. quasi-isothermal p

Chapter II

Theoretical Part

ady, mathematical model

-ling (Fuhrmann,19 (Hilbig and Kirmsse,

1986) suggests t : a quasi-stationary and
ing time. Then we can
treat the batch mel#in ed to a mass turnover rate
by the thermochenis péiti T; ;ct\ ;, and a mass flow coupled

to the mass conversion fate 1 : id mechanics of the generated

melt. Therein, turnover acts as @ heat sink and a source of

3 Jas the figure below.

iy

ﬂ‘txﬂﬁ y M'ﬁ‘m v R

drainable natter.‘*

™y 0 LN - | QO ™A M ON
[ I‘ " l.i v " | | i
q batch
-------- chemical reaction - - - - - - = - = blanket
heat flow from drainage of glass

glass batch liquid phases bath
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During the first phase of modelling, no discernment is made
between the heat flows from below and above, and the amount of heat

carried away by the evolving gasses is neglected. The following

details were elaborated.

(a) According to previ u theoretical work (Fuhrmann, 1973)

the batch melting proces ‘”

more than 90 % of the &p

a stationary state throughout

d the batch blanket can be

treated as isotherm mation (shown in fige: 2.1

and 2.2).

0 9
o =
:g30
:gas— — -
‘g <
5 S QTO_ tz
£ N
] 7
9 0 : 7000 7500 2000
; ‘o g @ .
Fig. 2.1 Tenﬁﬂﬂﬁ%ﬂﬂj W1E.J qﬂlﬁtmg front of batch
batch| blanket (Fuhrmann, o blanket (Fuhrmann,

ARARINTAUURIING A = e

thetical porosity.

In addition to this, we assumed that the batch blanket takes a
temperature equal to the liquidus Tp of the resulting glass or sub-
system. Tp can be determined by consulting phase diagrams, or by the

system given by Backmann et al. (1990). The batch melting thus pro-



ceeds at a constant rate T'hs

ry, = (1/Ap): (dm/dt) = constant

Ap = area of batch blanket, m = mass of primary melt formed

(b) the formation

amount of heat Hp the

melt consumed a well defined
endothermic batch melting
B el

reactions) Accordin ;~n Phimkhaokham (1990) Hp can be

directly derived aterials in the batch.

Written down as a

rq = heat flow m) drawn by the batch melting

reactions.

Y]

% A
(c) The stéﬂlonary ste an be estabiELhed in different ways.
Either rq i ﬁifﬁ‘ﬂ E]eﬂeﬁlwﬂgjj fTsjentering the batch
blanket, orﬂb “ 1imi e drainage rq of primary
¢
’

SR MNP 1 A,

ince in a sequence of consecutive steps,
the slowest one determines the overall rate, we may write the batch

melting rate as
ryp = Min[rQs / Hp; rg; rgl

The maximal pull rate achievable in a glass melting unit can never
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exceed the amount of matter provided by rp. Taking into account the

ratio of blanket area A, to total melt area A,, this reads
pull < (A, / Ay) rp;

as a guide line Ap/A, ~ 0.33

(d) for the £1 é the hot environment with

T = Tp into th “ bl t o with" Tgp, different approaches

were tried. Accor 1cep 0 o}y ion heat transfer, this

can be written as fo

where agpp i ansfer coefficient. According to

Fuhrmann (1973)," ;

1600 °c, Ty = 800.°C, Hp = 7 Z“",J. ation purposes yields

]
C euESEminNeang
~= 3900 S TN Y

approacﬂ to determine the heat flow rate is using of radiation heat
transfer concept. When a real body emits the radiation flux at an
absolute temperature T the heat flow rate due to radiation rqQ" can

be described as

rq" = EKT4
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when E = emissivity (0<E<1 for a real body) and K = Stefan-Boltzmann
‘constant [K = 5.6697 x 1078 w/(n2.k%)). If a radiation flux qQ;

is incident on a real body, energy absorbed gy by the body is given by

when "a" is the absorptivity whi tween zero and unity. The
absorptivity A of a body s ge) : | '_.ent from its emissivity E.

However, to silplw ydis, a4 sumed to equal E. If the

batch blanket h the radiation energy

absorbed by a bl

then the net radiation at the Sk of a blanket is the diffrence

between the energy, er od and the orbed.

- AakT4 @

mga,ﬂuﬂlﬂﬂﬂQWHWﬂi
ammmmumwmaa

(e) For the drainage rate rq, the general relaﬁion
rq = p/vq

vq = drainage velocity, o= density of primary melt.
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Among several possible mechanisms for vj, the surface tension driven

velocit& was chosen

= 6/n

6 = surface tension-, n = viscosity of primary melt at T = Tg.

For demonstration purposes, the following data are used. The viscosity

of Nag0-8i0g melt 7800 Ns/nz, the surface

tension 6 = 0.3 N/m, 3, This yields

2.2.1 Low-liquidus m f individu aw materials

‘Helting is a key event.

the therlodyﬁa.nics of

primary 11qu ﬁ cal batches of the

soda lime sﬂ iﬁﬂ:ﬂ;ﬁﬂﬂ j yﬁmus compound like

NayCOg W{w aqu.rﬁo ﬁ e taken into
q a jus pro uct o

count as 1ntermed1a e ow—hq he sulfate-coal

Therefore, a detoﬂed litere “study o

reactions. -

Nast4 + 2C —=-—- > Nazs + 2002,

NapS04 + 4C0 -==—- > NasS + 2002.
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A table 2.1 compiles a number of compounds which may form primary

liquid phases by direct melting or with only one raw material involved.

Tab 2.1 Properties of low liquidus melting Na compounds; Molar mass M,
liquidus temperature Tliq' enthalpy of melting Hpelt» heat

content H, referred to 25 oC, (after Babuskin, Matveyev, and

Mchedlov-Petrossyan _‘ 10 ,sand Barin and Knacke,(1973)) and

viscosity n at .= 1

compound M i 000°C) log n,n

/t in dPa.s

NagCO3 105 <0
NaNog 80,99k 458.4 <0
NagSO,  142.04C <0
NagS 78.042 173 /939 5 3 <0

-

e W

i

Binary ni)@lre 0

forward behavior (sees, fig. 2.3 a—&). and NayS0, are easilly
A

et B U AT 0
ﬁ T3/ o) 1011

leltﬂ exhibit very straight-
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800

600

400

200 1 ! 1 1
(o] 20 40 60 - 80
NaNO4 Mol. %o

. K,S0
Na 004 [éss:

Fig. 2.3 a-c. Phas 03-NagCO3 (a), NaNO3-
NagSO4 (b er Levin, Robin, and

Mcmurdie,

Primary melt due to s also formed well below

# T
W yapdaad &
~{eles: S

1000 ©°C when an excess of 2sent. Phase relation in the

system Na-S-0-C is , and’unt oday .information is incom-

1
n75x10°

Na,COy
Fig. 2.4 Phase relations in the Fig 2.5 Phase relation in the system

system Na-S-0-C (after NayCO3-NayS (after Tegman and

Kroger and Vogel, 1955). Warnsqvist, 1972).
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2.2.2 The sodium silicate reactions
All of the compounds listed in table 1 strongly react with the
quartz in the batch. And this is indeed one of the main courses of

batch reactions. With soda ash, the following sequence occurs:

Na2003 + nSiOZ ----- > N&zo nSiOZ + COz, n-= 1/2, 1, 2’ 3.

W

The two components b reac igly fron 630 °C upwards and

it has been proved

that in the 630-780 °C

with a 4:1 ratio proceeds in accordance

with the schemati

to n=1, 2 of t}g.- o ation. The &ctiou mechanism may be
‘illustrated bﬂ-ﬁngﬂ G;ﬂ:}uﬁ nﬁe(lw s%drqlﬂ 'g ﬁ ﬁ gj
% .'""*it%j?.'_-'-"_;;ﬂfim Vi

e

§

—— Nﬂ;CO] fec(@/o

6
/ ﬁ
;g 7 €€0°C
0 100 200 300 400

—> time {min)
Fig. 2.6 A model for the solid Fig. 2.7 The reaction of 8i0g (0.06-
-state reaction between Si0p 0.075 mm)with NayCO3 (<0.075 mm) at

and NayCO3 (Harrington, 1963). 4:1 molar ratio (Harrington, 1963).
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The comparatively coarse 8i0p particles are surrounded by
fine-grained NagCO3. The surface reaction releases COy and produces a
thin layer of solid NaySiO3 (melting point 1088 ©C) which separates
the two reaction components and thus slows down the reaction progress.
The reaction then goes on so that the ion Na' and 02" (after separa-

tion of 002) diffuse towards the Nay8i03-Si0y boundary and react there

with 8i0y. The later s \Wy reaction is a dissolution of
unreacted quartz gram&. akes ﬁll the time of the melting

process (up to 90 %

.The 8i0y concentration
gradient between gr relatively low in this
stage. The oxygen - y however, for reasons
of electroneutrali be maintained, so that
bably be close to Dp2-.
Such model is suitab kinetic equations known
in the field of soli ’ ‘ 1";‘_’ namely the solution of Fick'’s
a product. The solu-

law for dlft‘usmﬁthroug’ﬁ’ﬁ;ie’ ‘spﬁé

tion by G1nst11‘ Browns vation energy of 348

sponds tdﬂa substantial growth of
reaction rate w1th t% ratu 8 indirectly prop-
ortional to % lﬂﬂ iﬁﬂ l}lﬁi, for the case of
fine p] q m%wgqﬁ der of hours
kel d

(see Flgq ion ra e 1ncreases as soon as the first melt

kJ/mol (83 kcal/n@ ) :

appears. As indicated by the phase diagram of the system Nag0-8i0y

(see Fig. 2.8).
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T i T v v .
1700 [-_
1500 - ) cristobclite
+liquid
1500 |- 1470°Cc [
— 1400 + ., liquid o
s Q
= qana L ] i
At R,
= o>\ 299
pIMMEZ Y 8T Nogsic, 7
S 1100 T ,///4 TGS tridymite |
@ 3 + liquid
‘ a g
quantz
+liguid

Fig. 2.8 Phase diagrs
This takes place a g eutectic contains 73% of
5i0g. The main effect/of the ‘ tﬁak . improves the contact area

of the reaction compone .:":i' P oduct melts at still higher

temperature (above 1088 °¢)- ining so far unreacted 8i0,

ks

Sy

begins to dissolveg the 1

erati@ the residual COy,

Analogously, the readtion with saltpeter and sulfate can be formulated

- FJ]‘IJEJ’EIVIEW] WEIN?
PINDIUANAIANENAY

NagS04 + nSi0Oy —---- > Naj0.n8i09 + 809 + (1/2)0,.
2°V4 2 2 2 2 2

Sodium sulfate melts at 844 ©C and in the pure state does not
considerably decompose below 1500 ©C. With 8i0y it begins to react
from about 1200 °C upwards, higher by several hundred degrees than

NagCO3. According to the reaction between sulfate and coal, it begins
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to occures from 600 °C upwards producing various intermediate products
( e.g. NagS, NagSy, NayS8.28i0y ). The reaction with 8i0y may be

described by the general equation;

nSi02 + 2Na2$04 + C —=———= > 2Na20.nSiOZ + 2302 + COz

*wz

The reaction of NagS is more: proceeds via the formation of

sulphosilicates the nati on the initial sulfate to

coal ratio. Excess Na.

: expedBed to occur in the sub-
system Nay0.S8i0 28i09 alwayd. The binary system Nay0.8i0, is
shown in figur ﬂﬂﬁ ﬂwlj nn’lﬂ iven viscosity data
are av i ﬁf of the meta-
silicaaw»]cﬁe{ﬂ iﬁymﬁ:ﬁr iT EJ,I e EJ. The inter-

mediate eutectic occurs at 837 °C. In the vicinity outside of the

due to sodium siligte reactio

sub-system, a eutectic at 1022 °C occures on the sodium-rich side;
a eutectic (800 °C), a liquidus reaction point (808 °C), and a sub-
liquidus reaction point (700 °C) occur in the immediate vicinity

outsides on the silica-rich side.
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l g I l [

Viscosity (Pa-s or P/10)
1600 [— 0.1

1700 —

—

15004

1400 —

1390 —
- 7

1200 — . K —

1100

Temperature, °C

1000 —

900 —

800 |—
700

100

Fig. 2.9 Phase diag i0y, silica-rich range;

for the liquid as y lines in Pa.s are given

(by multiplicatida with 1
B 3

familiar unit in dPa.s is

1982).

A,

obtained); aft

i
Tab 2.2 Propertiegf Nay0. Z.ZSi@; Molar mass M,liquidus

temperature ‘a ) enthalpﬁdf melting Hpo1¢, heat content H,
ref euELS mzjn sﬂﬂgm

i‘] liq
2 ¢ F=s o/
coxﬂvﬂq Qﬂ:ﬂ ‘jTEIQJ uj.eilti ; jo (E]OOIEE Jog n,n
3 g/mol in°C in KW/t in KWh/t in dPa.s
Nay0. SiOz 105.998 1089 778 . 424.0 +1
Nag0.28i0, 80.995 = 874 50.1 458.4 +3.5

019605
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The viscosity data of some sodium silicate melts are again

given in table 2.2. For the low-melting compound Naj0.8i0p, log n is
already quite high. The viscosity of the compounds in table 2.2 may be

estimated by the Stokes-Einstein relation

log n ~ log R.T/(6nDLr)

L ~ 6 x 1023 po1-l, p @flclent ~1x 10”6 cm2/s,
r = size of thty r can be estimated by the
molar volume V, .= ' /3, The above equation

fails to give r ymerizing melts (like

silicate melts), b 3 with ionic character.
Viscosity of these |

Sodium sili further ' p . t in the batch to form ternary
compounds, mainly in t 7 8109. 1Its phase diagram (see

Fig. 2.10 at the ne age) “ex .~ “mumber of low-temperature

Bfded in table 2.3. Note

BPary ndlks.
ﬂUEJ’JVIEJ‘V]‘ﬁWEJ']ﬂ‘ﬁ
Q‘W']ﬂ\‘iﬂ‘im UA1AINYAY

invariant point s,/ Their proper

the quite high visgities 0
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17

Fig. 2.10 Phase diagfan e system NapO=Ca0=8i0, in the technically

-l
ne {
ﬁ 5 i
g LR, :

“and 1969).

relevant (1992) after data from

Leven, ,'v' 4

Tab. 2.3 Properties of elf . point in the technologically

-i:ioz; meta = metastable

Point, n = viscosity at

s GUBDNDUENIINT oo

Rasifal N Inenay =
q
NSz-NC336-S (meta) 765 73.0 SiOz, 5.0 Ca0, 22.0 Nag0 DT
N3Sg-NCS5-S (EU) 755  74.2 510y, 3.8 Ca0, 22.0 Nag0 5.9
NCS5-NC3Sg (R) 827  74.1 Si0y, 7.0 Ca0, 18.9 Nag0 5.4

NSy-NCSg-NC3Sg (EU) 755 72,2 8i0y, 3.6 CaO, 24.3 Nao0 5.6
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2.2.3 The soda lime reaction and further reactions
NajCO3 forms a low temperature eutectic with CaCOg
followed by a low-temperature reaction point ("double salt formation")

Respective temperatures can be read from Fig. 2.11,

NazCO3
(860°)

 NogCaltG0s 28\ NozCOy CacO3
2 e/

\  (817°)

Fig. 2.11 Phase diagram of-the & v 1- agC03-CaC03 after Levin et

al., (1964, teraction between soda ash

-

a-nd \,el% — ‘\‘

s n S0 far as i@competes with the soda-
quartz reactiﬁi ﬁtg’jxﬁ ET ﬂe%‘w ﬁﬁaﬁsﬁ i
Ch RGN e Tt liiglen it ko) e

Information on the behavior of dolomite is scant. It is known to

this reaction i Bemin 1l

decay within a temperature range 730 to 760 °C like;
MgCa.(CO3)2 ----- > MgCog + CaCOg

In a simplified approach, Mg may be dismissed as playing a role in



19
promoting the formation of primary melts. It is not clear either,
whether or not the CaCO3 stemming from dolomite decay is able to form
double salt.

Finally, the efféct of feldspar is exemplarily shown in Fig.

2.12.

‘ e - - 203-Si02, technica.lly

(1964 and 1969).

LS ﬂ'ﬁ‘ﬁ“ﬁﬁ N
SO0 R SR I L A G 1

-rizes the finding presented on the previous page.
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Tab., 2.4 Summary of relevant invarient points in different systems;
EU = eutectic, R = reaction point, P = peritectic, M = meta-
stabie eutectic; temperatures in ©C; (2) indicates that two
invarient points of the same nature and temperature exist in

the systenm.

system

8i09-Nag0 ; 37; P;1089; EU 1022

5i09-Ca0-Nay0 3 R 785 (2); R 1040 (2)
NayCO5-CaCOg
NayCO3-NaNOg
NayCO3-NagS0y
NagCO3-NayS

Nay804-NaNOg

Na.zo-Al 203-3102 »

ios, tﬂ* liquidus of the system

a -Na - fs<above 800 °C &’
o NWi:@)uSEJ g nﬂuj ﬂ)ﬁ flf]i majority of low-T
11qu1d ﬁ}l: w t )-1 ﬁ" and 1090 °C

In othqr words, forma 1on o rlmary melts is unlikely to occur

* for technicalig relevilt

below 730 °C, and is most likely completed at 1090 °C. At the present
stage, a prediction of the predominant and relevant primary liquid
phase formation in a real batch may be a difficult enterprise, and we
may not be able to identify "the" quasi-isothermal reaction tempera-
ture Tp yet. We may adopt for sure nothing else but a potential onset

at 730 °C and a terminal at 1090 °C. In any case, the temperature
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range up to 1200 °C is sufficient to complete the entire process of
batch melting of commercial soda lime glasses, and indeed liquidus
temperatures, of such glasses are always located well below 1200 ©cC.
Of course, in industrial practice, higher process temperatures are

applied to complete the batch melting within reasonably short times.

2.3. Ionic mobility durin

g C—— wﬂbatch melting is a key
event, its precis i in focuses of the pre-

sented work. D

ed that conductivity
measurements are iquid phase formation,
however, he did ny experimental results.
Indeed, conductivity
ity, which is in turn, lfufbdrib‘ iscosity of the system. Because

of the 51m11ar1ty\ between thé S G iscous flow, diffusion,

and electrical conductivi! Y, which are al]

™

tionship between B)es:p 1ENION S s’ought{fjlt has been established
empirically b More 1054) that tH%ftem er(ﬁo ifpendence of visco-

sity and r s mutually dependent

‘°°°“"$ﬁ’1"‘ﬁ<fﬁ”’i‘m URIANYIAY

logn~3log/o, or logn=alog/o—b

However, it should be born in mind that mobility of cations is
critical for transfer of electric'charges while mobility of anionic
structural units (network former) is involved in the case of viscous

flow, then this makes difficult to interpret the relation between the
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two quantities. In a commercial glass batch, the predominant charge
carrier is Na' ion; the contribution of other ions may be neglected.
In solid Na salts, diffusion coefficients assume the order of 10~°
to 10711 cnzls. For example, for solid NaCl, 7.5x10-11 cmz/s, at
550°C and 5x1079 cm?/s at 750 °C are found. In the liquid phase, dif-

fusion coefficients in the order of 10~6 cnzls are typical. In the

v# ture Tllq' an abrupt increase

(cross over) of the&atur 1ent of D from impurity to
——

—

thermally act1vateéy n
gives as esfinate CQPFT

vicinity below the liqui\

Jocci Nernst-Einstein relation

y X in (ohm-cm)~! by

where R is gas const t,}#_ nstant, T is the absolute

temperature, and P ‘fensgity e system; x, z, and M are molar
TR ) N
’&lfd moYar™— . of the predominant charge

carrier; I' is th Lhermodyne fact - the co responding component.

fraction, charge‘ nunber",’

None of the vargbi;s' T, T %, and o ai@ except within the same
order of magnitude. Thés the direct “proportionality Do<X approximately
holds, %uﬂ 2 nﬂu {ﬁpﬂ ield an increase of
conductiv L’a significant
drop aﬁpec ’Em ery clearly even 3 we How for large

errors in the absolute determination of X.

A suitable method for heasuring the electrical conductivity of
glass melts up to 1450 °C has been described by Stanek et al., (1965).
An AC source of 800 Hz frequency was used to eliminate polarization,

and platinum electrodes were employed.
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