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Evaporation in industrial glass melt furnaces
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Process conditions in glass furnaces, especially the settings of the combustion system, determine the rate of the evaporation processes
at the glass melt surface. Reduction of volatilization to lower dust and heavy metal emissions, to minimize the refractory attack by
the aggressive volatile components, and to limit depletion of volatile glass components at the glass melt surface is of great technologi-
cal importance. This can be achieved by changes in burner design and burner positioning, optimizing combustion control and
avoiding extreme glass surface temperatures. Such high local temperatures at the glass surface may lead to very high concentrations
of PbO, NaOH or KOH vapors attacking the crown materials of the furnace.

Evaporation model studies show the potential of process measures for the reduction of evaporation and minimizing depletion
of alkali, lead or boron compounds at the glass melt surface. Sodium depletion down to 80 % of the original content can take place
at the glass melt surface, in lead silicate melting processes depletion may reduce the lead concentrations by more than 50 %.
Industrial tests support the results of modeling studies and show the effects of the settings of the combustion processes on glass-
melt evaporation kinetics.

Verdampfung in industriellen Glasschmelzéfen

Die ProzeBbedingungen im Glasschmelzofen, insbesondere die des Verbrennungsprozesses, bestimmen die Kinetik der Verdampfung
an der Glasschmelzoberfliche. Eine Minderung der Verdampfung zur Reduktion von Staub- und Schwermetallemissionen, zum
Schutz des Feuerfestmaterials und zur Vermeidung von Glaskomponentenverarmung an der Glasoberflidche kann durch Anderungen
in der Brennerkonstruktion, in der Brennerpositionierung und in der Brennersteuerung (Brennstoff—Luft- oder Brennstoff—Sauer-
stoff-Verhiltnis) realisiert werden. Extrem hohe Temperaturen an der Oberfliche der Schmelze ergeben lokal sehr hohe Ver-
dampfungsraten sowie hohe PbO-, NaOH- und KOH-Konzentrationen im Oberofen, die das Gewolbe gefihrden.

Bei einer starken Verdampfung kann eine Verarmung des Na,O-Gehaltes an der Oberfliche der Schmelze auftreten, wobei die
Na,O-Konzentration bis auf 80 % des Gehaltes in der Grundglasschmelze absinken kann. In Bleiglaswannen ist eine Verarmung
des PbO-Gehaltes an der Glasschmelzoberfliche von bis zu 50 % mdglich. Studien mit Hilfe von Verdampfungsmodellen zeigen die
primdren Moglichkeiten zur Verminderung der Verdampfung. Ergebnisse industrieller Testversuche in der Glasindustrie stimmen
mit Modellvorhersagen iiberein und zeigen die Effekte der Verbrennungsparameter auf die Verdampfung und die Staubemissionen.

1. Introduction — fouling and plugging of the regenerator checker

) ) . : work, flue gas channels or waste heat boilers by
Evaporation of contaminants in the glass-forming batch deposits containing evaporated glass constituents [3
or volatilization of glass melt components lead to: to 5]

— emissions of heavy metals or submicron-sized dust — depletion of volatile glass components at the glass

often requiring the installation of filter systems [1];

— refractory attack by aggressive volatile components
such as alkali vapors (NaOH, NaCl, KOH, KClI,
LiOH) or lead components (Pb, PbO) [2];
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melt surface, causing cord in the final product, ex-
amples are lead and fluoride depletion [6 and 7] or
the formation of boron-lean, silica-rich knots in
borosilicate glasses [8];

loss of expensive components such as boron and lead
compounds, where recycling of the collected filter
dusts will compensate for these losses.

The superstructure attack by glass melt vapors has

frequently been observed soon after the application of

Glastech. Ber. Glass Sci. Technol. 74 (2001) No. 9

245



Ruud G. C. Beerkens; Johannes van Limpt:

oxygen combustion technology in glass furnaces. Due to
the much lower combustion-gas volume flows in oxy-
gen—fossil fuel combustion processes compared to air
firing, the evaporated components become much less di-
luted in the furnace atmosphere and the higher vapor
pressures of alkali or lead components increase the po-
tential for silica refractory attack. At high alkali or lead
partial vapor pressures, liquid silicates can be formed at
the lower end of the crown temperature levels, especially
in joints and in the doghouse area. Faber [2] shows that
silica refractory materials are mainly applicable in a cer-
tain temperature range, below a minimum temperature
alkali reacts with silica and above a maximum level silica
will show creep and starts to deform. The width of the
temperature window for silica use in glass furnaces de-
pends on the concentration of alkali or lead vapors. At
high concentration levels the minimum allowable tem-
perature shifts to higher values and the temperature win-
dow becomes smaller.

The dust collected by filters or emitted through the
chimney contains mainly the most volatile components
of the glass composition such as: Na,O, K,O, B,Os,
PbO, Sb,0;, chlorides, sulfates. In most glass furnaces,
these dust particles are submicron-sized (mainly single
particle diameters of 0.03 to 0.5 um) [9] and are air-
borne, obtained from condensation processes during the
cooling of the flue gases. Table 1 shows the ranges of
compositions of filter dust collected from different in-
dustrial glass furnaces. The small raw material particles
from the batch (>10 pum) deposit mainly at the top layer
of the regenerator checkers or in the high-temperature
inlet sections of the recuperators. Only a very small part
of the carry-over will reach the chimney or filter system.
Material balances show that in common soda—lime—
silica furnaces, the regenerators collect only 3 to 5 % of
the flue gas condensation products.

In this paper the most important vapor species, orig-
inating from the batch or glass melt will be given and the
mechanisms of evaporation are discussed. A simulation
model description for the evaporation process of alkali
compounds from soda—lime—silica melts (typical for
container and float glasses) will be presented and results
of some model calculations will be shown here. Rec-
ommendations for the reduction of evaporation rates
and consequently minimizing refractory attack by vol-
atile components of the glass melt will be derived from
the model studies. The impact of adjustments of the
combustion processes in industrial furnaces on the evap-
oration of alkali compounds will be demonstrated and
the results of these industrial tests are also compared
with modeling results.

2. Mechanisms of evaporation from glass
melt surfaces

During the glass melting process, part of the melt will
be exposed to hot strongly flowing combustion gases at

the glass melt surface. During this time of exposure, vol-
atile glass components may evaporate from the melt by:

a) direct evaporation of the volatile component without
any chemical reaction at the surface of the melt, an ex-
ample is PbO evaporation from lead silicate melts.

b) Evaporation by a chemical reaction of a glass melt
component at the glass surface with a gas species in the
combustion space, examples are the evaporation of
NaOH due to a reaction of Na,O from the melt and
water vapor [10 to 14], generated from the combustion
process or due to reduction of Na,O by reducing gases
such as CO:

Na,O (melt) + CO = Na (gas) + CO, . (1)

c) a reaction between two glass melt components, for-
ming a compound with a high chemical activity in the
melt or a high vapor pressure; an example is the forma-
tion of highly volatile alkali meta-borates (NaBO, or
KBO,) from Na,O or K»O and B,Oj in alkali—borosili-
cate melts [14 to 17].

The incongruent evaporation processes from multi-
component silicate melts has been investigated by many
researchers [10 to 24]. Depletion of the volatile compo-
nent at the glass melt surface is often observed in boros-
ilicate or lead silicate glass melting furnaces [6 to 8]. This
depletion is often caused by very high vapor pressures
and high evaporation rates on the one hand and on the
other hand, limited borium oxide or lead oxide diffusion
mass transfer from the bulk of the melt to the glass sur-
face.

The rate of evaporation of a certain glass melt com-
ponent is governed by the following sequence of steps:

— Diffusion of the volatile component from the bulk of
the melt to the surface of a generally almost static
(non-stirred) glass melt surface layer.

— Evaporation or chemical reactions at the surface of
the glass melt. In general, the high gas temperatures
ensure that reaction kinetics is very fast compared to
the diffusion rates and a local chemical equilibrium
at the glass melt surface may be assumed: the vapor
pressures of evaporated species at the surface are in
equilibrium with the concentrations of volatile glass
components in the surface glass composition.

— Diffusion of the evaporating species through an al-
most static gaseous boundary layer above the melt.
The diffusion mass transfer increases as the thickness
of this boundary layer reduces due to larger gas vel-
ocities. The diffusion rate also depends on the differ-
ence of the partial vapor pressures of the evaporating
species between the surface of the melt and in the
main gas stream in the combustion space.

For moderate gas velocities and relatively low tem-
peratures, diffusion in the melt compensates almost com-
pletely for the evaporation losses at the surface. Then,
the evaporation rate and loss is governed by the dif-
fusion in the gas phase. However, at higher evaporation
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Table 1. Typical dust emissions and dust composition of glass furnaces

industrial glass furnace for

container float glass TV panel glass sodiun boro- E-glass
glass (regenerative) (regenerative) silicate glass (recuperative)
(regenerative) (recuperative)
dust concentration? in mg/m>
125 to 200 120 to 180 200 to 275 1500 to 2000 800 to 1400
including boric including boric
acids acids
specific emission in kg/t glass
0.17% to 0.4 0.3 to 0.45 0.5t0 0.9 3.5:to> 3.0 to 5.0
including boric including boric
acids acids
dust composition in wt%
Na,O 25 to 40 35 12to 18 25 to 30 2.0to0 5.0
K,O 1.5t0 2.5 Otol 35 to 40 5.0 to 10 10.0 to 20.0
S04 45 to 55 45to 55 5to 10 8.0 to 15 2.0to 5.0
PbO 0OtoS <0.2 <1 <0.5 <0.1
B,0; <1 <0.1 = 35 to 40 55to 70
Sb,04 <0.2 <0.1 8to 12 <0.2 0
Si0, 0.5t02 0.5to 1.5 <5 <2 1.0 to 3.0
AlLO4 02to1l <1 <1 <2 <fJis
MgO 1.0 to 3.0 1.0 to 3.0 <1 1.0 to 3.0 Otol
CaO 2.0t0 7.0 2.5t04.0 <1 2.0 to 5.0 2
chlorides <1 <l S5to8 <1 <
fluorides <1 <1 6to 12 <1 <0.25
residue S5to 12 10 10 to 15 10 5to 10

1 Based on flue gas volume (dry, 8 % oxygen) of gas—air fired furnaces.

2 Oxygen-fired furnaces.

rates and for very volatile species such as boron, lead
and fluoride compounds, depletion of these components
at the glass melt surface can take place. Then, also dif-
fusion in the melt will influence evaporation losses and
evaporation rates may become time-dependent for static
melts. At the top of a glass melt, the glass melt layer
exposed to the furnace atmosphere may become almost
static. This is especially the case when the density of the
surface glass is lower compared to the parent glass melt
and when the surface tension of the parent glass is
higher than the surface tension of the melt at the top
surface [25].

3. Evaporating species

Several publications address the identification or charac-
terization of evaporation species from molten glasses [26
to 31]. Mass spectrometric analysis of high-temperature
vapors or thermodynamic modeling [32 and 33] provide
information on the possible species existing above glass
melts. It is generally accepted that NaOH, NaCl, and at
reducing conditions Na, are the dominant sodium spec-
ies above soda—lime—silica melts, in dry atmospheres

also NaO may become relatively important. For borosil-
icate melts, borates such as NaBO,, KBO,, HBO, va-
pors [14, 15, 17, 24 and 30] can be expected. Meta-boric
acid (HBO.) is formed by reactions between borates in
the melt and water vapor. Lead silicates release PbO, Pb
(at reducing conditions) and probably some lead hydrox-
ide species when exposed to water-vapor containing at-
mospheres. Conradt and Scholze [14] showed the linear
increasing lead evaporation losses for a potassium—
lead —silicate (20 wt% PbO) melt at increasing water-
vapor pressures at temperatures >1100 °C. This might be
explained by formation of Pb(OH), vapor. Hoheisel and
Schaeffer [34], however, found only very moderate influ-
ence of the presence of water vapor on the evaporation
of lead components from lead silicate melts with more
than 70 wt% PbO at temperatures below 1200 °C.

Dependent on the raw materials and the contami-
nations in the batch, HF, NaF [35] and NaCl [36 and
37] may evaporate from the melt or batch blanket. The
use of arsenic or antimony based fining agents will cause
evaporation of arsenic or antimony species. At increas-
ing water-vapor pressure (py20) antimony evaporation
will be enhanced proportional to pi{3o, an indication of
the formation of Sb(OH); gaseous species. This short
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summary of evaporating components shows the import-
ant role of water vapor, stimulating NaOH, KOH,
HBO,, Sb(OH); evaporation and the effect of reducing
conditions leading to elemental lead, sodium, potass-
ium evaporation.

4. Condensation of vapors

During sulfate decomposition in the fining process, sul-
fur oxides evolve from the molten glass. These sulfur
gases react with other evaporated species during the
cooling of the flue gases. The formation of sodium sul-
fate salts in regenerators is a typical example. Very fine
sodium sulfate droplets will be formed below about
1100°C [4], solidification of these drops into small dust
particles takes place below 884 °C. A small part of these
condensation products will deposit at the regenerator
checker bricks. Sodium sulfate appears to have a very
low vapor pressure compared to the NaOH vapor press-
ures in glass furnaces and after sodium sulfate vapor for-
mation, condensation of this compound occurs. The re-
actions involved in this fouling mechanism of regener-
ators are:

2 NaOH (gas) + SO, + 1/2 0,
= Na,SO, (liquid/solid) + H-O , 2)

2 NaCl (gas) + SO, + 1/2 0,
= Na,SO, (liquid/solid) + 2 HCI . 3)

Thus, sodium chloride added to the batch by chlorides
in the synthetic soda, or in the cullet leads to extra so-
dium sulfate formation and extra HCI emissions. With-
out the use of sulfates in the batch and sulfur-lean fuels,
sodium hydroxides evaporating from melts may form
NaCl or Na,COj; dust and deposits instead of Na,SO,.
In this paper the evaporation of sodium species will be
discussed and a simulation model for the prediction of
sodium losses from glass melts will be presented here.
Similar models can be established for other evaporating
compounds.

5. Modeling of evaporation losses from glass
melt surfaces

The evaporation process from glass melts in industrial
glass furnaces can be described as a process of diffusion
of a volatile component in an almost static glass melt
layer moving along a glass surface exposed to a gas flow
or flames over a length L, typically a few meters. At the
glass melt surface, the component j reacts or evaporates,
forming volatile component i (vapor pressure p;). This
component i diffuses in the boundary layer (I to 5cm

length Lg

4
A

main gas stream
velocity, vg

e

diffusion of i in gas

boundary, Dy,
= surface reaction: bl

nj (melt)+m-k (gas) = q-i (gas) o}

glass melt surface G; profile

diffusion of j in
glass melt, Dm;

Figure 1. Schematic presentation of evaporation process for a
component j from a glass melt exposed to a gas flow with a
reacting gas species k.

thickness) in the gas phase above the melt. Figure 1 illus-
trates this process. In cases of static melts, depletion of
component j at the surface layer of the melt will take
place, the degree of depletion depends on time, diffusion
rate in the melt and the evaporation rate.

The diffusion (Dy,;) of an evaporating glass melt
component j to the surface of the glass melt (m) can be
described by the second diffusion law of Fick, describing
the concentration profile of Cj in the melt:

8Ci/dt = Dy - PC/0x2 . )

The distance perpendicular to the glass surface is given
by the coordinate x. At the glass melt surface, at x = 0,
the loss of component j is given by:

i s %

Matousek and Hlavac [19], Terai and Ueno [20], and
Cable et al. [21] derived the solution-of this differential
equation, assuming a reaction or mass transfer process
at the glass melt surface with a proportionality between
the surface concentration of the evaporating component
Cj x=o and the evaporation loss rate Q;:

Qi =h Gyo- (6)

The value of / is mainly dependent on the saturation
vapor pressures of all volatile components containing
the glass component j and the diffusion mass transfer
process in the gaseous boundary layer. The saturation
vapor pressure is dependent on the glass composition at
the surface.

Evaporation of a component j from the melt reacting
with a gas k and forming gaseous species i according, to

n - j(melt) + m - k(gas) < ¢ - i(gas) (N
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leads to loss of glass component j. For ideal conditions
the saturation pressure of component i (p{) depends on
the concentration of component j at the glass melt sur-
face:

P =KT) G pit. ®)

K(T) is a temperature-dependent equilibrium constant
and py is the partial pressure of reacting gas components

(P20 OF pco)-

The local loss of component j (for instance Na,O)
from the melt by evaporation of component i (for in-
stance NaOH) diffusing through a gas boundary layer
above the melt is given by Beerkens [38]:

Q; = (nlq) + Shg; - (Dgily) - (pf — po)/(R - T) . )

In most glass furnace combustion spaces, the gas flows
(velocity v,) are mainly turbulent or disturbed. The dis-
tance from the leading edge (position where the gas flow
first touches the glass melt surface) is given by the value
» (in m). The vapor pressure of component i in the bulk
gas flow is py;.

The Sherwood number (Sh,) expression for turbulent
gas flows along a length L, (length from the leading
edge of the gas flow touching/streaming above the glass
melt surface) leads to the equation for the average loss
(Qj in mol/(m? - s)) of component j over this length L3
[38]:

Qj = (n/q) A .Ug.x . Q(g).47 .ﬂg—o447 . Dg;?“ (10)
G Imenty ad S

The properties g, iy, D, are respectively the average
gas density, gas viscosity and diffusion coefficient in the
gas phase in the boundary layer above the melt. R is the
gas constant.

The dimensionless factor A4 is in the range of 0.03 to
0.04. For py,; < pi the term py; can be neglected and in
a certain composition range, the vapor pressure of com-
ponent i can be assumed to be proportional to the local
surface concentration (at x = 0) of component j in the
melt: pf = B - C; (7). These two assumptions allow
the analytical solution of the differential equation (4)
with boundary conditions given by equations (5) and
(10) and neglecting of py;.

For a static melt exposed to a flowing gas atmos-
phere the value of C depends on time, since depletion
by the evaporation process is not completely compen-
sated by the limited diffusion rates in the glass melt. The
proportionality factor B depends on temperature, glass
composition and the concentration of the reacting gas
k, but due to a nonlinear relation of the vapor pressure
pi and concentration Cj in a wider composition range,
this proportionality factor can only be used as an esti-
mate for a limited composition range.

The term

Qi - (n/q) A U(g).s . 92447 .#g—o.47 . Dg;?(ﬂ (11)
Lg% RTUT B Gaol0)

can be calculated for known values of Cj (). For well-
mixed melts, this value is equal to the bulk concentration
of component j in the melt. However, for static melts or
almost static melts exposed during a certain time period
this value will decrease due to depletion.

The average depletion and average time dependent
loss of component j from such a melt exposed to a flow-
ing gas with velocity v, along a surface with length L,
can analytically be calculated by the application of equa-
tion (12) and (13) derived from [39] and given below. For
the total loss of component j (M, ; in mol/m?) from the
melt during exposure time ¢ by integration of Q; over
this time, the expression

M,,; = (CjolHy) - {exp (H3 " Dy ) (12)
2 erfC [Hd 5 (Dm,j s t)O.S] -1+ 2Hd s (Dm,j N T/T[)O'S}

and for the surface concentration the relation

Cix=0(t) = Cjo-exp (H3" D" 1) (13)
=exfe [Hy (s 1)

can be applied and where H, is defined as:

(l’l/q) A Ug.S s Qg.47 . llg0.47 s Dgl()67

Lg% R TV BIDL

Hy is an expression (dimension m™ '), relating the mass
transfer coefficient for the evaporating species in the gas
phase to the diffusion coefficient of the volatile compo-
nent in the melt. Cj, is the initial concentration and bulk
concentration of component j in the melt. Differen-
tiation of equation (12) to time gives the mass loss rate
of component j (due to reaction (7)) from a melt exposed
to flowing gas atmosphere after exposure time ¢, aver-
aged over the surface length L, (length of melt in direc-
tion of the gas flow).

6. Sodium evaporation kinetics from
soda—Ilime—silica glass melts

The evaporation process of sodium compounds from
container, tableware and float glass melts is of great
technological importance. This process determines the
dust formation, fouling of regenerators and chemical at-
tack of refractory materials in the superstructure in a
large number of glass furnaces. An example is the evap-
oration loss of Na,O by NaOH formation. For a float
glass composition the vapor pressure (in Pa) of NaOH
can be estimated by
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Paon = 210 pP36 * Cnazox=o(t) (14)
-iexp (=25617/T)

where pipo is given in Pa, Cnaov—o(f) is the surface
concentration of Na,O in the melt given in mol/m?® and
T is surface temperature given in K. As said before, the
value of Cnao.x—o(?) Will decrease as exposure time (7)
at the glass melt surface increases due to Na,O de-
pletion. In this case the value of Bnaon is 210 - p¥3o -
exp (—25617/T) for compositions close to compositions
of common float glasses.

Sodium may evaporate by reaction with water, for-
ming NaOH or by reduction due to reactions with CO
or with not completely burnt hydrocarbon components
in the combustion space. In that case the loss of Na,O
can be given by:

Onazo = 12 A - 008 - @047 . =047 . DOET L . [ -02
“R7'"-T7' Byaon * Cna2ox—o(t) + (15)
12-4- U(g).S ” 02.47 'ﬂg0'47 A Dg?\ﬁz

s Mo R T4 By < Onon it -

By 1s the proportionality factor between the Na,O con-
centration at the glass melt surface and the sodium
vapor pressure; this factor depends on the CO pressure
just above the melt and temperature. Hy is now defined
as:

Hd =2 l)g'g . 92.47 .ﬂg—0.47 . D(g)I6\16d70H [ Lg—0.2
’ R71 : T71 . BNaOH/Dm,Ne\ZO e (16)
12-4- D(g).s . Qg.47 .ﬂg—o.47 . D(g);?\ﬁz

el R T e Bl B -

Equations (15) and (16) can be extended for more Na,O
evaporation reactions, forming for instance: NaO,
Na,SO,, NaCl vapors. The evaporation loss of Na,O
and depletion of Na,O at the glass surface can be deter-
mined by the substitution of this Hy value in equations
(12) and (13).

7. Modeling results for sodium evaporation
processes

The previously described kinetic model has been applied
to predict the sodium evaporation losses from soda—
lime—silica melts under industrial conditions or for lab-
oratory scale experiments. Sanders and Schaeffer [10]
pointed out that depletion of sodium at the surface of a
soda—lime glass melt exposed to a humid gas atmos-
phere at 1335°C hardly can go down to Na,O concen-
tration levels below 11.5 wt% even at very long exposure
times. A thermodynamically stable surface composition

seems to be established at these relatively low tempera- -

T 50
o — -+ Qnazo, N0 Na vapor
8 404 J/
g “-IC — QNa20: p02=2000 Pa /‘/’I
® £ 301 /,
55 == QNaz20, Poz=100 Pa
g < ‘
2 0 20{—-Q =10 Pa, 7~
o 2 Na20, Po2
Q © /,4% -
2 101 " po=50-100 Pa
| 0 T T
1600 1700 1800 1900

Temperature in K ———»

Figure 2. Effect of temperature and oxidation state of furnace
atmosphere on sodium oxide evaporation loss from stirred
soda—lime—silica float glass melt (no depletion at surface), ex-
posed to humid gas atmosphere with 0.18 - 10° Pa water vapor
pressure and a gas velocity of 10 m/s.

tures. However, for much higher temperatures, above
1450°C, such a stabilization of the glass melt surface
composition is not expected. Depletion of Na,O concen-
trations at the surface of common soda—lime glass melts
below 11 wt% may be expected for very high tempera-
tures and high NaOH evaporation rates. However, Na,O
depletion from 13 % down to values below 10 % is not
expected under normal industrial conditions.

Figure 2 shows the effect of temperature on the mod-
eled evaporation loss rates of Na,O from a float glass
melt, due to NaOH and sodium formation at the glass
melt surface. Sodium (Na) formation becomes impor-
tant for po, < 100 to 500 Pa.

Typically, glass melt volumes are exposed to the sur-
face during 10 to more than 300 min in industrial glass
furnaces. In case that the top layer of the melt (a few
mm thickness) can be considered to be static, depletion
of volatile species will take place. A concentration profile
of the evaporating glass component extends over 0.3 to
3 mm in the melt, depending on the diffusion coefficient
and exposure time.

Figure 3a shows the decreasing evaporation loss rate
of Na,O (evaporating as NaOH and Na), due to de-
pletion of the Na,O concentration at the glass melt sur-
face at increasing exposure times and in the case of no
mixing or no convection effects in the surface glass layer.
At high temperatures, depletion becomes more pro-
nounced and the surface concentration of Na,O will de-
crease considerably and evaporation reduces as exposure
time proceeds. Figure 3b shows the decrease in Na,O
surface concentration during this evaporation process
(after 2 h exposure).

The evaporated sodium species in most soda—lime—
silica furnaces will mainly form sodium sulfate dust dur-
ing the cooling process of the flue gases as shown by
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T pH20= 01810 Pa
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9“3 c N~ __ __ _1500°C
S 10 - =
I 1400 °C
a
0 ) T -
0 2 4 6
Timeinh ——»
14
T iR
03l
(%'-‘:“ 12 :
zZz 3 )
e i
% E) 10 o .CNa20,x=0y lelng \
N
E @ | == Cnazoxo, N0 Navapor N\
38
g e 81 —— Cpa20x=0, Po2=1000 Pa
— = Cna20.x=0, Po2=10 Pa
6 T L T T i

1600 1650 1700 1750 1800 1850 1900
Temperature in K ——»

Figures 3a and b. Evaporation from float glass melt surface
exposed to combustion gases with a velocity of 10 m/s and
water vapor pressure of 0.18 - 10° Pa; a) calculated sodium
evaporation loss rate from static melt, b) calculated sodium ox-
ide concentration, Cnazo.—o(?), at surface of well-mixed and
static float glass melt after 2 h.

reaction equilibria equations (2) and (3). Figure 4 shows
the effect of temperature and gas velocity above the melt
on the calculated sodium sulfate particulate emissions
for a typical soda—lime—silica glass furnace, due to so-
dium evaporation processes. Note the increased dust
emission levels for very low oxygen concentrations
in the combustion space. At these low oxygen levels
(Po> < 100 Pa) reduction at the glass melt surface stimu-
lates sodium (Na) evaporation.

8. Evaporation experiments

Figure 5 schematically shows the laboratory equipment
applied in this study to measure evaporation losses from
glass melts exposed to combustion atmospheres gener-
ated by air or oxygen firing. This equipment allows the
determination of the volatilization of different glass melt

1000
T — Vg=10m/s
800 -

—"Vvg=5m/s :

600 -

in g/t glass melt
H
()
o

Specific Na,SO, emissions
N
o
o

o T T  §
1550 1650 1750 1850 1950

—— Temperature in K —

Figure 4. Sodium sulfate dust emissions as a function of tem-
perature and gas velocity above soda—lime—silica glass melt in
air—natural gas fired glass furnaces with moderate oxygen ex-
cess (po> = 100 Pa).

moveable block
to control gas velocity fluegas  flue gas
% extraction
/ / analysers

oxy-gas X
or air-gas

burner

glass melt

Figure 5. Laboratory equipment for experimental investigation
of evaporation processes from glass melts exposed to combus-
tion gases.

components at adjusted temperatures and gas velocity
levels. An aluminum oxide sample boat with glass melt
surface dimensions of 6 by 15 cm is used for containing
the melt. The evaporation rates, as measured for most
volatile glass components exposed to the flames, indeed
depend on the gas velocity and are proportional to v§*.
This dependency may disappear when diffusion in the
glass melt becomes the determining step for the evapor-
ation rate.

As an example, the sodium component evaporation
rates at an average glass melt surface temperature of
1380 to 1390°C and exposed to the combustion gases of
an oxygen—natural gas burner with 55 vol.% water
vapor and a bulk gas velocity of 1 m/s have been meas-
ured. At oxidizing conditions the evaporation loss rate
of Na,O is determined on 3.5 to 4 g/(m? h). The evapor-
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ation model predicts a loss of 3.4 g/(m? h). It has been
shown by this kind of laboratory experiments that the
sodium loss from the melt is indeed proportional to the
water vapor pressure: ~ pi3o. This is an indication that
NaOH is the major evaporating component. At reducing
conditions (natural gas excess) evaporation rates in-
crease. The experiments show also that the sodium evap-

oration rate is proportional to vQ-®.

The trends predicted by the model and the estimated
sodium evaporation kinetics are in close agreement with
the experimental observations.

9. Modeling of lead evaporation from glass
melts

Lead silicate glasses show a relatively high volatility of
lead components during melting. The high evaporation
loss often leads to formation of a glass melt top layer
depleted in lead oxide. This phenomenon has already
been observed by Kruithof, La Grouw and de Groot [6]
and often results in glass products with cord.

The strong evaporation loss at high temperatures and
gas velocities can often not be compensated by diffusion
of lead components from the bulk of the melt to the
surface. Matousek and Hlavac [19], found in laboratory
experiments at moderate gas flows at 1300°C already
more than 50 % lead oxide surface depletion after 8 h
exposure of a lead alkali silicate melt (composition in
wt%: 24.8 PbO, 58 SiO,, 9.9 K,0 and 4.4 Na,O). This
type of glass is often applied for lead crystal. The lead
oxide equilibrium (saturation) vapor pressure pp,o (in
Pa) of these types of glasses as function of temperature
(T in K) and lead oxide surface concentration (Cppp in
mole fraction) is estimated by the relation:

Db = Cong + 2.06 101 wexp (—27520/T)-. (17)

Evaporation models for lead oxide can be derived simi-
lar to the model applied for predicting NaOH or Na
evaporation.

Both the mass transfer of lead vapors in the gas
phase, through the boundary layer and diffusion mass
transfer processes in the glass melt determine the lead
evaporation kinetics. Figure 6 shows the evaporation loss
rate as a function of time, at different temperatures dur-
ing melting of lead silicate glass in an air—natural gas
fired furnace. Figure 7 shows the progress of the de-
pletion of lead oxide in the static surface layer during
this evaporation process, calculated by the model. In the
figure is shown that depletion of the lead oxide at the
surface hardly depends on temperature. At higher tem-
peratures lead oxide evaporation losses will be enhanced,
but diffusion of lead oxide in the melt becomes also fas-
ter at increasing temperatures, compensating for the
evaporations loss at the surface. At reducing firing con-
ditions lead oxide reacts at the glass surface with CO

1:1573K

PbO evaporation loss
rate in g/(m*h)

0 1000 2000 3000 4000
Timeins —»

Figure 6. Evaporation loss rate of lead oxide at different melting
temperatures in air-fired glass furnace, with a gas velocity of
8 m/s. The original lead oxide concentration of the glass melt
was: 24.8 wt%.
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Figure 7. Depletion of lead oxide at the lead silicate glass melt
surface, during evaporation process in glass furnace.

or with not completely burnt hydrocarbon compounds
forming lead vapor. Reducing conditions will strongly
stimulate lead losses from lead silicate melts. This obser-
vation has also been confirmed for lead evaporation
from container glass melts, using cullet contaminated
with lead glass. Reducing gas atmospheres or lower re-
dox states (more reduced glass) enhance lead evapor-
ation in container glass furnaces.

10. Modeling of gas velocity in combustion
space of glass furnaces

CFD models for simulation of the processes in the com-
bustion spaces of glass furnaces [40 and 41] can be ap-
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Figure 8. Calculated gas velocity above glass melt and specific
dust emissions (calculated by combustion and evaporation
models), depending on distance between burner and glass sur-
face in a typical end-port fired glass furnace.

plied to calculate or estimate the gas flows above the
glass melt as a function of the distance from the burner.
An increase of the distance between the glass melt sur-
face and the horizontally arranged burners will lead to
a decrease of the gas velocity just above the melt.

Figure 8 shows the calculated gas velocity just above
the melt for an end-port fired glass furnace as a function
of the distance between the plane in which the burners
are placed and the glass surface. The effect of the gas
velocity on the evaporation rate of NaOH can be pre-
dicted by the evaporation model. In the same figure the
specific sodium sulfate dust emission is shown as a func-
tion of the burner—glass melt distance assuming that all
evaporated NaOH will be converted in sodium sulfate
dust during the cooling of the flue gases. This figure
shows the importance of the burner position on evapor-
ation and emissions for the typical situation of an indus-
trial soda—lime glass furnace. Convection of heat from
the combustion space to the glass melt surface has a
minor effect on the overall effective heat transfer in glass
furnaces, since radiation of heat from the flames and
crown are predominant in transferring the combustion
heat to the melt. Thus, it is recommended to avoid a
short distance between burners and glass melt surface in
order to lower or limit evaporation rates of glass compo-
nents, which then probably will lead to less refractory
attack or emissions.

11. Emission reduction in industrial glass
furnaces

Modeling results for the conditions of industrial fur-
naces show that a combination of measures: increasing

Table 2. Estimated sodium concentrations and dust emissions
for industrial soda—lime glass furnaces, depending on process
conditions

process conditions furnace 1 furnace 2
average surface temperature in °C 1500 1450
glass type float glass  float glass
NaCl in soda in wt% 0.25 0.15
gas velocity above melt in m/s 10 5)
oxygen pressure above

melt in Pa 10 1000
energy consumption in GJ/t glass 5.5 3.5
NaOH in atmosphere in Pa 7s) 3.0
Na,SO, dust emissions in mg/m? 200 to 250 90 to 100

burner—glass melt distance and avoiding excessive glass
melt temperatures will be very effective in the reduction
of emissions. Table 2 demonstrates this for two cases.

NaCl present as contaminant in synthetic soda types
often evaporates easily during the melting of the batch
and finally forms HCI gas and sodium sulfate dust. A
reduction from 0.25 wt% NaCl in the soda down to
0.15% in a float glass furnace with 25 % cullet leads to
a decrease of about 30 mg sodium sulfate dust per m?
flue gas (273.15 K, 101.3 kPa, 8 % oxygen, dry).

Flames touching the glass melt surface will conse-
quently lead to high CO concentration levels and low
Po> values just above this surface, enhance the evapor-
ation of alkali and lead compounds. An increase of the
distance burner—glass melt from 0.6 to 0.7 m to more
than 1 m lowers the gas velocities by about 50 % and
lowers the risk of reduction of glass melt components.

The situations in table 2 show the potential of pri-
mary measures to reduce alkali vapor attack, which de-
pends strongly on the NaOH vapor pressure in the fur-
nace atmosphere [2] and the possibility to lower dust em-
issions.

12. Industrial tests and measurements

The described models for the evaporation process of so-
dium or lead can be extended for other components such
as potassium, antimony or boron species and other
glasses, but the chemical activity of these compounds in
the glass melt or the vapor pressures as function of glass
composition should be known and the glass melt dif-
fusion coefficients of these volatile glass components
have to be determined or have to be predicted [42]. In
this study, only modeling of sodium evaporation has
been carried out to demonstrate the validity and appli-
cation of such evaporation models to understand emis-
sions and evaporation processes in industrial furnaces.
In the previous sections it has been shown that glass
melt temperature, gas velocity and composition of glass
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Table 3. Operational conditions of soda—lime glass furnaces and measured particulate emissions

furnace burner arrangement no.

1 2 2 4 5

average glass melt surface temperature in °C 1494 1494 1511 1511 1453
surface area in m? 39 39 39 39 60
Na,O content of glass in wt% 16.5 16.5 16.5 16.5 16.5
water vapor pressure in furnace atmosphere

in 10° Pa 0.6 0.6 0.6 0.6 0.6
glas velocity above melt in m/s 0.5 0.5 () 0.7 0.7
burner type tube-in-tube tube-in-tube sheet flame sheet flame staged,

tube-in-tube

low momentum/high momentum high high high high low
oxygen pressure above melt in 10° Pa 0.03 0 0 0 0.005
CO-pressure above melt in 105 Pa 0.001 0.065 0.065 0.013 <0.001
burner horizontal or directed to glass melt

surface horizontal 7° directed 7° directed 7° directed horizontal
dust emission in kg/t glass 0.276 0.398 0.559 0.485 0.189
Na,O emission in kg/t glass 0.096 0.190 0.315 0.262 0.087
NaOH concentration in furnace atmosphere

in Pa 21.8 26.0 36.0 38.5 9.9
melt and furnace atmosphere are key parameters in the 1400
kinetics of evaporation of alkali and lead. For a few oxy- m measured Na,0 total
gen-fired soda—lime—silica glass furnaces, modeling of @ 1200 !
sodium evaporation has been carried out. Modeling for = 1000 O calculated Na,O in hot spot area

. sl . (= —

these different but similar f'urnaces. all produ.cmg the S < @ calculated Na,O total
same type of glass, but for different burner settings, has S >
been performed. Table 3 shows some process data of g £ Z
these furnaces. Although, the furnaces are of the same v s ?
design type and the same glass composition and raw ma- fdate ?
terials are similar, the specific dust and sodium emis- Q. é
sions are distinctly different. As the evaporation model 2 g
results show, the burner settings and the reducing/oxidiz- I ?
ing combustion conditions greatly effect the evaporation /

of sodium species. Figure 9 shows the results of the in-
dustrial measurements: obviously changes in the posi-
tion and type of burner and the oxygen—natural gas ra-
tio (determining p» and pco vapor pressures) will cause
large differences in dust emissions and sodium evapor-
ation. The gas velocities and glass melt surface tempera-
tures in these furnaces are calculated with a CFD model
[41]. The model results for NaOH evaporation and
Na,O losses show the same trend as the measurements.
The evaporation loss of Na,O from 30 % of the surface
area with the highest temperatures (hot spot) has been
calculated for these furnaces. According to the values in
figure 9, about 60 to 80 % of the sodium evaporates from
this area.

Evaporation modeling and tests have also been per-
formed to compare the evaporation process in an oxy-
gen— and air—gas-fired furnace both melting the same
amber glass type. Taking the changed combustion at-
mosphere into account: about 18 vol.% water vapor ver-
sus 56 vol.% for respectively the air and oxygen fired fur-
nace and the lower gas velocities in the oxygen—gas-
fired melter, a decrease of the specific Na,O emissions
(Na,O in the dust) of about 45 % is expected by the

1 2 3 4 5
burner arrangement nos.
Pco in Pa: <500 6000 6000 1200 < 500

Figure 9. Measured sodium evaporation rates and calculated
average Na,O emissions for industrial natural gas—oxygen fired
soda—lime glass furnaces. The CO vapor pressure (in Pa) meas-
ured just above the melt is indicated and the evaporation from
the hottest zone (30 % of glass surface) is also given in the
graph. Bar 1 = tube-in-tube burner horizontal, oxidizing con-
ditions; bar 2 = tube in tube burner, reducing flames; bar 3 =
burner for sheet (flat) flame directed to glass surface, reducing
flames; bar 4 = burner for sheet (flat) flame directed to glass
surface, mild-reducing flames; bar 5 = tube-in-tube burner
staged combustion, horizontal.

evaporation model, the measurement showing a decrease
of 28 %. The evaporation model applied for these two
furnaces uses roughly estimated data for the average
glass surface temperature and gas velocity and this
partly explains the difference between measurement and
model result.
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13. Evaporation of other species from glass
melts

Boron evaporation from borosilicate melts, potassium
loss and antimony volatilization from TV glass melts or
from alkali lead silicate melts are also important
phenomena in the glass industry. In all cases, an increase
in glass-melt surface temperature and gas velocity will
enhance evaporation losses from alkali—earth alkali sili-
cate, borosilicate, lead glass and TV glass melts. Reduc-
ing conditions, for instance reducing parts of flames will
promote the evaporation of lead and alkali from these
glass melts, due to reduction of the oxides at the glass
melt surface. Water vapor may react to form compo-
nents such as, NaOH, KOH, Pb(OH),, HBO, or
Sb(OH);. The evaporation of potassium also depends on
the water vapor pressure, similar to the evaporation of
sodium by formation of hydroxide species.

However, for alkali borosilicate melts, the major
evaporating species expected from such melts are NaBO,
and KBO,, the NaOH, HBO, and KOH vapor pressures
are much lower than the alkali meta-borate pressures
above the melt. Thus, the water vapor pressure in the
combustion space above the melt is not strongly decisive
for the boron and alkali losses of such melts. The higher
water vapor concentration in oxygen-fired furnaces com-
pared to air-fired furnaces will hardly increase the total
vapor pressure of boron species or alkali species for al-
kali borosilicate glasses such as being used for insulation
glass wool. In oxygen-fired furnaces, producing less vol-
ume of combustion gases, the gas velocity above the melt
can be kept relatively low compared to air-fired furnaces.
This will offer the possibility to reduce the evaporation
from these alkali borosilicate glasses when melting in
oxygen-fired furnaces. For low alkali borosilicate melts,
such as for an E-glass melt, an increasing water vapor
level will enhance HBO, evaporation, one of the main
evaporating components in E-glass.

The high evaporation rates for borosilicate and lead
glasses often lead to a glass melt top layer typically at a
thickness of 0.5 to 3 mm depleted in boron, alkali (bo-
ron boosts the evaporation of alkali by formation of vol-
atile alkali meta-borates) and /or lead. This may cause
the formation of cord.

The main vapor components, originating from TV
panel glass melts or batch, present in the furnace atmos-
phere are: KOH, NaOH, Sb(OH);, NaCl (when using
chloride-containing soda).

From C-glass melts (sodium borosilicate melts) the
vapors are mainly: NaBO,, NaOH, NaCl, KBO,. From
E-glass melts, vapors from the glass include: HBO,,
KBO,; and a small amount of NaBO,. High tempera-
tures and gas velocities above E-glass melts will lead to
strong depletion of boron and alkali at the top surface
of the melt, especially >1550°C. Laboratory experi-
ments have shown that at high temperatures and at high
gas velocities, the evaporation of boron and alkali from

? 300
" 2501 dust: 94 % Na,SO,
D 200 - %
E 200 A
@ 150 - o
2 100 -
g n '.. |
w50 -
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0 200 400 600
Chloride input in batch
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Figure 10. HCI and dust emissions, measured before filter and
scrubber system, during tests with different soda qualities in a
float glass furnace.

the molten glass becomes hardly dependent on the com-
position of the gas phase and almost independent on gas
velocity. The evaporation rate is predominantly governed
by the diffusion processes in a melt, due to formation of
a static layer at the top very much depleted in these vol-
atile species (boron concentrations can drop more than
50 %).

During the cooling of the exhaust gases, conden-
sation reactions start below 1050 to 1150°C and salts
are formed, in presence of SO, gas: Na,SO,, K,SO, and
PbSO, can be formed.

Figure 10 shows the effect of the total NaCl input in
a float glass furnace [37] and measured dust (mainly so-
dium sulfate) and HCI emissions in the raw flue gases
(before a filtering unit). The first 0.200 g NaCl present
in the batch per ton glass are absorbed almost com-
pletely in the soda—lime—silica glass. About 50 % of the
extra NaCl added to the batch evaporates and forms
HCI and sodium sulfate dust. The dust itself hardly con-
tains NaCl.

14. Conclusions and recommendations

The evaporation model and laboratory results show the
most important key process parameters which govern
the evaporation kinetics of glass melt components such
as alkali, lead, boron, chlorides or antimony. These par-
ameters are: -

— Glass melt composition, a high chemical activity of
a glass melt component often increases the vapor
pressure, the activity depends strongly on the glass
compositions.
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— Glass melt surface temperature: according to the mo-
deling studies the sodium hydroxide evaporation rate
increases by about 50 % when increasing the surface
temperature from 1500 to 1550°C for float or con-
tainer glass melts.

— Gas velocity above the melt: an increase by a factor
2 in gas velocity leads to 75 % more evaporation in
case of turbulent gas flows and neglecting depletion
at the glass melt surface.

— For some glass compositions, a conversion from air
firing to oxygen firing, lowering the gas velocity, gives
the possibility to reduce evaporation rates and
specific particulate emissions by a factor 2 to 4. For
C-glass or other alkali borosilicate melts, a reduction
of specific dust emissions by a factor 4 to 5 can be
achieved.

— An increasing distance between horizontally posi-
tioned burners and the glass melt surface lowers the
mass transfer rate in the gas phase and often de-
creases evaporation rates.

— Strongly reducing conditions (po> < 100 Pa) at the
glass melt surface may increase evaporation of alkali
and lead by 20 to 40 %.

— The NaOH vapor pressure for a soda—lime glass
with 16 wt% Na,O is estimated to be about 20 to
25 % higher than for a composition with 13 % Na,O.

— Contamination of glass-forming raw material batch
or cullet by lead or chlorides will often increase evap-
oration. An increase of 300 g chloride (495 g NaCl)
up to 450 g Cl in the batch, per ton glass, leads to
about 100 g extra dust emissions per ton glass.

Industrial tests show the potential for reduction of
dust emissions by primary measures. Oxygen firing may
be an important method for the reduction of specific
dust emission from lead and alkali borosilicate glass fur-
naces, since lower gas velocities will decrease the mass
transfer rates and water vapor has a minor effect on
evaporation losses from especially alkali borosilicate
melts. Burner selection, burner re-positioning and
burner control and avoiding NaCl contamination in the
raw materials show to be effective ways to reduce sodium
evaporation and dust emissions and it may lower the po-
tential for refractory superstructure corrosion by alkali
vapors. :
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