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The paper deals with the corrosion rate oj refractories in glass melt 
under isothermic conditions. On the basis oj theoretical analysis, 
experimental results and critical evaluation oj published cor?"osion 
rates the authors have suggested more accurate jorms oj equations Jor 
the calculation oj flow corrosion and oj that at glass melt Zevel in terms 
oj glass melt viscosity and other conditions. The equations can be used 
with satisf actory accuracy also in the corrosion oj operational, multi
component refractories in technical glass melts. 

INTRODUCTION 

Corrosion of refractories limits the life of melting furnaces, the melting 
temperature and thus also the furnace throughput, thus seriously affecting 
the furnace economy. However, so far there have been available very limited 
numbers of rules and data which would allow to calculate reliably the corrosion 
rate in relation to operational conditions. The known equations have been 
derived on model materials, on the basis of dissolution of monocrystals in 
various glass melts, or only theoretically [3], [5], [6], [7], [9], [10]. 

Dissolution of operational refractories in technical glass melts is governed 
by considerably more complex: conditions, the description of which has to be 
suitably simplified so as to make them practically applicable. For this reason 
the corrosion process has been studied under isothermic conditions and on 
fresh samples whereas in actual operation both temperature and composition 
ofthe surface layer ofthe corroded refractory are subject to variations, temper
ature gradients arise_ both in the refractory and in the melt, and the course of 
corrosion is affected by inhomogeneities in the refractory material. 

THE CORROSION RELATIONSHIPS 

Corrosion of a refractory in glass melt is a special case of dissolution of a 
solid in a high-viscosity melt. The process is usually controlled by diffusion 
[l], [4], [5]. It is possible to distinguish several types of corrosion differing in 
the mechanism causing the movement of melt along the phase boundary: 

For the case when the glass melt flow is due to an external effect, e.g. in 
mixing, flow through a channel and in particular for the laboratory dynamic 
corrosion test the following equation has been derived [l ], [2], [3], [5]: 

n213u112 
Wu = 0.33 xi/2. vI/6 !J.c. (1) 

Density flow along a vertical wall is described by the equatiol'l derived by 
a number of authors, [l], [2], [3], (6], [7]:

D3J4!J.e114g114 
Wu = 0.51 xt/4vI/4 !J.c. (2) 
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The value of the constant is given by [l], [2] between 0.49 and 0.54. Hrma 
has derived the following equations for the corrosion rate at the point of 
contact of three phases where the flow is due to surface tension forces [6], 
[7], [9], [10]: 

D2/3/:l.
(l

l/3gl/3 

Wg = 
0,43 

11113 !:l.c. (3) 

Since diffusion is the controlling process of corrosion in all instances, there 
holds the Noyes-Nernst equation [l] adjusted to linear corrosion rate: 

D 
Wt =--Íl.G 

rYef(!ž 
(4) 

The boundary layer thiclmess ber is generally a function of similarity criteria 
[l]: 

(5) 

which is only a apecial form of the general equation for heat and mass transmis
sion: 

Sh = K . Sem . Mn (6)

where Sh is the Sherwood criterion, Sh = ��: , Se is the Schmidt criterion 

Se·= ; and M is another criterion characterizing the movement of melt 
along the boundary. In the oase of corrosion at forced fl.ow there is the Reynolds 
criterion: Re = xu ; in that of frée convection the Grashoff criterion: Gr =

gxJ/:l.e 
= -- . The rate of corrosion at the glass level depends on an analogous 

112 

criterion e:x:pressing the effects of surface tension on the glass melt fl.ow: Hr = 
gxJ Íl.rY 

112 

An analysis of equations (1), (2) yields K = 0.33, m = 1/3, n = 1/2 for 
fl.ow corrosion, and K = 0.51, m = 1/4, n = 1/4 for free convection. The ratio 
of both the exponents and the constants corresponds to the theoretical relation 
between the criteria, 

1 Gr = 4 Re2. (7) 

According to' equation (3), for corros�on at glass level K = 0.43, m = 1/3, 
n = 1/3, which corresponds to the equation for heat transmission during 
turbulent spontaneous convection. As follows from the analogy with heat 
transmission, different values of exponents m and n will hold for experiments 
carried out under different conditions. 

EXPERIMENTAL RESULTS 

The corrosion rate was measured on three electrofused refractories of 
corundum-baddeleyitic type, the characteristics of which are listed in Tahle I. 
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Table I 

The refractories employed in the corrosion tests

A B 

KLB ER 1681

Composition AhO3 54.8 50.7 
ZrO2 30.1 32.0
SiO2 13.5 15.8
TiO2 0.1 0.1
Fe2O3 0.1 0.1
CaO + MgO 0.5 0.2
Na2O + K2O 0.9 1.1

,, 

' 
Density g/cm3 3.84 3.82

o 

ER 1711

45.8
40.8
12.3
0.1 
0.1
0.1
o.s

4.13

The samples 18 mm in diameter were bored from one stone each; however, 
the effect of segregatión and structural change in the casting cannot be ruled 
out entirely. The measurement was carried out in white sheet glass melt having 
the following composition: 72.5 % SiO2 , 0.95 % AlzO3, 0.05 % Fe2O3, 8.20 %
CaO, 3.90 % MgO, 13.�5 % Na2O, 0.30 % K.2O, 0.25 % SO3. The viscosity 
of the melt was measured and the results can be expressed by the FVT equa
tion having the form 
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Fig. 1. The glass-level corrosion rate oj rejractories (mm/day) in white sheet glass melt vs. 
glass melt viscosity. The rejractories are specified in Table I; O - rejractory A; + -

rejractory B, X - rejractory C. 
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The rate of corrosion was measured by the dynamic rod test. The samples 
to be measured were cemented into a holder and after the furnace had been 
heated up the samples were immersed in the glass melt in a crucible which 
was then put into rotary motion. After a chosen period of time the sense 
of rotation was reversed. After concluded test the samples were lifted from the 
crucible so as to allow the glass melt to drip off. 

The glass level (fl.ux line) corrosion was measured several times with a vernier 
calliper. The below-level corrosion was measured along a section 30 mm in 
length situated about 10 mm below the fl.ux line using a mercury volumometer 
and the respective loss in volume was recalculated and expressed as mean 
linear corrosion. In the corrosion tests the corrosion rate was in the range 
of 1 to 45 mm per month which is on the whole comparable to the rate of 
corrosion under operation conditions. 

The test period was chosen between 30 and 72 hours so as to attain measur
able corrosion depths. The experiments were carried out at temperatures 
from 1350 to 1500 °0 which correspond to glass melt viscosity of llO to 300 
dPa .s. The speed of the samples was varied between 2.5 and 8 r.p.m., that 
is between 0.8 and 2.5 cm/s. 

The accuracy of the corrosion rate determination, which was estimated on 
the basis of analyses of parallel and repeated determinations, was found to 
depend markedly on the type (homogeneity) of the materiaL The highes� 
accuracy was achieved with material B1 the lowest with material A. The mean' 
accuracy of one corrosion rate determination at the level amounts to ±25 %,
that below the level to ±29 %-
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Fig. 2. The below-level corrosion rate oj rejractories (mm/day) in white sheet glass melt vs. 
glass melt viscosity. The measurement was carried oitt at a jlow rate oj 1.57 cm/s. 

306 Silikáty č. 4, 1978 



The Dissolution l(inetfos oj Rejractories in Glass Melt 

The results of the effect of viscosity on the corrosion rate, as plotted in 
Figs. 1 and 2, can be e.x:pressed by the equation 

k 
Wz=-. 'YJS (8) 

The values of constants k and s foť the individua! materials are listed in Tables 
II and III. The individua! measurements comply with equation (8) with an 
accuracy of ±5 to 40 %; at the level the m,ean accuracy is ±20 % and below 
the level it amounts to ±28 %- This dispersion corresponds to the inaccuracy 
of the actual corrosion rate measure1nent. 

Table II Evaluation of glass-level corrosion measurements 
I Constants in eq. (8) Accur- Constants in eq. (17) Material I acy j K,.. 05/3. l!,,c g/cm3 • s4 s ±% K,. . 05/3 . !!,,c . l!,,at/3 

A 2.30 3.02 40 0.26 0.41 
B 2.47 2.96 15 0.28 0.44 
o 1.54 2.98 5 0.19 0.30 

Mean I I 2.99 I 20 I I 
Table III Evaluation of flow corrosion measurements 

Constn.nts in eq. (8) Accur- ConstE),nts in eq. (15) 
Material 

I
acy Kp . 03/4. !!,,c. es3I• \ Kp . 0314 . l!,,c g/cm3 • s4 s ±% 

(J,t 

A 8.50. 10-4 1.54 .40 5.3� . 10-4 1.04 . 10-3 
I

B 8.80 . 10-4 1.54 15 5.56 . 10-4 1.07 . 10-3 
o 6.22 . 10-4 1.50 25 3.94 . 10-4 0,82 . 10-3 

I Mean I I 1.53 I 26 I I 
The effect of glass melt movement on the rate of corrosion below the level 

is plotted in Fig. 3. The rate of below-level corrosion increases linea,rly with 
increasing glass melt fl.ow rate. The rate of glass-level corrosion is at first not 
affected by the melt fl.ow rate but at high melt flow rates the rate of this type 
of corrosion also increases. 

AN ANALYSIS OF PUBLISHED CORRO.SION 

RATE MEASUREMENTS 

Already McCallum and Barret [4] pointed out that in the case of slags the 
corrosion rate depends on their viscosity and that there is a linear relationship 
between log w and 1/T; the same _conclusions were reached by Hrma [7] and 
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Fig. 3. The below-level coi·rosion i·ate oj ťejractories (mm/day) vs. glass melt jlow rate 
m/hour. Measured at 1500 °0, i.e. at a viscosity oj 110 dPa. s.
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Fig. 4, The relative corrosion rates oj various rejractories in white glass melt vs, temperature 
according to data published by various authors. Explanatory notes to the curves are given 

in Table IV. 
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experimentally established for refractories by Lakatos and Simmingskold [8]. 
For this reason the curves for temperature dependence ofthe corrosion rate 

published by various authors for various materials were transformed into 
log w vs. 1/T coordinates; the resulting relationships are virtually linear as 
shown in Fig. 4, and the dispersion is very small. 

Curves 1 to 3; established by Dáudans [13] for electrofused refractories, 
were determined in a small rotary tank furnace, i.e. in the case offl.ow corrosion. 
Only relative results are given. The curves found by Popov [14] for electrofused 
materials with various ZrO2 contents are specified in absolute values and 
apply to sub-level flow corrosion. Curves 11 to 16 deter.mined by Sleggs [15] 
for various electrofused materials hold for glasslevel corrosion. Tahle IV lists 
likewise some older results for fireclay and other similar materials, in all cases 
as relative values. 

Table IV 

Analysis of published oorrosion relationships 

Constants in eq. (10) Constanta in eq. (8) 
for oorrosion Curve Ref. Material for oorrosion in cm/s No. 

P. 10-3 I K I±% 8 I k I krel 

1 11 IX-� -Al,O3 14.48 8.96 2 1.76 1.41 25.85 
2 32 % ZrO2 11.95 7.31 9 1.46 5.44 . 10-2 1.00 
3 41 % ZrO2 11.81 7.13 7 1.44 3.78 . 10-2 0.70 

---

4 12 Cast 12.03 7.65 4 1.47 1.20 . 10-1 

--- --

5 13 Fireolay ,11.95 7.42 3 1.46 5.63 . 10-2 
--- -- --

6 14 33 % ZrO2 12.19 8.33 8 1.49 5.44 . 10-1 1.00. 
7 41 % ZrO2 12.19 8.19 4 1.49 3.94. 10-1 0.72 
8 45 % ZrO2 12.19 8:13 3 1.49 3.45. 10-1 0.63 
9 50 % ZrO2 12.11 8.01 5 1.48 2.66 . 10-1 0.12 

--- --

10 16 Fireolay 12.25 7.58 8 1.49 9.55 . 10-2 
--- --

11 15 IX - � -alumina 25.93 16.50 5 3.16 3.90 ; 106 0.59 
12 1X-alumina 25.81 16.37 4 3.14 2.94.'106 0.14 
13 33 % ZrO2 27.53 16.99 7 3.35 6.57 . 106 1.00 
14 36 % ZrO2 27.53 16.83 3 3.35 5. 76 . 106 0.88
15 41 % ZrO2 27.54 16.79 3 3.35 5.25 . 106 0.80 
16 Cr2O3-Al,O3 27.53 16.37 3 3.35 1.99 . 106 0.30 

All the lll,easurements made within the framework of the present study wei;e 
carried out with _white sheet-type glass melt. The curves for the corundum� 
báddeleyitic materials· as well as those for :fireclay exhibit a fairly regular 
course, those for corundum materials show a somewhat irregular course of the 
rela tionshi p. 

The glass melt viscosity �an be approximately expressed by the equatión 
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For the current type of white sheet glass melt the average values of the con
stánts are A = -0.79 and B = 8210. 

All the published corrosion curves can be described with a satisfactory 
accuracy (±5 %) by the equation 

p 
log w1 = K -T. (10) 

By combining equations (9) and (10) one obtains the dependence of corrosion 
rate on glass melt viscosity: 

PA P 
log w1 = K +

---:z:r 
-

B 
. log17 (11) 

• PA P 
which is identical with equation (8). Here, log k = K + 

13
and s = 

B 
. 

For the relationships being analyzed, the values of the constants are listed in 
Tahle IV. 

DISCUSSION 

. The exponent s in equation (8) for the effect of viscosity on corrosion rate 
is constant for measurements of the same type. In the case of glass-level 
corrosion measurerne·nts specified in Tahle II it was found that s = 2.99 ±
± .0.02; an analysis of the Sleggs' measurements (15) yields s = 3.28 ± 0.08, 
so that s can be taken as having the constant value of 3. For sub-level corrosion 
due to fl.ow according to laboratory experiments specified in Table III, s =: 
= 1.53 ± 0.02; evaluation of the measurements by Daudans [11] provides 
s = 1.55 ± 0.10, thať of the data by Popov' [14] s = 1.48 ±' 0.01, so that the 
ayerage value s = 1.5. The measurements. by Other authors [12],. [13], [16]
yield sirnilar values .. • • 

. 
• 

• The results of measurements plotted in· Fig. 3 indicate that the sub-level 
corrosion is. directly proportional to the rate of glass melt fl.ow. This fi.nding 
is in a disagreement with the results by Cooper and K.ingery [3] who found a 
relationship in the form w = u1l2. The difference is due to different speeds of 
sample movement and thus to different values of Re. In the measurements 
by Cooper (3] the Re value was in the range fróm 10 to 25, in the present 
ex:periments it was in the range of 0.02 to 0.07. 

The general equations (5) and (6) obtain the following form when adapted 
for fl.ow corrosion: 

(12) 

Since the diffusjon coeffi.cients are diffi.cult to measure, Hrma [5], [7] has 
replaced. them with viscosity using the adjusted Stokes-Einstein equation: 

D17 = O. (13) 

The validity of this equation is not absolute (the O value being dependent on 
temperature); however, it can be assumed that for a given refractory and for 
simil�r glass melts the value of O will not vary substantially within the tem-
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perature interval of 1300 to 1500 °C in question. When combining equations 
(12) and (13), flow corrosion can be described by equation

(14) 

A comparison of the exponents in equation (14) and the experimentally establi
shed relations for the effect of speed and viscosity indicate that n = 1, m = 1/4. 
Equation (14) thus acquires the form 

wz = Kp 
Q3/4 !lce�t4u 

(15) 
(!ž1]3/2 

The effect of geometrie dimension is entirely eliminated in equation (15) 
which is in agreement with practice. The similarly adjusted equation for glass 
level corrosion has the form 

Q(l-m) flcgnx(3n-1) flan 

(l6) wz = K1i --,-----�--,----�. 1J(1-2m+2n) (!ž(!s(m-2n) 

When analyzing this equation it should be assumed that n = 1/3 in order to 
eliminate the length quantity x which has no practical sense; then m = -2/3 
and the corrosion equation gets the foi'm 

QS/3 llce!'3 flal/3 gl/3 
Wz = K1t 

3 
• 1] (!ž 

(17) 

The experimentally derived equation differs by their exponents from the 
equations employed so far (1), (3), probably because the latter have been 
derived for substantially lower Re values; however, they comply with certain 
analogous relations holding for heat transfer during flow. 

Tables II and III summarize the results of experimental measurements and 
the constants calculated from them. The values substituted were the fl.ow 
rate u = 1.57 cm/s, glass melt <;1.ensity (!s ....:. 2.50 g/cm3, and the densities of the 
refractories listed in Tahle I. Effect of suraťce tension, characterized by the 

parameter !la == <In -
a 

, can only be estimated: It is assumed that at the 
.a 

surface of all the refractories, a layer enriched with about io % ZrO2 , 15 % 
Al2O3 was formed at the expense of SiO2 and the other components. According 
to calculation the surface tension of this layer ainounts to about 378 mN/m 
at 1,000 °C while the surface tension of the basic glass melt is only about 
300 mN/m. Then !la = 0.26 and this ratio holds approximately ěven at the 
experimental temperatures. From the ratio of the respective constants for 
glasslevel corrosion rate and ilow corrosion rate it is possible to calculate the 

ratio 1; 011/12, the value of which is 396, 411 and 362 for materials A, B

and O respectively. 
At the experimental temperatures the values of diffusion coeffi.cients D vary 

around 10-6 to 10-7 cm2/s, and the saturated concentration of refractory in the 
glass melt is about 0.1 to 1 g/cm3 . To this corresponds the approximate ratio 
of constants K1i/Kp of about 105, on the basis of which the following relative 
values of D and !lc were calculated for the temperature of 1400 °0: 
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Refractory 
material D 

A 5.37 x 10-6 cm2/s 
B 5.58 X 10-6 
0 4.86 X 10-6 

�c 

0.336 g/cm3 

0.340 
0.291 

The quantity �c differs with the refractories in question by up to 17 % 
and decreases roughly proportionally with increasing ZrO2 content. The 
quantity D is subject to somewhat smaller changes but in the same sequence. 

The analysis of the published corrosion relationships listed in Table IV, 
does not allow to calculate the constants in equations (15) and (17) owing to 
the different measuring conditions (speed of revolution, glass melt, relative 
evaluation, etc.). Since the experiments of one author were always carried out 
under the same conditions, the results allow to calculate the relative value of 
constant k, i.e. to eliminate the effect of fl.ow rate, of the evaluation method, 
of constants K,i or ](k, and that of glass melt density. These values were 
related to a refractory containing 32 to 33 % ZrO2 (krel = 1) which is used as 
a standard one. Then, for a material containing 41 % ZrO2 in the fl.owing melt 
test, the relative constant k value according to the measurements by Daudans 
[ll] is krel = 0.70, according to those by Popov [14] krel = 0.72 and according
to the experiments of the present authors krel = 0.71; the mean value is
0.71 ± 0.01. For the glass level corrosion of the same material, Sleggs [15]
found krel = 0.80, and the experimental value was krel = 0.67.

Equations (15) and (17) can be written in the following form for fl.u:x: line 
corrosion: 

QS/3 �C(}4/3 �al/3 
W1 = K,igl/3 • 

(}ž 

and in the following form for fl.ow corrosion: 

03/4 �ce�/4 u 
W1 =Kp ----'---• -

3/
2, 

(}ž 'YJ 

(17a) 

(15a) 

The corrosion rate is always proportional to the constant characterizing the 
type of corrosion, to the term characterizing the type of refractory and that 
of the glass, and to the term characterizing the effect of the conditions such 
as viscosity, speed, distance. The constants characterizing the effect of re
fractory material cannot be interchanged, not even in relative formulation. 
The expression for density fl.ow under level can be obtained on the ba.sis of 
equation (7). 

CONCLUSION 

On the basis of a theoretical analysis, experimental measurements and an 
analysis of published ·corrosion curves it was found that the rate of corrosion 
of a refractory in glass melt was a function of glass melt viscosity. The corrosion 
rate is proportional to the expression 1/ns where the exponent s differs for 
different types of corrosion. In the oase of corrosion in very slowly fl.owing 
media the sub-level corrosion is proportional to the melt fl.ow rate. The equ-
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ations which have been derived on the basis of these findings allow to calculate 
corrosion rates under various conditions. Each corrosion mechanism can be 
described by a different equation. 

LI ST OF SYMBOLS 

A, B - constants in equation (9) for viscosity calculation. 
O - material constant for the given refractory and glass melt defined 

by equation (13) - g cm/s2
• 

/1c - c,. - c is the difference between saturated and initial, concentra·
tion of dissolved refractory in glass melt, g/cm3 

D - diffusion coefficient, cm2/s, 
g - gravity constant, cm2/s, 

K, k - constants, 
m, n - exponents in equations (5) and (6), 

P - constant in equation (10), 
s - exponent in equation (8), 

t, T - temperatura in °C, or absolute temperatura in K,
u - rate of glass melt fl.ow along refractory, cm/s,

Wu - corrosion rate by wt., g/cm2 s, 
w, - corrosion rate by length, cm/s, 
x - distance from the edge of corroded area, cm, 
v - kinematic viscosity, cm2/s, 

(en - e) - relative change in melt density due to dissolved corrosion products,
e 

/1<1 = 

(u,. - u) - relative change in surface tension of glass melt due to corrosion
(J 

products, 
{!l - density of refractory material, g/cm3

, 

e, - density of glass melt, g/cm3
, 

(Jer - effective thickness of boundary layer, cm, 
'Y/ - dynamic viscosity, dPa . s, 

Indexes: 
h - glasslevel corrosion (fl.ux-line corrosion), 
p - melt flow corrosion (below-level corrosion), 
n - saturated solution.
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KINETIKA ROZPOUŠTĚNÍ ŽÁROVZODORNÝCH MATERIÁLŮ 
VE SKLOVINĚ 

Antonín Smrček, Gréta Nováková 
SKLO UNION, n. p., Teplice 

Rychlost koroze žárovzdorných materiálů ve sklovině je řízena difúzí, pro niž 
platí Noyes-Nernstova rovnice (4). Př-itom je tloušťka mezní vrstvy funkcí Schmid
tova a Reynoldsova či Grashoffova kritéria podle rovnice (5) a (6). 

Korozní rychlost u hladiny a pod hladinou byla zjištěna u tří elektrotavených 
žái;omateriálů, uvedených v tabulce I. Měřeno dynamickou tyčinkovou zkouškou 
v závislosti na viskozitě skloviny a na rychlosti jejího pohybu. Dále byl proveden 
rozbor většího množství publikovaných měření korozní rychlosti v závislosti na teplotě 
skloviny. 

Ve všech případech závisí lineární korozní rychlost na viskozitě skloviny podle 
rovnice ( 8) : 

k 
w =-. 

11• 

Exponent s činí u hladinové koroze s = 3, u koroze proudící sklovinou s = 3/2. Rychlost 
koroze pod hladinou je lineární funkcí rychlosti proudění skloviny. 

Porovnáním odvozených a experimentálně zjištěných závislostí byly odvozeny 
rovnice pro výpočet korozní rychlosti u hladiny (17) a př-i korozi prouděním (15a), 
skládající se vždy ze tří členů - jednoho, který charakterizuje druh koroze, druhého 
charakterizujícího materiál a tř-etího určujícího vliv podmínek koroze. Faktory charak
terizující vliv materiálu jsou pro každý mechanismus koroze jiné. 

Obi·. 1. Rychlost koroze žáromateriálú u hladiny bílé tabiilové skloviny v závislosti na její 
viskozitě. Zkoušené materiály jsou uvedeny v tab. I; O = materiál A, + = mate
riál B, x = materiál C. 

Obr. 2. Rychlost koroze žárovzdorných mate1·iálť1, pod hlad(nou bilé tabulové skloviny v zá
vislosti na její viskozitě. Nlěfení provedeno pfi rychlosti pi,oudění 1,57 cm/s. 

Obr. 3. Rychlost koroze žáromateriálú pod hladinoi1, bílé skloviny, v závislosti na rychlosti 
proudění skloviny. Provedeno pfi teplotě 1500 °0, tj. pfi viskozitě 110 dPa. s. 

Obr. 4. Korozní rychlost rťtzných žárovzdorných hmot v bílé sklovině v závislosti na teplotě 
podle publikovaných méfení rúzných autoru. Výklad ke křivkám uveden v tab. IV. 

IUIH ETI1HA PACTB OPEHvIH orH E YIIOPOB 
B CTEHJIOMACCE 

AHTOHHH CMp'IeH, I'pern H0Bar<0Ba 
CKJIO YHMOH, Ten11,ulfe 

C1wpoCTb H0pp03HH oraeyrropOB B CTeimOMacce yrrpaBJUieTC/I AH<ficpyaHeH, }:(JIJI ROTOpoií: 
crrpaBe}:(JIHBO ypanHeHHe Hoec-HepHCTa (4), IIplPl6M TOJlillRHa rrpe}:(eJibHOro CJIOJI JIBJIJ16TC/I 
cpyHRI(Heií: RpHTep1rn IIIMR}:(Ta H Peií:HOJib}:(Ca JIJIH rpacrocpcpa cornacao ypaBH6HlfIO (5) R (6).

C1<0pOCTb H0pp03JIH y ypoBH/I CT6HJIOMaCCbI H ITO}:( HHM ycTaHaBJIHBam1 y Tpex 8JI6HTpO
IIJiaBJI6HHbIX oraeyrropoB, rrpRBO}:(J!MbIX B Ta6m11-1e I. l'IaMepeHJie rrpOBO}:(HJIH Ha OCHOBaHHlI 
}:(l!HaM11qec1rnro M6TO}:(a B aaBHCHMOCTR OT BH3ROCTH CT6HJIOMaCChl 11 CHOpOCTlI ero }:(BJ11Remrn. 
�anee rrpoBO}:(HJiu aaarrHa 6onLmero 1<om1qecTBa orry6nmrnnaaaux peayJILTaTOB H3Mepemrn 
CROpOCTH Ropp03Hl1 B aaBHCHMOCTH OT TeMrrepaTypbI CTeJWOMaCCb!. 

Bo Bcex cnyqa/IX JIHHeÍÍ:HaJI CHOpOCTb ROppoa1111 3aBHCI1T OT BH3I{OCTH CT6HJIOMaCCbI co
rrracao ypaBaeanm (8): 

k 
W=-

1]' 

IloRaaaTeJib s y 1rnppoam1 Ha ypoBHe CT6HJIOMaCCb! s = 3, y H0pp03Hll IIO}:( ypoaaelli: CT6l{JI0-
Maccbl s = 3/2. CROpOCTb 1rnpp03HH IIO}:( ypoBH6M .HBJIJ16TC.H mrneií:aoií: cpyHHI(H0ÍÍ: CROpOCTH 
IIOTOI<a CT0RJIOMaCCb!. 
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CorrocTaBJillll BI,IB0J.10HHI,Ie II :mcrrepIIM0HT8JJI,HI,JM rryTeM ycTaHOBJI0HHbI0 3UBHCIIMOCTH, 
anTOp1,1 BI,IBOJ:(lIT ypaBH0HIIH J:(Jlll paC'IeTa CI<OpOCTH 1<0ppO3HII y ypoBHll ('17) II rrpII ltoppO3Hli 
lIOTOKOM ('15a), COCTOlIII.\0HCll ncerga H3 Tpex •meHOB, T. e. rrepnoro, xapaI{TepII3YIOJI10ťO 
BII/1: KOppO3HII, BTOporo, xa par<TepII3YIOII.\0ťO MaTepIIaJI, H Tp0Tbero, orrpegeJilI!OII.\0ťO BJIIIlIHl{e 
ycJIOBHií: I<OppO3IIII. <DaRTOpbl xapaKTepnayIOII.\H0 BJIIIlIHHe MUTepnaJia )l;Jlll I<aIB/J:OťO Mexa
HII3Ma Koppoa1rn pa3JIII'IHbI. 

Puc. 1. C,wpocmb ,wppoauu 021-1,eynopoa y ypoa,-ui 6e.1wu .11,ucmoaou cniei..11,o.4taccM 1,v.i/8e1-1,b 
a aaaucu,,wcrnu om ee an,a1,,ocmu. Mcc.11,e8ye1,-ibie 1,1amepua.11,bi npuao8mncl/, e ma6.11,. I.; 
O - ,1tamepua.11, A; + = 1,iamepua.11, B; x = 1,iamepua.11, C. 

Puc. 2. C1,,opocmb 1,,oppoauu 021-1,eynopoa nofJ ypoaHe.At 6Moi'í, .11,ucmoaou cme1,,.11,o,1tacc&i 1,t.1,t/oe1-1,b 
e aaaucu,,wcmu om ee an,a1,,ocmu . .Pia.1tepeHue npoaofJu.11,u 1ťptt ci;opocmu nomo1,,a 
1,57 CM/C. 

Puc. 3. C1,,opocmb 1,,oppoauu 02Hey1wpoa nofJ ypoaHe,1-t 6e.11,011 cme1..11,o,1iaccbi .AMi/fJeNb a aaaucu
.uocmu om c1,,opocmu namana cme1..11,o..1taccbi .At/•iac. Ma.1iepeHue npoaofJu.11,u npu me,11-
nepamype 1500 °G, m. e. npu 6l/,a1,,ocmu 110 dPa. s. 

Puc. 4. OmHocume.11,b1-tal/, c,wpocmb 1.oppoauu paaH&ix oaHeynopoe a 6e.11,ou cme-,;.11,o,1tacce 
a aaaucu..1iocmu om me,,mepamypbi co2.11,acHo ony6.11,u1waa1-tnbi..1t ua.1tepe1-1Ull,.At, npoao8u
.At&i..1t paa1-1&1-.1tu aamopa.1m. O6'bll,C1-te1-1,ue 1,,puabix npuaofJumcl/, a ma6.11,. IV.
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