~55 ppm under air-fuel conditions is slightly
curves, corrosion should resume, since the NaOH concentrationlower thanpy,on and is shifted to slightly lower temperatur@s23
will again exceed the equilibrium value. This is a direct conse- K for KOH vs. 1873 K for NaOH. The partial pressure of KOH is
quence of the fact that there is a maximum in thgon Vs. tem- close to that of NaOH, regardless of whether air or oxygen is used.
perature curvéFig. 73. Practically speaking, the amount of corro- These results suggest that silica stability in atmospheres containing
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KOH should be similar to that in atmospheres containing compa-(DOE) Office of Industrial Technologies Glass Industry of the Fu-

rable amounts of NaOH. ture Team; American Air Liquide, BOC Gases, PPG Industries, Inc.,
These results suggest a mechanism that could be responsible f@raxair Inc., Techneglas, and Visteon Automotive Systems; and the

the phenomenon known as *“ratholing,” in which large voids form DOE Environmental Management Science Program funded by the

in the interior of the crown refractories. These voids are typically — Office of Environmental Management’s Office of Science and Tech-

connected to the hot face of the refractory via a narrow channel. Theiology, and administered jointly with the Office of Energy Research

initial formation of the channel may be caused by relatively slow under contract DE-AC05-960R22464 with Lockheed Martin En-

corrosion, perhaps along a joint or originating at a defect of someergy Research Corporation.

kind. After reaching relatively cooler regions in the interior of the ) ) ) ) ) ) L

refractory, however, corrosion may accelerate since there is a stron- Sand|a National Laboratories assisted in meeting the publication costs of

ger thermodynamic driving force at lower temperatures. This driv- TS article.
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