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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 surfaee. 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 surfaee, 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 Glasschmelzöfen

Die Prozeßbedingungen im Glasschmelzofen, insbesondere die des Verbrennungsprozesses, bestimmen die Kinetik der Verdampfung
an der Glasschmelzoberfläche. Eine Minderung der Verdampfung zur Reduktion von Staub- und Schwermetallemissionen, zum
Schutz des Feuerfestmaterials und zur Vermeidung von Glaskomponentenverarmung an der Glasoberfläche kann durch Änderungen
in der Brennerkonstruktion, in der Brennerpositionierung und in der Brennersteuerung (Brennstoff-Luft- oder Brennstoff-Sauer-
stoff-Verhältnis) realisiert werden. Extrem hohe Temperaturen an der Oberfläche der Schmelze ergeben lokal sehr hohe Ver-
dampfungsraten sowie hohe PbO-, NaOH- und KOH-Konzentrationen im Oberofen, die das Gewölbe gefährden.

Bei einer starken Verdampfung kann eine Verarmung des Na20-Gehaltes an der Oberfläche der Schmelze auftreten, wobei die
Na20-Konzentration bis auf 80 % des Gehaltes in der Grundglasschmelze absinken kann. In Bleiglaswannen ist eine Verarmung
des PbO-Gehaltes an der Glassehmelzoberfläche von bis zu 50 % möglich. Studien mit Hilfe von Verdampfungsmodellen zeigen die
primären Möglichkeiten zur Verminderung der Verdampfung. Ergebnisse industrieller Testversuche in der Glasindustrie stimmen
mit Modellvorhersagen überein und zeigen die Effekte der Verbrennungsparameter auf die Verdampfung und die Staubemissionen.

1 . I N T R O D U C T I O N

Evaporat ion of contaminants in the glass-forming batch
or volatilization of glass melt components lead to:

- emissions of heavy metals or submicron-sized dust
often requiring the Installation of filter Systems [1];

- refractory attack by aggressive volatile components
such as alkali vapors ( N a O H , NaCl , K O H , KCl,
LiOH) or lead components (Pb, PbO) [2];

Received 5 July 2001.
Presented in German at: 75'^ Annual Meeting of the German
Society of Glass Technology (DGG) in Wernigerode on 23
May 2001.

- fouhng and plugging of the regenerator checker
work, flue gas Channels or waste heat boilers by
deposits containing evaporated glass constituents [3
to 5];

- depletion of volatile glass components at the glass
melt surface, causing cord in the fmal 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 reeycling of the collected fdter
dusts will compensate for these losses.

T h e superstructure attack by glass melt vapors h a s
frequently been observed soon after the application of



oxygen combus t ion technology in glass furnaces. D u e to
the much lower combus t ion-gas vo lume flows in oxy-
gen - fo s s i l fuel combus t i on processes compared to air
firing, the evapora ted c o m p o n e n t s become much less di-
luted in the furnace a tmosphe re a n d the higher vapor
pressures of alkali o r lead c o m p o n e n t s increase the po -
tential for silica refractory a t tack. A t high alkali or lead
par t ia l vapor pressures, l iquid Silicates can be formed at
the lower end of the crown t empera tu re levels, especially
in jo in t s a n d in the doghouse area. Fabe r [2] shows that
silica refractory mater ia ls are mainly applicable in a cer-
ta in t empera tu re ränge, below a m i n i m u m temperature
alkali reacts with silica a n d above a m a x i m u m level silica
will show creep a n d Starts to deform. T h e width of the
tempera tu re w indow for silica use in glass furnaces de-
pends on the concen t ra t ion of alkali o r lead vapors. At
high concent ra t ion levels the m i n i m u m allowable tem-
pera ture shifts to higher values a n d the temperature win-
d o w becomes smaller.

T h e dus t collected by fdters or emi t ted through the
chimney conta ins main ly the mos t volatile components
of the glass compos i t ion such as: N a 2 0 , K 2 O , B2O3,
P b O , Sb203, Chlorides, Sulfates. In m o s t glass furnaces,
these dus t part icles are submicron-s ized (mainly single
part icle d iameters of 0.03 to 0.5 p m ) [9] and are air-
borne , ob ta ined from condensa t ion processes during the
cool ing of the flue gases. Table 1 shows the ranges of
compos i t ions of füter dus t collected from different in-
dustr ia l glass furnaces. T h e small raw material particles
from the ba tch (> 10 pm) deposi t main ly at the top layer
of the regenera tor checkers or in the high-temperature
inlet sections of the recuperators . Only a very small pa r t
of the carry-over will reach the ch imney or füter system.
Mater ia l ba lances show tha t in c o m m o n s o d a - l i m e -
silica furnaces, the regenera tors collect only 3 to 5 % of
the flue gas condensa t ion products .

In this pape r the m o s t i m p o r t a n t vapor species, orig-
inat ing from the ba tch or glass melt will be given and the
mechan i sms of evapora t ion are discussed. Α Simulation
mode l descr ipt ion for the evapora t ion process of alkali
Compounds from s o d a - l i m e - s i l i c a mel ts (typical for
Container a n d float glasses) will be presented and results
of some m o d e l calculat ions will be shown here. Rec-
o m m e n d a t i o n s for the reduct ion of evaporat ion rates
a n d consequent ly minimizing refractory attack by vol-
atile c o m p o n e n t s of the glass melt will be derived from
the mode l studies. T h e impac t of adjustments of the
combus t ion processes in indust r ia l furnaces on the evap-
ora t ion of alkali Compounds will be demonst ra ted and
the results of these indust r ia l tests are also compared
with mode l ing results.

2 . M E C H A N I S M S O F E V A P O R A T I O N F R O M G L A S S
M E L T S U R F A C E S

D ü r i n g the glass mel t ing process, p a r t of the melt will
be exposed to ho t strongly flowing combus t ion gases at

the glass melt surface. Dur ing this t ime of exposure, vol-
atile glass components may evaporate from the melt by:

a) direct evaporat ion of the volatile component without
any chemical reaction at the surface of the melt, an ex-
ample is P b O evaporat ion from lead Silicate melts.
b) Evaporat ion by a chemical reaction of a glass melt
component at the glass surface with a gas species in the
combust ion space, examples are the evaporation of
N a O H due to a reaction of N a 2 0 from the melt and
water vapor [10 to 14], generated from the combust ion
process or due to reduction of N a 2 0 by reducing gases
such as CO:

N a 2 0 (melt) + C O N a (gas) + C O 2 . (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 ( N a B 0 2 or
K B O 2 ) from N a 2 0 or K 2 O and B2O3 in a l k a h - b o r o s i h -
cate melts [14 to 17].

The incongruent evaporat ion processes from multi-
componen t Silicate melts has been investigated by many
researchers [10 to 24]. Deplet ion 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 evaporat ion rates on the one band and on the
other band , limited bor ium 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 componen t from the bulk of
the melt to the surface of a generally almost static
(non-stirred) glass melt surface layer.

- Evaporat ion 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 concentrat ions of volatile glass
components in the surface glass composit ion.

- Diffusion of the evaporating species th rough an al-
most static gaseous bounda ry 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 part ial vapor pressures of the evaporating
species between the surface of the melt and in the
main gas stream in the combust ion space.

For modera te gas velocities and relatively low tem-
peratures, diffusion in the melt compensates a lmost com-
pletely for the evaporation losses at the surface. Then,
the evaporat ion rate and loss is governed by the dif-
fusion in the gas phase. However, at higher evaporat ion



Table 1. Typical dust emissions and dust composition of glass furnaces

industrial glass furnace for

Container
glass
(regenerative)

float glass
(regenerative)

TV panel glass
(regenerative)

sodiun boro-
silicate glass
(recuperative)

E-glass
(recuperative)

dust concentration^^ in mg/m^

125 to 200

specific emission in kg/t glass

0 . 1 t o 0.4

dust composition in wt%

NasO
K2O
SO3
PbO
B2O3
Sb203
Si02
AI2O3
MgO
CaO
Chlorides
fluorides
residue

25 to 40
1.5 to 2.5
45 to 55
Oto 5 
<1
<0.2
0.5 to 2 
0.2 to 1 
1.0 to 3.0
2.0 to 7.0
<1
<1
5 to 12

120 to 180

0.3 to 0.45

35
Oto 1 
45 to 55
<0.2
<0.1
<0.1
0.5 to 1.5
<1
1.0 to 3.0
2.5 to 4.0
<1
<1
10

200 to 275

0.5 to 0.9

12 to 18
35 to 40
5 to 10
<1

8 to 12
<5
<1
<1
<1
5 to 8 
6 t o 12
10 to 15

1500 to 2000
including boric
aeids

3.5 to 5 
including boric
aeids

25 to 30
5.0 to 10
8.0 to 15
<0.5
35 to 40
<0.2
<2
<2
1.0 to 3.0
2.0 to 5.0
<1
<1
10

800 to 1400
including boric
aeids

3.0 to 5.0
including boric
aeids

2.0 to 5.0
10.0 to 20.0
2.0 to 5.0
<0.1
55 to 70
0
1.0 to 3.0
<1.5
Oto 1 
2
<1
<0.25
5 to 10

Based on flue gas volume (dry, 8 % oxygen) of gas-a i r fired furnaces.
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 evaporat ion losses and
evaporation rates may become t ime-dependent for static
melts. At the top of a glass melt, the glass melt layer
exposed to the furnace a tmosphere 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 . E V A P O R A T I N G S P E C I E S

Several publications address the Identification or charac-
terization of evaporat ion species from molten glasses [26
to 31]. Mass spectrometric analysis of high-temperature
vapors or the rmodynamic modeling [32 and 33] provide
information on the possible species existing above glass
melts. It is generally accepted that N a O H , N a C l , and at
reducing condi t ions N a , are the dominan t sodium spec-
ies above s o d a - l i m e - s i l i c a melts, in dry atmospheres

also N a O may become relatively i m po r t a n t . F o r boros i l -
icate melts , bora tes such as N a B 0 2 , K B O 2 , H B O 2 va-
p o r s [14, 15, 17, 24 a n d 30] can be expected. M e t a - b o r i c
acid ( H B O 2 ) is formed by react ions between bo ra t e s in
the MELT a n d WATER vapor. Lead SILICATES RELEASE P b O , P b

(at reducing condi t ions) a n d probably SOME lead hydrox-
ide species when exposed to water -vapor con ta in ing at-
mospheres . C o n r a d t a n d Scholze [14] showed the l inear
increasing lead EVAPORATION losses for a potass ium—
LEAD-SILICATE (20 w t % P b O ) MELT at increasing WATER-

vapor pressures at t empera tu res >1100° C . This m igh t be
expla ined by format ion of Pb (OH)2 vapor. Hoheise l a n d
Schaeffer [34], however, found only very m o d e r a t e influ-
ence of the presence of water vapor on the evapora t ion
of lead components from lead Silicate melts with more
than 70 w t % P b O at temperatures below 1200°C.

D e p e n d e n t on the raw mater ia ls a n d the c o n t a m i -
na t ions in the batch , H F , N a F [35] a n d N a C l [36 a n d
37] m a y evapora te from the melt o r ba tch b lanke t . T h e
use of arsenic or an t imony based fming agents will cause
evapora t ion of arsenic or an t imony species. A t increas-
ing water -vapor pressure (pnio) an t imony evapora t ion
will be enhanced p ropor t i ona l to puio^ an indica t ion of
the fo rmat ion of S b ( 0 H ) 3 gaseous species. Th i s sho r t



s u m m a r y of evapora t ing c o m p o n e n t s shows the impor t -
an t role of water vapor, s t imulat ing N a O H , K O H ,
H B O 2 , S b ( O H ) 3 evapora t ion a n d the effect of reducing
condi t ions leading to elemental lead, sodium, potass-
ium evapora t ion .

4 . C o n d e n s a t i o n o f v a p o r s

D ü r i n g sulfate decompos i t ion in the fining process, sul-
fur oxides evolve from the mol t en glass. These sulfur
gases react wi th o the r evapora ted species during the
cool ing of the flue gases. T h e format ion of sodium sul-
fate salts in regenera tors is a typical example. Very FME
sod ium sulfate drople ts will BE formed below about
1100°C [4], solidification of these d r o p s in to small dust
part icles takes place below 884 °C. Α small part of these
condensa t ion p roduc t s will deposi t at the regenerator
checker bricks. S o d i u m sulfate appea r s to have a very
low vapor pressure c o m p a r e d to the N a O H vapor press-
ures in glass furnaces a n d after sod ium sulfate vapor for-
MATION, CONDENSATION of THIS C O M P O U N D occurs. T H E re-

ac t ions involved in this fouling m e c h a n i s m of regener-
a tors are:

l e n g t h L g

2 N a O H (gas) + S O 2 + 1/2 O 2
^ N a 2 S 0 4 ( l iquid/solid) 4 - H 2 O , 

2 N a C l (gas) + S O 2 + 1/2 O 2
= ^ N a 2 S 0 4 (hquid /sohd) + 2 H C l . 

(2)

(3)

Thus , sod ium chlor ide added to the ba tch BY Chlorides
IN the synthet ic soda , or IN the cullet leads to extra so-
D I U M sulfate format ion a n d extra H C l emissions. With-
ou t the use of sulfates IN the ba tch a n d sulfur-lean fuels,
SODIUM HYDROXIDES EVAPORATING from MELTS may form

N a C l OR N a 2 C 0 3 DUST AND DEPOSITS INSTEAD OF N a 2 S 0 4 .

In THIS PAPER THE EVAPORATION of s o d i u m species WILL be

discussed AND a SIMULATION mode l for THE prediction of
sod ium losses from glass melts WILL BE presented here.
Similar mode ls can BE established FOR o the r EVAPORATING
COMPOUNDS.

5 . M o d e l i n g o f e v a p o r a t i o n l o s s e s f r o m g l a s s

m e l t s u r f a c e s

T h e evapora t ion process from glass mel ts in industrial
glass furnaces can be described as a process of diffusion
of a volatile c o m p o n e n t in an a lmos t static glass melt
layer moving a long a glass surface exposed to a gas flow
or flames over a length Lg, typically a few meters. At the
glass mel t surface, the c o m p o n e n t j reacts or evaporates,
forming volatile c o m p o n e n t i (vapor pressure Pi). This
c o m p o n e n t i diffuses in the b o u n d a r y layer (1 to 5 cm

m a i n g a s s t r e a m
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s u r f a c e r e a c t i o n :

^ n - j ( m e l t ) - » - m - k ( g a s ) = > q - l ( g a s ) . 

Ei-
g l a s s m e l t s u r f a c e \ C j p r o f i l e

' T 

d i f f u s i o n o f j i n

g l a s s m e l t , D m j

Figure 1. Sehematie presentation of evaporation proeess for a 
eomponent 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 evaporat ion rate.

The diffusion ( D m j ) of an evaporating glass melt
componen t j to the surface of the glass melt (m) can be
described by the second diffusion law of Fick, describing
the concentrat ion profile of C j in the melt:

dq/dt = D^^, · A ^ Q / A X ^ . (4)

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

ß j = - ^M,J · ( a C j / A X ) , = o . (5)

Matousek and Hlavac [19], Terai and Ueno [20], and
Cable et al. [21] derived the Solution of this differential
equat ion, assuming a reaction or mass transfer process
at the glass melt surface with a proport ional i ty between
the surface concentrat ion of the evaporating component
Cj ;̂ =o and the evaporat ion loss rate Qy 

(6)

The value OF h is mainly dependent on the SATURATION
vapor PRESSURES of all volatile COMPONENTS containing
the glass componen t 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.

Evaporat ion of a componen t j from the melt reacting
with a gas k and forming gaseous species i according, to

η · j (melt) + m · k (gas) <=> ̂  · i (gas) (7)



leads to loss of glass component j . For ideal conditions
the Saturation pressure of component i (/?*) depends on
the concentration of component j at the glass melt sur-
face:

The term

pt^ = K{T)'q-p^. (8)

K{T) is a temperature-dependent equilibrium cons tant
and /?k is the part ial pressure of reacting gas componen t s
iPnio or pco)-

The local loss of componen t j (for instance Na20)
from the melt by evaporat ion of componen t i (for in-
stance N a O H ) diffusing through a gas bounda ry layer
above the melt is given by Beerkens [38]:

ßj = (n/q) ' Sh^, ' (DJy) · (pt - ρ,,,)/{Κ · Τ) . (9)

In most glass furnace combust ion Spaces, the gas flows
(velocity ν^) 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
y (in m) . The vapor pressure of component i in the bulk
gas flow is /7b,i-

The Sherwood number (Sh^) expression for turbulent
gas flows along a length Lg (length from the leading
edge of the gas flow touching/streaming above the glass
melt surface) leads to the equat ion for the average loss
(Qj in mol/(m^ · s)) of componen t j over this length Lg
[38]:

' L,'-'' • - (pt - �,,,� ·

(10)

The properties ag, μ^, Dg i are respectively the average
gas density, gas viscosity and diffusion coefficient in the
gas phase in the bounda ry layer above the melt. R is the
gas constant .

The dimensionless factor Α is in the ränge of 0.03 to
0.04. For /7b,i ^7^1* the term />b,i can be neglected and in
a certain composi t ion ränge, the vapor pressure of com-
ponent i can be assumed to be propor t ional to the local
surface concentrat ion (at χ = 0) of componen t j in the
melt: pf = Β - Cj ν=ο(0· These two assumpt ions allow
the analytical Solution of the differential equat ion (4)
with boundary condit ions given by equat ions (5) and
(10) and neglecting of /?b,i.

For a static melt exposed to a flowing gas a tmos-
phere the value of Cj depends on time, since depletion
by the evaporation process is not completely compen-
sated by the limited diffusion rates in the glass melt. The
proport ional i ty factor Β depends on temperature, glass
compos idon and the concentrat ion of the reacting gas
k, but due to a nonhnea r relation of the vapor pressure
Pi and concentrat ion Cj in a wider composi t ion ränge,
this proport ional i ty factor can only be used as an esti-
mate for a limited composi t ion ränge.

ä = inlq)•A•öl•'•ρl•'''μ,^•''•Dlt

L^'^'R-'T-'BCy^^oit)

.667 (11)

can be calculated for k n o w n values of Cj .^=ο(0· F o r well-
mixed melts, this value is equa l to the bulk c o n c e n t r a t i o n
of c o m p o n e n t j in the melt . However, for static me l t s o r
a lmos t static melts exposed dur ing a cer tain t ime p e r i o d
this value will decrease due to deplet ion.

T h e average deple t ion a n d average t ime d e p e n d e n t
loss of c o m p o n e n t j from such a melt exposed t o a flow-
ing gas with velocity a long a surface wi th l eng th Lg
can analytically be calculated by the appl ica t ion of e q u a -
t ion (12) a n d (13) derived from [39] a n d given below. F o r
the to ta l loss of c o m p o n e n t j ( M ^ j in mol/m^) f rom the
melt du r ing exposure t ime / by Integrat ion of Qi over
this t ime, the expression

M ^ , - (q ,o / / /d ) · {exp m · i)m,j · t) (12)

• erfc [7/d · (/)n,,j · tf'] - 1 + 2/ /d · (D^, ' tinf'} 

a n d for the surface concen t ra t ion the relat ion

q , . . o ( 0 = q,o · exp m ' ^mj · t) (13)

can be applied a n d where is defined as:

(nlq) - Α · öl-' ·��-^' · μ^^-^' · D ^ f 7 

L^^^R-'T-'B/D^,.

/ /d is a n expression (d imension m~^) , relat ing the m a s s
transfer coefficient for the evapora t ing species in the gas
phase to the diffusion coefficient of the volatile c o m p o -
nent in the melt . C^o is the initial concen t ra t ion a n d b u l k
concen t ra t ion of c o m p o n e n t j in the melt . Differen-
t ia t ion of equa t ion (12) to t ime gives the mass loss ra te
of c o m p o n e n t j (due to react ion (7)) from a mel t exposed
to flowing gas a tmosphere after exposure t ime t, aver-
aged over the surface length Lg (length of mel t in d i rec-
t ion of the gas flow).

6. S o d i u m e v a p o r a t i o n k i n e t i c s f rom
s o d a - l i m e - s i l i c a g l a s s m e l t s

T h e evaporation process of sod ium Compounds f rom
Container, tableware and float glass melts is of great
technological impor tance . This process de te rmines t he
dus t format ion , fouling of regenera tors a n d chemica l at-
tack of refractory mater ia ls in the supers t ruc tu re in a 
large n u m b e r of glass furnaces. A n example is the evap-
ora t ion loss of Na20 by N a O H format ion . Fo r a f loat
glass compos i t ion the vapor pressure (in Pa) of N a O H
can be est imated by



PNaOH = 2 1 0 - / J ^ I I O · C N A 2 O , X = 0 ( 0

• e x p ( - 2 5 6 1 7 / R )

( 1 4 )

where p^io is given in Pa , C N A 2 0 , X = O ( 0 is the surface
concent ra t ion of N A 2 0 in the melt given in mol/m^ and
Τ is surface t empera tu re given in K. A s said before, the
value of C N A 2 O , A = O ( 0 will decrease as exposure t ime (t) 
at the glass melt surface increases due to N A 2 0 de-
plet ion. In this case the value of ^ N A O H is 210 · / ? H 2 0 ' 

exp ( - 2 5 6 1 7 / Γ ) for compos i t ions close to composi t ions
OF c o m m o n float glasses.

S O D I U M may evapora te by reac t ion with water, for-
ming N a O H or by reduct ion due to reactions with C O
or with no t completely bu rn t hydroca rbon components
in the combus t ion space. In that case the loss of N A 2 0

can be given by:

ß — 1 / 9 . J . N O - 8 . . , , - 0 . 4 7 . Γ ) 0 . 6 6 7 . Γ - 0 . 2
N A 2 0 - ^ Qg Mg ^ G , N A O H

• R-' · · ^ N A O H · C N A 2 O , X = 0 ( 0 + (15)

1 / 2 · ^ - ^ 0 . 8 . ^ 0 . 4 7 . ^ - 0 . 4 7 . ^ 0 . 6 6 J

• L g ^ ^ ' R ^ • Τ ' · 5 ^ J A · C N A 2 0 , . V - O ( 0 · 

^ N A is the p ropor t iona l i ty factor between the N A 2 0 con-
cent ra t ion at the glass melt surface a n d the sodium
vapor pressure; this factor depends o n the C O pressure
jus t above the melt a n d tempera ture . Η^χ is now defmed
as:

H , = m - A ' ö l ' · ρΙ-^' ' μ - ' - ^ ' · ϋ ^ Ι ο Η ' L ' ^ - '

R-'T-'B^,oulDm,N.20+ (16)
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Equa t ions (15) a n d (16) can be ex tended for more N A 2 0
evapora t ion react ions, forming for instance: N a O ,
N A 2 S 0 4 , N a C l vapors . T h e evapora t ion loss of N A 2 0
a n d deplet ion of N A 2 0 at the glass surface can be deter-
mined by the Substi tut ion of this value in equations
(12) a n d (13).

7 . M O D E L I N G R E S U L T S F O R S O D I U M E V A P O R A T I O N

P R O C E S S E S

T h e previously described kinetic m o d e l has been applied
to predict the sod ium evapora t ion losses from s o d a -
l i m e - s i l i c a melts u n d e r industr ia l condi t ions or for lab-
o ra to ry scale experiments . Sanders a n d Schaeffer [ 1 0 ]
poin ted ou t tha t deple t ion of s o d i u m at the surface of a 
s o d a - l i m e glass melt exposed to a h u m i d gas a tmos-
phere at 1 3 3 5 °C hardly can go d o w n to N A 2 0 concen-
t ra t ion levels below 1 1 . 5 w t% even at very long exposure
times. Α thermodynamica l ly stable surface composit ion
seems to be established at these relatively low tempera-
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Figure 2. Effeet of temperature and oxidation S T A T E of furnaee
atmosphere on sodium oxide evaporation loss from stirred
soda-lime-siliea float glass melt (no depledon at surfaee), 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
composi t ion is not expected. Deplet ion of Na20 concen-
trations at the surface of c o m m o n s o d a - l i m e glass melts
below 11 wt% may be expected for very high tempera-
tures and high N a O H evaporat ion rates. However, Na20
depletion from 13 % down to values below 10 % is not
expected under no rmal industrial conditions.

Figure 2 shows the effect of temperature on the mod-
eled evaporat ion loss rates of Na20 from a float glass
melt, due to N a O H and sodium formation at the glass
melt surface. Sodium (Na) formation becomes impor-
tan t for ;7O2 < lOOto 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
m m thickness) can be considered to be static, depletion
of volatile species will take place. Α concentrat ion profüe
of the evaporating glass component extends over 0.3 to
3 m m in the melt, depending on the diffusion coefficient
and exposure time.

Figure 3a shows the decreasing evaporation loss rate
of Na20 (evaporating as N a O H and Na) , due to de-
pletion of the Na20 concentrat ion 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.
A t high temperatures, depletion becomes more pro-
nounced and the surface concentrat ion of Na20 will de-
crease considerably and evaporation reduces as exposure
time proceeds. Figure 3b shows the decrease in Na20
surface concentrat ion dur ing this evaporat ion process
(after 2 h exposure).

The evaporated sodium species in mos t s o d a - l i m e -
silica furnaces will mainly form sodium sulfate dust dur-
ing the cooling process of the flue gases as shown by
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Figures 3a and b. Evaporadon from float glass melt surfaee
exposed to eombustion gases with a veloeity of 10 m/s and
water vapor pressure of 0.18 · 10^ Pa; a) ealeulated sodium
evaporation loss rate from statie melt, b) caleulated sodium ox-
ide concentration, CNa2o , . x=o (0 , at surface of well-mixed and
static float glass melt after 2 h.

reaction equilibria equat ions (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 s o d a - l i m e - s i l i c a glass furnace, due to so-
dium evaporation processes. No te the increased dust
emission levels for very low oxygen concentrat ions
in the combust ion space. At these low oxygen levels
{Po2 ^ 100 Pa) reduct ion at the glass melt surface stimu-
lates sodium (Na) evaporation.

8 . E v a p o r a t i o n e x p e r i m e n t s

Figure 5 schematically shows the laboratory equipment
applied in this study to measure evaporat ion losses from
glass melts exposed to combust ion a tmospheres gener-
ated by air or oxygen firing. This equipment allows the
determinat ion of the volatilization of different glass melt
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Figure 4. Sodium sulfate dust emissions as a function of tem-
perature and gas velocity above soda-l ime-si l ica glass melt in
ai r -natura l gas fired glass furnaces with moderate oxygen ex-
cess (po2 = 100 Pa).
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Figure 5. Laboratory equipment for experimental investigation
of evaporation processes from glass melts exposed to combus-
tion gases.

c o m p o n e n t s at adjusted tempera tures and gas velocity
levels. A n a l u m i n u m oxide sample boa t with glass mel t
surface d imens ions of 6 by 15 cm is used for c o n t a i n i n g
the melt . T h e evapora t ion rates, as measured for m o s t
volatile glass c o m p o n e n t s exposed to the flames, indeed
depend on the gas velocity and are p ropo r t i ona l to i^g^.
This dependency may d i sappear when diffusion in the
glass melt becomes the de te rmin ing step for the evapor -
at ion rate.

As an example, the sod ium c o m p o n e n t evapora t ion
rates at an average glass melt surface t empera tu re of
1380 to 1390°C a n d exposed to the c o m b u s t i o n gases of
an o x y g e n - n a t u r a l gas burne r with 55 vol .% water
vapor a n d a bulk gas velocity of 1 m/s have been meas -
ured. A t oxidizing condi t ions the evapora t ion loss ra te
of N a 2 0 is de te rmined on 3.5 to 4 g/(m^ h) . T h e evapor-



at ion mode l predicts a loss of 3.4 g/(m^ h) . It has been
shown by this k ind of labora tory experiments that the
sodium loss from the melt is indeed propor t iona l to the
water vapor pressure: ~ / ? η 2 ο · This is an indication that
N a O H is the major evapora t ing c o m p o n e n t . At reducing
condi t ions (na tura l gas excess) evapora t ion rates in-
crease. T h e exper iments show also tha t the sodium evap-
ora t ion rate is p ropo r t i ona l to V g ' .

T h e t rends predic ted by the mode l a n d the estimated
sodium evapora t ion kinetics are in close agreement with
the exper imenta l observat ions .

9. M o d e l i n g o f l e a d e v a p o r a t i o n f rom g l a s s
m e l t s

Lead Silicate glasses show a relatively high volatility of
lead c o m p o n e n t s d u r i n g melt ing. T h e high evaporation
loss often leads to format ion of a glass melt top layer
depleted in lead oxide. This p h e n o m e n o n has already
been observed by Krui thof , La G r o u w a n d de Groo t [6]
and often results in glass p roduc t s wi th cord.

T h e s t rong evapora t ion loss at high temperatures and
gas velocities can often no t be compensa t ed by diffusion
of lead c o m p o n e n t s from the bulk of the melt to the
surface. M a t o u s e k a n d Hlavac [19], found in laboratory
exper iments at m o d e r a t e gas flows at 1300°C already
m o r e t h a n 50 % lead oxide surface deplet ion after 8 h 
exposure of a lead alkali Silicate melt (composi t ion in
wt%: 24.8 P b O , 58 S i 0 2 , 9.9 K 2 O a n d 4.4 N a 2 0 ) . This
type of glass is often applied for lead crystal. The lead
oxide equ ihb r ium (sa tura t ion) vapor pressure /?pbo (in
Pa) of these types of glasses as funct ion of temperature
( Γ in K ) a n d lead oxide surface concent ra t ion (Cpbo in
mole fraction) is es t imated by the relat ion:

pko = Cpbo · 2.06 · 10^1 · exp ( - 2 7 5 2 0 / Γ ) . (17)

Evapora t ion mode l s for lead oxide c an be derived simi-
lar to the mode l appl ied for predic t ing N a O H or N a
evapora t ion .

Bo th the mass transfer of lead vapors in the gas
phase, t h rough the b o u n d a r y layer a n d diffusion mass
transfer processes in the glass melt de termine the lead
evapora t ion kinetics. F igure 6 shows the evaporation loss
rate as a function of time, at different temperatures dur-
ing mel t ing of lead Silicate glass in a n a i r - n a t u r a l gas
fired furnace. F igure 7 shows the progress of the de-
plet ion of lead oxide in the static surface layer dur ing
this evapora t ion process, calculated by the model. In the
figure is shown tha t deple t ion of the lead oxide at the
surface hardly depends on tempera tu re . A t higher tem-
pera tures lead oxide evapora t ion losses will be enhanced,
bu t diffusion of lead oxide in the melt becomes also fas-
ter at increasing tempera tures , compensa t ing for the
evapora t ions loss at the surface. A t reducing firing con-
di t ions lead oxide reacts at the glass surface with C O
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Figure 6. Evaporation loss rate of lead oxide at different melting
temperatures in air-fired glass furnaee, with a gas veloeity of
8 m/s. The original lead oxide coneentradon of the glass melt
was: 24.8 wt%.
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Figure 7. Depletion of lead oxide at the lead silieate glass melt
surfaee, during evaporation proeess in glass furnaee.

or wi th not completely burnt hydrocarbon Compounds
forming lead vapor. Reducing conditions wi l l strongly
stimulate lead losses f rom 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.

1 0 . M o d e l i n g of g a s v e l o c i t y in c o m b u s t i o n
s p a c e of g l a s s f u r n a c e s

C F D models for Simulation of the processes in the com-
bustion Spaces of glass furnaces [40 and 41] can be ap-
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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-por t 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 evaporat ion rate of N a O H can be pre-
dicted by the evaporat ion model . In the same figure the
specific sodium sulfate dust emission is shown as a func-
tion of the b u r n e r - g l a s s melt distance assuming that all
evaporated N a O H will be converted in sodium sulfate
dust during the cooling of the flue gases. This figure
shows the impor tance of the burner posit ion on evapor-
ation and emissions for the typical Situation of an indus-
trial s o d a - l i m e glass furnace. Convection of heat from
the combust ion space to the glass melt surface has a 
minor effect on the overall effective heat transfer in glass
furnaces, since radiat ion of heat from the flames and
crown are predominant in transferring the combust ion
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.

1 1 . E M I S S I O N R E D U C T I O N IN INDUSTRIAL G L A S S

F U R N A C E S

Model ing results for the condit ions of industrial fur-
naces show that a combinat ion of measures: increasing

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 5.5
NaOH IN ATMOSPHERE IN PA 7.5 3.0
N A 2 S 0 4 DUST EMISSIONS IN MG/M^ 200 TO 250 90 TO 100

burner—glass melt d is tance a n d avoiding excessive glass
melt t empera tures will be very effective in the r educ t i on
of emissions. Table 2 demons t ra t e s this for two cases.

N a C l present as c o n t a m i n a n t in synthet ic s o d a types
often evaporates easily dur ing the mel t ing of the b a t c h
a n d finally forms H C l gas a n d sod ium sulfate dus t . Α
reduc t ion from 0.25 w t % N a C l in the soda d o w n to
0.15 % in a float glass furnace with 25 % cullet leads t o
a decrease of abou t 30 m g sod ium sulfate dus t per m^
flue gas (273.15 K, 101.3 kPa , 8 % oxygen, d ry) .

F l ames touch ing the glass melt surface will conse-
quent ly lead to high C O concen t ra t ion levels a n d low
Po2 values jus t above this surface, enhance the evapor -
a t ion of alkali and lead Compounds. A n increase of the
dis tance b u r n e r - g l a s s mel t from 0.6 to 0.7 m to m o r e
t h a n 1 m lowers the gas velocities by ab o u t 50 % a n d
lowers the risk of reduct ion of glass melt c o m p o n e n t s .

T h e si tuat ions in table 2 show the po ten t i a l of pr i -
m a r y measures to reduce alkali vapor a t tack , which de-
pends strongly on the N a O H vapor pressure in the fur-
nace a tmosphere [2] a n d the possibility to lower dus t em-
issions.

1 2 . INDUSTRIAL T E S T S A N D M E A S U R E M E N T S

T h e described models for the evapora t ion process of so-
d i u m or lead can be extended for o ther c o m p o n e n t s such
as po tass ium, an t imony or b o r o n species and o the r
glasses, but the chemical activity of these Compounds in
the glass melt o r the vapor pressures as funct ion of glass
compos i t ion should be k n o w n and the glass melt dif-
fusion coefficients of these volatile glass c o m p o n e n t s
have to be de te rmined or have to be predic ted [42]. In
this study, only model ing of sod ium evapora t ion has
been carr ied ou t to demons t r a t e the validity a n d appl i -
ca t ion of such evapora t ion models to u n d e r s t a n d emis-
sions a n d evapora t ion processes in indust r ia l furnaces.
In the previous sections it has been shown tha t glass
melt tempera ture , gas velocity and compos i t i on of glass



Table 3. Operadonal condidons of soda- l ime glass furnaces and measured particulate emissions

furnace burner arrangement no.

1 2 3 4 5

average glass melt surface temperature in °C 1494 1494 1511 1511 1453
surface area in m^ 39 39 39 39 60
Na20 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 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 10^ 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
Na20 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 a tmosphere are key parameters in the
kinetics of evapora t ion of alkali and lead. For a few oxy-
gen-fired s o d a - l i m e - s i l i c a glass furnaces, modeling of
sod ium evapora t ion has been carr ied ou t . Modeling for
these different bu t similar furnaces, all producing the
same type of glass, but for different bu rne r setüngs, has
been performed. Table 3 shows some process da ta of
these furnaces. A l though , the furnaces are of the same
design type a n d the same glass compos i t ion and raw ma-
terials are similar, the specific dust a n d sodium emis-
sions are distinctly different. As the evaporadon model
results show, the bu rne r settings and the reducing/oxidiz-
ing combus t ion condi t ions greatly effect the evaporation
of sod ium species. F igure 9 shows the results of the in-
dustr ia l measuremen t s : obviously changes in the posi-
t ion a n d type of bu rne r and the o x y g e n - n a t u r a l gas ra-
tio (de termining />o2 and pco vapor pressures) will cause
large differences in dus t emissions a n d sodium evapor-
at ion. T h e gas velocities and glass melt surface tempera-
tures in these furnaces are calculated wi th a C F D model
[41]. T h e mode l results for N a O H evaporat ion and
N A 2 0 losses show the same t rend as the measurements .
T h e evapora t ion loss of N A 2 0 from 30 % of the surface
area with the highest t empera tures (ho t spot) has been
calculated for these furnaces. Accord ing to the values in
figure 9 , abou t 60 to 80 % of the sod ium evaporates from
this area.

Evapora t ion mode l ing a n d tests have also been per-
formed to c o m p a r e the evapora t ion process in an oxy-
gen— a n d a i r - g a s - f i r e d furnace b o t h melt ing the same
a m b e r glass type. Tak ing the changed combust ion at-
m o s p h e r e in to account : abou t 18 vol .% water vapor ver-
sus 56 vol .% for respectively the air a n d oxygen fired fur-
nace a n d the lower gas velocities in the o x y g e n - g a s -
fired melter, a decrease of the specific N A 2 0 emissions
( N A 2 0 in the dus t ) of abou t 45 % is expected by the
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Figure 9. Measured sodium evaporation rates and calculated
average Na20 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 surfaee, reducing
flames; bar 4 = burner for sheet (Hat) flame directed to glass
surfaee, mild-reducing flames; bar 5 = tube-in-tube burner
staged combusdon, horizontal.

evaporat ion model , the measurement showing a decrease
of 28 %. The evaporat ion model apphed for these two
furnaces uses roughly estimated da ta for the average
glass surface temperature and gas velocity and this
partly explains the difference between measurement and
model result.



1 3 . E v a p o r a t i o n of o t h e r s p e c i e s f r o m g l a s s

m e l t s

Boron evaporation from borosilicate melts, potass ium
loss and ant imony volatilization from TV glass melts or
from alkali lead Silicate melts are also impor tan t
phenomena in the glass industry. In all cases, an increase
in glass-melt surface temperature and gas velocity will
enhance evaporation losses from a l k a l i - e a r t h alkali Sili-
cate, borosilicate, lead glass and TV glass melts. Reduc-
ing conditions, for instance reducing par ts of flames will
p romote the evaporat ion of lead and alkali from these
glass melts, due to reduct ion of the oxides at the glass
melt surface. Water vapor may react to form compo-
nents such as, N a O H , K O H , Pb(0H)2 , H B O 2 or
S b ( 0 H ) 3 . The evaporat ion of potass ium also depends on
the water vapor pressure, similar to the evaporat ion of
sodium by formation of hydroxide species.

However, for alkali borosilicate melts, the major
evaporating species expected from such melts are N a B 0 2
and K B O 2 , the N a O H , H B O 2 and K O H vapor pressures
are much lower than the alkali meta-borate pressures
above the melt. Thus, the water vapor pressure in the
combust ion space above the melt is not strongly decisive
for the boron and alkali losses of such melts. The higher
water vapor concentrat ion 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-
kah borosilicate glasses such as being used for insulation
glass wool. In oxygen-fired furnaces, producing less vol-
ume of combust ion 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 evaporat ion
from these alkah 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 H B O 2 evaporation, one of the main
evaporating components in E-glass.

The high evaporat ion rates for borosilicate and lead
glasses often lead to a glass melt top layer typically at a 
thickness of 0.5 to 3 m m depleted in boron, alkali (bo-
ron boosts the evaporat ion 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 a tmos-
phere are: K O H , N a O H , S b ( 0 H ) 3 , N a C l (when using
chloride-containing soda) .

F rom C-glass melts (sodium borosilicate melts) the
vapors are mainly: N a B 0 2 , N a O H , NaCl , K B O 2 . F r o m
E-glass melts, vapors from the glass include: H B O 2 ,
K B O 2 and a small a m o u n t of N a B 0 2 . High tempera-
tures and gas velocities above E-glass melts will lead to
strong deplet ion of bo ron and alkali at the top surface
of the melt , especially >1550°C . Labora tory experi-
ments have shown that at high temperatures and at high
gas velocities, the evaporat ion of boron and alkali from
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Figure 10. HCl and dust emissions, measured before filter and
scrubber system, during tests with different soda qualities in a 
float glass furnaee.

the mo l t en glass becomes hard ly dependen t o n the c o m -
pos i t ion of the gas phase a n d a lmost independen t o n gas
velocity. T h e evapora t ion rate is p redominan t ly governed
by the diffusion processes in a melt , due to fo rmat ion of
a static layer at the t o p very m u c h depleted in these vol-
atile species (boron concen t ra t ions can d r o p m o r e t h a n
50 % ) .

D u r i n g the c o o h n g of the exhaust gases, c o n d e n -
sat ion react ions s tar t below 1050 to 1150°C a n d salts
are formed, in presence of SO2 gas: Na2S04 , K 2 S O 4 a n d
PbS04 can be formed.

F igure 10 shows the effect of the to ta l N a C l inpu t in
a float glass furnace [37] a n d measured dus t (mainly so-
d i u m sulfate) and H C l emissions in the raw flue gases
(before a filtering uni t ) . T h e first 0.200 g N a C l present
in the ba tch per t on glass are absorbed a lmos t c o m -
pletely in the s o d a - l i m e - s i l i c a glass. A b o u t 50 % of the
extra N a C l added to the ba tch evaporates a n d forms
H C l a n d sod ium sulfate dust . T h e dus t itself hard ly con-
ta ins N a C l .

1 4 . C o n c l u s i o n s a n d r e c o m m e n d a t i o n s

T h e evapora t ion model a n d labora tory results show the
m o s t i m p o r t a n t key process pa rame te r s which govern
the evapora t ion kinetics of glass melt c o m p o n e n t s such
as alkali , lead, bo ron , Chlorides or ant imony. These p a r -
amete r s are:

- Glass melt compos i t ion , a high chemical activity of
a glass melt c o m p o n e n t often increases the v a p o r
pressure, the activity depends strongly on the glass
composi t ions .



- Glass melt surface tempera ture : accord ing to the m o -
deling studies the sod ium hydroxide evaporat ion rate
increases by a b o u t 50 % when increasing the surface
tempera ture from 1500 to 1550°C for float or Con-
tainer glass melts.

- G a s velocity above the melt: an increase by a factor
2 in gas velocity leads to 75 % m o r e evaporat ion in
case of tu rbu len t gas flows a n d neglecting depletion
at the glass mel t surface.

- For some glass composi t ions , a conversion from air
firing to oxygen firing, lowering the gas velocity, gives
the possibili ty to reduce evapora t ion rates and
specific par t icula te emissions by a factor 2 to 4. For
C-glass or o the r alkali borosil icate melts, a reduction
of specific dus t emissions by a factor 4 to 5 can be
achieved.

- A n increasing dis tance between horizontal ly posi-
t ioned burners a n d the glass melt surface lowers the
mass transfer rate in the gas phase and often de-
creases evapora t ion rates.

- Strongly reducing condi t ions {poi < 100 Pa) at the
glass melt surface may increase evaporat ion of alkali
a n d lead by 20 to 40 %.

- T h e N a O H vapor pressure for a s o d a - l i m e glass
with 1 6 w t % Na20 is est imated to be about 20 to
25 % higher t h a n for a compos i t ion with 13 % Na20.

- C o n t a m i n a t i o n of glass-forming raw material batch
or cullet by lead or Chlorides will often increase evap-
orat ion. A n increase of 300 g chlor ide (495 g NaCl )
u p to 450 g Cl in the batch, per t o n glass, leads to
abou t 100 g extra dust emissions per t on glass.

Indust r ia l tests show the poten t ia l for reduction of
dus t emissions by p r imary measures . Oxygen firing may
be an i m p o r t a n t m e t h o d for the reduc t ion of specific
dus t emission from lead and alkali borosilicate glass fur-
naces, since lower gas velocities will decrease the mass
transfer rates and water vapor has a mino r effect on
evapora t ion losses from especially alkali borosilicate
melts. Burner selection, burner re-posit ioning and
burner contro l a n d avoiding N a C l con tamina t ion in the
raw mater ia ls show to be effective ways to reduce sodium
evapora t ion and dus t emissions a n d it m a y lower the po-
tential for refractory supers t ruc ture corros ion by alkali
vapors.
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