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The time course of vaporization of the volatile components from silicate
melts 18 interpreted by means of model concepts derived from the two-film theory
and the penetration theory. The model concepts are verified by means of experi-
mental data on evaporation from the Na,O . 28i0, binary melt and from
a multicomponent lead glass.

INTRODUCTION

Mathematical interpretation of experimental data obtained in the study of va-
porization of volatile components of silicate melts is usually based on the assump-
tion that the summary rate of vaporization depends on the rates of three partial
processes [1]. The first of them is transport of the volatile component in the melt,
the second a not closely defined process at the phase boundary, and the third
process is transport of the vaporized component in the gaseous phase. The shares
of these partial processes in the overall vaporization rate depend on the compo-
sition of the liquid and the gaseous phase and on the external conditions of va-
porization.

Some of the studies published so far [2, 3] allow certain assumptions of the
nature of the partial processes to be formulated. Transport of the volatile compo-
nent in the melt and in the gaseous phase is generally assumed to take place by
diffusion. The concept of the process at the phase boundary is unclear. In some
cases it is regarded as a chemical reaction whose rate can be described by a first-
order kinetic equation [2, 7].

These partial findings concerning the mechanism of vaporization gave rise to.
an attempt aimed at interpreting the experimental data obtained in vaporization
studies by means of model concepts of mass transfer. Such concepts are expected
to allow for a more precise description of the time course of vaporization under
both laboratory and industrial conditions than the partial models used so far.

THEORETICAL CONCEPTS

Mass transfer from a flowing medium can be described mathematically on the
basis of theoretical concepts presented in the literature under the terms two-film
theory and penetration theory [4—6). The two-film theory is based on the assumpt-
ion that all the resistance to mass transfer is concentrated at the phase boundary
in the form of two thin films of laminar boundary layers (Fig. 1). Inside the boun-
dary layers, the mass transfer proceeds by molecular diffusion. It is further assumed
that a local equilibrium is rapidly established at the phase boundary, i. e. steady-
state, time-independent concentrations of the volatile component in the liquid and
the gaseous phase are formed. Then it can be assumed that the mass transfer
inside both films will take place by steady-state molecular diffusion.
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The rate of mass transfer through the boundary layer in the gaseous phase is
then described by the equation
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Similarly, the following equation holds for the rate of mages transfer through the
boundary layer in the liquid:
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Tig. 1. Concentration distribution of the volatile component in the neighbourhood of the phase boundary
according to the two-film theory.

These relationships define the coefficient of mass transfer in the gaseous phase,
kg, and in the liquid phase, k1. The value of A represents the surface area of the
phase boundary, Dy, and Dg are the diffusion coefficients of the volatile component
in the liquid and the gaseous phase respectively, and 45, and d¢ are the thicknesses

of the respective diffusion layers. On assuming further that Henry’s law holds
at the phase boundary, then

Cgs = HCys. (3)

Similarly, the concentration of the volatile component in the gaseous phase at an
adequate distance from the phase boundary can be substituted by the correspon-
ding steady-state concentration in the liquid phase,

Cg = HCyr. (4)

dm dm dm
[E—— = | —- = a—— 5
(dt)G (dt)L de ’ ®)
on using equations (1)—(5) and e.g. by eliminating the concentration of the
gaseous component in the liquid phase, one obtains the equation

In the steady state,
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dm CL—CLr _ .
de - A 6L aG - AK(CL o CLR)» (6)
Dy, HDg
which defines the overall (total) mass transfer coefficient,
_ o1, de \!
K= (o +a) @

The relation between the total mass transfer coefficient K and those in the liquid
and the gaseous phases is described by the equation

1 1 1
+

The overall resistance to mass transfer is thus given by the sum of partial resistances
in the liquid and in the gaseous phases. If these are not commensurable, the rate
of the mass transfer is given by the stready-state diffusion of the volatile component
in that phase which exhibits a substantially higher resistance.

In agreement with the penetration theory, the second model concept assumes
that non-equilibrial diffusion controls the vaporization process. The mathematical
solution is based on IInd Fick’s law for unidirectional non-equilibrial diffusion
of the volatile component in the liquid phase in the direction towards the phase
boundary. On the condition that the initial and boundary conditions hold,

t=0 0=<z=< o0 CL = Cw
t>0 z=0 CL = C} = const.
t>0 z= © CL = CLx

where Oy, is the concentration of the volatile component in the liquid, the total
amount of the vaporized component can be described by the equation

20, — C1) ( DL)”’- (9)

In contrast to the two-film theory, where the total vaporized amount was directly
proportional to the value of the diffusion coefficient (cf. equation (2)), the pene-
tration theory predicts the value of m to depend on the second root of the diffusion
coefficient of the volatile component in the liquid phase.

There are several other theoeretical approaches [4] which are aimed at harmonizing
the two basic theories. To calculate the amount of vaporized volatile components
from silicate melts, use was made of an approach considering non-equilibrial
diffusion in the liquid phase and at the same time a process at the phase boundary.
The rate of the process is directly proportional to the difference between the actual
concentration of the volatile component at the phase boundary, Crs, and concen-
tration CLg which would be in equilibrium with the vapour pressure of the volatile
component in the gaseous phase at an adequate distance from the phase boundary.
In that case it holds that

—D (_662) = o(CLr — CLs)- (10)
z=0

x
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In this equation the proportionality constant o has the significance of the apparent
rate constant of the process at the phase boundary. The amount of the component
vaporized can then be determined from the equation

_ COp— h CL {[exp (h2Dt) erfc (b VD )] —1 + =k VDL‘} (u)

in which & = a/Dy,. The vaporization takes place when CLR < CL. In the opposite
case the volatile component becomes dissolved in the melt. For very {long periods
of time, equation (10) can be simplified into the form

Cir — CL

D
m=———-h'—-+2(CLR—CL)V Lf .

(12)

VERIFICATION OF THE MODEL CONCEPTS

To verify the mathematical relationships derived in the previous paragraphs,
use was made of experimental data obtained with the apparatus whose principle
has already been described earlier [7]). For the sake of simpler interpretation,
data on vaporization from the binary system Na,O .2 8i0, was selected. The
vaporization proceeded isothermally at 1300 °C under a variable water vapour
pressure (0—69 kPa) in flowing nitrogen atmosphere. The details of the experimen-
tal conditions, the procedure and the data obtained are given.in [3, 7]. Fig.2
shows the time dependence of the total loss in weight for various partial water
vapour pressures.

In nitrogen atmosphere, and/or at low values of partial water vapour pressures,
the vaporization takes place at a constant rate. At higher water vapour pressures
and after a certain time, the rate of vaporization starts gradually to decrease
with time. In all instances, there was always a sufficiently long period of time during
which the vaporization rate was constant. This fact allows the vaporization kinetics

t(h} “0

Fig. 2. Loss in weight due to vaporization from NazO . 2 810; melt in terms of time at 1 300 °C under
variable water vapour pressure (0—69 kPa) in nitrogen atmosphere.
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to be interpreted in agreement with the two-film theory. The overall mass transfer
coefficient K can be calculated from equation (6). In view of the conditions of vapo-
rization, it holds approximately that  Cg = 0 and thus Cpr <€ C. The value
-of €, can be determined by means of the density of the Na,0 . 2 8i0; melt, which
amounts to 2.20 g cm=3 at 1300 °C [8]. In view of the fact that the values of both 4
and K are likewise constant, equation (6) indicates a linear dependence of the total
amount vaporized in terms of time:

m = AKCyt. (13)

Equation (13) permits the total mass transfer coefficient to be calculated,
as the remaining parameters are easy to determine. The K values are listed in
Table I.

Table I
The overall mass transfer coefficients for vaporization from Naz0 . 8i02 melt at 1 300 °C

pi,o (kPa) 0 12 12 69
K (cm s7) 3.2 X 10-7 5.8 X 10-7 7.9 X 10-7 1.9 x 19-¢

The model concept based on the two-film theory describes very satisfactorily
the time course of vaporization in an inert dry atmosphere. The presence of water
vapour causes the period of time, during which the rate of vaporization 1s constant,
to be shortened. This is probably due to the fact that at a higher rate of vaporie-
ation, the concentration of the volatile component in the surface layer decreases
so rapidly that the concept of steady-state diffusion in the boundary layer no longer
holds. The volatile component is then transported to the surface by non-equilibrial
diffusion and the time course of vaporization is better described by the model
based on the penetration theory. The validity of this model for mathematical
description of the time course of vaporization has already been derived earlier [3].
‘The kinetic constants, determined by means of equation (12), were also taken over
from the study quoted and are listed in Table II.

It is obvious that both the value of the diffusion coefficient Dy, and the apparent
rate constant o increase with increasing partial pressure of water vapour in the
atmrosphere. However, the value of the diffusion coefficient is always substantially
lower, so that non-equilibrial diffusion of the volatile component in the melt
will be the controlling process of vaporization. The process at the phase boundary,

Table 11

Kinetic constants for vaporization from Na,O . SiO; melt, calculated
from equation (12)

Pm,0 (kPa) 107Dy, (cm? s-1) 107. @ (cm s~1)
0 0.21 6.7
0.12 1.5 9.0
0.31 2.0 16.0
0.69 3.3 43
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characterized by the apparent rate constant «, will play a significant role in the
initial stages of vaporization, where, as follows from equation (12), the amount
of the volatile component transported by non-equilibrial diffusion will be small.

The model concepts of vaporization were further verified on a multicomponent
glass having the composition 59.4 Si0;, 25.3 PbO, 9.6 K,0, 4.3 Na,0, 0.6 CaO,
0.6 ALLO; (wt.%). The method for, and results of measuring the time course
of vaporization from melt of this composition were given in [7, 9]. For the purpose
of a discussion of the data obtained, Fig. 3 shows the time course of the amount
vaporized at 1200°, 1300° and 1400 °C. At 1200 °C, the vaporization takes place
at a constant rate. The data obtained at the higher temperatures indicate an un-
equalized course of vaporization. Analogously to the previous case, steady-state
diffusion can be assumed at 1200 °C and the vaporization interpreted by means.
of the two-film theory. For temperatures of 1300° and 1400 °C, this kind of inter-
pretation is formal and can be employed e. g. for calculating the initial rate of
vaporization. The values of the total mass transfer coefficient listed in Table III
have this kind of significance.
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Fig. 3. Loss in weight due to vaporization from the melt of a multicomponent lead glass at 1 200 °C,.
1 300°C and 1 400 °C.

Table 111

The overall mass transfer coefficfent for vaporization from a multf-
component lead glass

Temperature (°C) 1200 1300 1 400
K (cm s™?) 2.4 X 1076 | 89 x 10-¢ | 1.7 X 105

Throughout the entire time range, the two-film theory and thus also the value:
of the total mass transfer coefficient can be applied only to the temperature
of 1200 °C. At higher temperatures, the time dependence of the amount vaporized
is parabolic in shape and non-equilibrial diffusion can thus be logically assumed
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Table IV

Kinetic constants for vaporization from a lead glass melt, calculated
from equation (12)

Temperature (°C) Dy, (cm28™1) o (cm 871)
1200 2.7 X 10-7 5.4 X 10-¢

1 300 1.3 X 1076 2.6 X 105

i 1 400 3.0 X 10-¢ 3.0 X 10—

to be the controlling process. Equation (12) yields the values of the kinetic cons-
tants D1, and « listed in Table IV.

The value of the diffusion coefficient as well as that of the apparent rate constant
increase with temperature. However, it holds again that the value of Dy, is substant-
ially lower which indicates that the vaporization process is controlled by diffusion
of the volatile component in the melt. At the higher vaporization rates determined
at 1300 °C and 1400 °C, there arises a surface layer depleted of the volatile compo-
nent, and non-equilibrial diffusion takes place through this layer.

CONCLUSION

Two mathematical models describing the time dependence of the loss in weight
due to vaporization of volatile components from the Na;0 . 2 8i0; binary glass,
and from a multicomponent lead glass were verified.

Vaporization was found to take place at a constant rate when this rate was low.
The process can be described mathematically by a relationship derived from the
theory of steady-state diffusion through a boundary layer in liquid and gaseous
phase. According to this relationship, the dependence of weight loss due to vapo-
rization is directly proportional to time.

At the higher vaporization rates, the time course of vaporization can be described
by an equation based on the assumption that the process is controlled by non-
equilibrial diffusion of the volatile component in the melt. This equation predicts
direct proportionality between the weight loss due to vaporization and the second
root of time.

Both models allow the time course of vaporization to be described mathemati-
cally on the basis of relatively readily available kinetic constants and concentration
parameters.
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MODELOVE PREDSTAVY O VYPAROVANI SILIKATOVYCH TAVENIN

Josef Matousek

Katedra technologie silikdts VSOHT Praha
Technickd §, 166 28 Praha 6

Casovy pribsdh vypafovéni tdkavych slozek silikdtovych tavenin lze matematicky popsat
pomoci teoretickych piedstav o pfestupu hmoty z proudiciho média. Tyto pfedstavy jsou ovéfo-
vény pomoci experimentéalnich dat o ¢asové zdvislosti ubytkt hmotnosti pii vypafovéni v binarni
soustavdé NaO .2 Si0, a ve viceslozkové tavenind o slozeni 59,4 SiO;; 25,3 PbO; 9,6 K,0;
4,3 Na,0; 0,6 CaO; 0,6 Al,0; (hmot. %).

Pri konstantni rychlosti vypafovéni lze experimentélni data popsat pomoci vztahu (13),
ktery vychézi z predstavy o existenci tenkych lamindrnich filma v kapalné a v plynné fézi,
v nichZ nastdvé transport t&kavé slozky ustélenou molekuldrni difGzi. V bindrni soustaveé
Na;0 . 2 8iO; lze takto interpretovat ¢asovy prub&h vypafovéni za teploty 1300 °C, jestlize
vypafovani probihéd v suché inertni atmosféfe. U viceslozkové taveniny s relativn® vysokym
obsahem PbO probih4 vypafovéani konstantni rychlosti a tedy ve shod® s teorii dvou filmt za
teploty 1 200 °C.

Jestlize rychlost vypafovani s ¢asem klesd, vystihuje lépe experimentalni data predstava
zalozens na predpokladu neustélené molekulérni diftze tskavé slozky v kapalné fazi. Casovy
prub&h vypafovani vykazuje parabolickou zavislost a lze jej popsat vztahem (12). Takto lze
interpretovat vypafovani bindrni soustavy NazO . 2 SiO;, jestlize probihé v atmosféie obsahujici
vodni paru. Rovnéz ¢asovy prubsh vypafovéni viceslozkové taveniny za vyssich teplot (1 300 °C,
1 400 °C) dobre vystihuje rovnice (12).

Pro uvedené soustavy byly stanoveny piislusné kinetické parametry (dhrnny koeficient pie-
stupu hmoty, difizni koeficient tékavé slozky v tavening, zdénlivé rychlostni konstanta d&je na
fdzovém rozhrani). Pouzitim t&chto parametri a kombinaci obou modelovych piedstav v zavis-
losti na podminkach vypafovéni lze dobfe popsat ¢asovy prubsh vypafovéni t&kavych slozek
v uvedenych soustavach. Modelové pfedstavy jsou natolik obecné, Ze lze predpoklédat jejich
uspéinou aplikaci p¥i matematickém popisu vypafovéni § v dalsich silikdtovych soustavéch.

Obr. 1. Distribuce koncentrace tékavé slotky v okoli fdzového rozhrani podle teorie dvou filmd.

Obr. 2. Ubytek hmotnosti pFi vypafovdni taveniny NasO .2 Si0O, v zdwvislosti na ase za teploty
1 300 °C pti proménném parcidlnim tlaku vodni pdry (0—69 kPa) v atmosfére dusiku.

Obr. 3. Ubytek hmotnosti pFi vypafovdni taveniny viceslotkového olovnatého skla za teplot 1 200,
1300 a 1400°C.

MOJOEJBHOE IIOHUMAHUE
NCITAPEHUA CUJIUKATHHX PACIIJIABOB

Nosed Maroymmer

Xumuro-mexrorosuneckusc uncmumym, rkagedpa mexnoaoeuu cuauramos, 166 28 ITpaea 6

BpeMeHHbIH X0 HcOapeHNs JIETYYUX BEINECTB CHIIMKATHHIX PAcIVIaBOB MOXHO MaTeMaTH-
9eCKH ONHCATH C IIOMONIBIO TEOPeTHYeCKHAX IIPeIPOJIOKEeHHH 0 Maccolepefiade U3 MPOTOYHOMR
cpernsl. IIpuBoAuMEIe IPeAII0JIOKeHNA IPOBEPAIOTCA ¢ NCII0JIB30BaHNeM YKCIePUMEeHTAIbHEIX
JaHHEIX OTHOCHTeJILHO BPeMeHHOH 3aBHCHMOCTH YORIJIM Macchl OPH HcOapeHMH B OGHHApPHOHR
cacreMe Naz20 . 2 SiO, 1 Bo MHOrOKOMIOHEHTHOM pacmiaBe cocraBoM 99,4 SiO,, 25,3 PbO,
9,6 K,0, 4,3 Na,O, 0,6 CaO, 0,6 Al.O3 (% mo Becy).

IIpy mOCTOAHHOH CKOPOCTH HCIIapeHHSA MOKHO SKCIEePUMeHTaJIbHEIe JAHHEE OIHMCATh
€ IOMOMIBIO OTHOMmEHUs (13), HCXO/IAIIero U3 NpejCTaBlIeHus CYNieCTBOBAHAA TOHKHX JIAMH-
HapHBIX INIEHOK B JKH/IKOH M razoo6pas3HOil (padax, B KOTOPHIX nﬁoxoum nepememenue
JIeTy9ero KOMIIOHEHTa YCTOHYMBOE MOJIeKYyIApHOH puddysuei. OmHApHOH cHcTeMe
Na,0 . 2 SiO; MoxkHO TakHM 00pa3oM 06'bACHUTH BpeMeHHHEId XOJ MCIapeHHA IIPU TeMiepa-
type 1 300 °C B TOM cirydae, Korfja HcIapeHue IIPOTeKaeT B CyX0il HHePTHOH cgeue. B ciryuae
MHOI'OKOMIOOHEHTHOT'O pacilaBa ¢ OTHOEWTEJHFHO BERICOKHM cofiepikaHmeM PbO mcnapemne
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OPOXOJHUT IOCTOSTHHOH CKOPOCTBIO, a CJIEJJOBATEILHO B COMIACHH C TEOPHed ABYX IICHOK
npn temnepatype 1 200 °C.

Ecim ckopocTs ncnapeHAs: B 3aBECHMOCTH OT BPeMEHH MOHHIKAETCA, TO HKCIEPHMEHTAIE-
Hble JaHHKe OOJIbIIe OTBEYAIOT MPeJCTaBJIEHHI0, OCHOBHIBAIOMEMYCA HAa MPeAmOJIOKeHNH
NOCTOAHHOR MOJIEKYJIADHOX nuddysnn JeTydero KOMOOHEHTA B KHKOH (ase. BpemenHrri
X0l HCIapeHNsA XapakTepu3yeT mapabosmueckas 38BHCHMOCTE M MOJKHO €ro OIHCATH OT-
someHneM (12). Taxmm oOpasoM MOKHO 00BACHATH HcnapeEne OHMHAPHOH CHCTEME
Naz0 . 2 SiO; Torga, Korja OHO NPOXOAMT B cpefde, cofep:kameld BojaHOW map. Tarxxe
BPeMeHHOMY XOY HCIapeHns MHOI'OKOMIOHEHTHOTO pacmilaBa mpH Gojlee BEICOKHX TeMIlepa-
Typax (1300 °C, 1 400 °C) xopomo cooTBeTcTByeT ypaBHeHHe (12).

JIJ151 IPHBOAMMEIX CHCTEM YCTAHABJIIMBAIOTCA COOTBETCTBYIOUINEe KNHETHIECKNE 1A PaMeT DB
(o6mmit koddPunuent Macconepenaan, Koapdunuenr 1ud@dy3nn JieTyIero KOMIOHeHTa B pac-
naBe, Kamylladcsd KOHCTAHTa CKOPOCTH HpoIecca Ha pasfelre (ﬁ;a). Wcooas3ysa naHHELE
mapamMeTpsl M KOMOWHHDPYs 00a MOREJbHHEIX HPEACTABJIEHHS B 3aBACHMOCTH OT YCJIOBHI
HCOAPeHMsA, MOKHO XOPOImO ONMCAT: BPEMEHHHIH XOJ HMCIapeHHs JIETYInX KOMIOHEHTOB
B OPHBOJAMMEIX cHcTeMaX. MopeiIbHEIe IpefCTaBIeHMs OKa3bIBAIOTCA HACTOJBKO 00muMH,
9TO0 MOKHO HpeJNoJIaraTh HX ychelmHoe OPAMeHeHHe OIPH MaTeMaTAYeCKOM ONMCAHNH HCHa-
PeHnsA Jake B JaJILHEHIIAX CHIIMKATHHIX CHCTEMax.

Puc. 1. Pacnpedeaerue ronyenmpayuw aemyuezo komnonenma 66ausu paszdeaa ¢pas cosaacro
meopuu 08Yx nNaEHOEK.

Puc. 2. Y6uiab maccet npu ucnaperuu pacnaasa NazO . 2 SiOz ¢ sasucumocmu om epemernu
npu memnepamype 1300 °C npu nepemenHom napyuadsHom Oassenul 600aH020
napa (0—69 xIla) ¢ cpede azoma.

Puc. 3. YV6uiab maccst npu ucnapenul pacnaass MHOZ0KOMNOHEHMHOZ0 CEUHY08020 CMEKAR
npu memnepamypax 1200, 1300 u 1400 °C.
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