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Pro popis teplotni zavislosti viskozity sklovin v soustavl Na20-Ca0-
Mg0-A1203 -Si02 byl pouzit vztahlog (log 17) = A + B log T, ve kterem koefi· 
cienty A a B jsou zavisle na chemickem slozeni skel. Tato zavislost byla vy­
jadfena regresnimi polynomy tfetiho stupnl, v nichz koeficienty byly urceny 
z experimentalnich dat vyuzitim metody planovanych experimentu. Ve tfi­
slozkovych diagramech Ca0-Mg0-Na20 (o/Jsah Al,03 a Si02 byl konstantni) 
jsou zakresleny prubehy izoterm pro viskozity 102, 103, 104, 101,6, 1013, 

1014•5 dPas. Graficke zpracovani umoznuje rychlou orientaci ve vlivu chemickeho 
slozeni sklm;in na prubeh sledovane zai•islosti. 

UVOD 

Ve sklafske praxi se venuj e stale vetsi pozornost systematickemu sledovani 
vlastnosti skel a sklovin, ktere jsou vyznamne jak pfi tavicich a tvarovacich pro­
cesech, tak i pfi vlastnim pouziti vyrobku. Tyto informace lze ziskat vhodnou 
pfipravou experimentu (napf. pouzitim metody planovanych experimentu), zpra­
covanim namefenych hodnot a vytvofenim matematickeho modelu. Pro praxi je 
vyznamna znalost zavislosti vlastnosti skel a sklovin na jejich chemickem slozeni. 
Pro snadnou orientaci a nazornost je vhodne graft.eke zpracovanf, coz je predmetem 
pfedlozene prace. 

TEORETICK.A c.AsT 

Teplotni  zavis lost  viskozi t y  s k loviny  

Funkce 'Y/ = f(T) se da matematicky vyjadfit viskozitni rovnici, graficky visko­
zitni kfivkou, pfipadne po linearizaci viskozitni pfimkou. Dosud nebyl nalezen 
teoreticky model, ktery by vystihoval teplotni zavislost viskozity skel v dostatecne 
sirokem teplotnim intervalu. Nejlepe se pfiblizuje experimentalnim zkusenostem 
rovnice Vogel-Fulcher-Tammannova. Jeji teoreticke odvozeni nalezli Cohen a Turn­
bull na zaklade teorie volneho objemu [l]. 

K odhadu teplotni zavislosti viskozity byla vybrana rovnice Andrieuova: 

log (log 'Y)) = A + B log T, (1) 

A a B - koeficienty, T - termodynamicka teplota (K), 'YJ - dynamicka viskozita 
(dPas). 

Z avis lost  viskozity  na chemickem s lozeni 

Meni-li se chemicke slozeni systemu, prestavaji byt A a B konstantami. Muzeme 
pfedpokladat, ze jsou pouze funkci chemickeho slozeni a je nutno nalezt vhodnou 
funkcni zavislost. Velmi casto se pouzivaji napf. polynomy obecne n-teho stupne 

(2) 
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Polynom druheho stupne pro tri slozky (q = 3) 
Y = bo + b1X1 + b2X2 + b3X3 + b12X1X2 + b13X1X3 + b23XzX3 + buXj + b22tj + b33� 

lze po osazeni podmfnky x1 + x2 + x3 = 1 upravit na tva-r 
Y = /J1X1 + /JzXz + {33X3 + /J12X1Xz + /J13X1X3 + /Jz3XzX3 • 

V pHpade polynomu tretiho stupne (n = 3) 
y = bo + L b,x, + L b,1x,x1 + L bifkXtXJXk I\ L Xi = 1, (3) 

l;;ii;;iq l;;ji;;jj;;jq l;.i;;;j;.k;.q l:ii;;iq 

Y = L {J,xi + L /Jt1XiXJ + L YtJXtXJ(Xt -x1) + L /JtJkXtXJXk. 
l;;ii:iiq l;;ii<i;;iq l;;ii<j;;iq l;;ii<i<k;:;.q 

(4) 

Pocet koeficientu /Jii a Yti je stejny a je roven cislu ( � ) . Celkovy pocet koeficien-
tu /Jay je k = 

(q + :- l )· Oproti poctu koeficientu b, kde k = (n: q)· Koefi­
cientu je mensi pocet u polynomu typu (4). Rozdil je (q 1 n )-(q + :- 1) = 

= (q + ;- l )· Proto je take k jejich vypoctu tfeba mensiho poctu pokusu. 

Urceni  koeficientu r egresnfch p o lynomu 
Pro vypocet je  pouzito planu [2], ktery zabezpecuje rovnomerne rozptyleni experi­mentalnich bodu (pokusnych skel) v (q-1) rozmernem simplexu. Experimentalnibody jsou umisteny do uzlu simplexove mHzky typu {q, n}. V teto mHzce nabyvakazdy faktor n + 1 urovni, postupne od Odo 1 (x, = 0; 1/n; 2/n; ... ; 1) a uvazujise vsechny jejich kombinace. Podle uzlu vybrane mfizky se pfipravi pokusna skla odpovidajiciho slozenf. Nanich se promeH sledovana vlastnost Y°. 
Koeficienty se pocitaji podle nasledujicich vztahu: 

1. Linea.mi model
(5) 

(6) 

2. K vadraticky model
(7) 

3. Neu.piny kubicky model

210 

/J,1 = 4y'li -2y?- 2yf (8) 
y = L {J,x, + L /J,1x,x1 + L /JtfkXtXfXk (9) 

l:iii:iiq l;;;i<j;;jq l;;ji<i<k<q 

{J,, = 4y'li -2y?- 2y� (10) 

/Jtik = 27Ytik -12(y?i + yfk + Yfk) + 3(y? + yf + �) (11) 
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4. Kubicky model
y = ;E f),x, + L P,1x,x, + I r,,x,x,(x, - x,) + L Pc1kX1XJXk 

l;:iii;:iig 1:iii<J:iig 1:iii<J�g 1:ii<j<k:ig 

(12) 

p,, = 4 (1",; + 1",; -1" - '!/;) (13) 

9 

r,, = 4 (31",, - 31",, -1"-'!f;> (14) 

P 2 0 27 
0 • .o O O O • .o 9 • .o • .o • .o '1k = 7y,,,, - 4 (Yii; + 9ifi + Y,,,, + Yu:1c + Y1,-1e + 9;1,1:) + 2 (91 + 9f + 91,), (15) 

Vypocet koeficientu {), se ve vsech p:npadech provadi podle vztahu (6). 

a b 

d 

Obr. 1. Nllt:ure eypy {q, n} mHzek (q = 3): a) linearni, b) kvadraticka, c) kubicka - neuplna, 
d) loubicka.

Obr. 2. Neuplny kubicky model. 
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Gr afi cke  vyja d feni

Cilem prace je graficke zachyceni vztahu mezi viskozitou, teplotou a chemickym
slozenim skloviny. Tento vztah vyjadfuje rovnice: 

log (log 17) = A + B log T; A = f(xt)
B = g(xt) i = 1 . . .  q, 

/, g- funkce (zvoleny polynomy tfetiho stupne),
Xi - hmotnostni % slozek, 
q - pocet slozek. 
Vztah (1) muzeme zapsat ve tvaru

q 

t Xi = 100.
'i=l 

(1) 

Z duvodu vetsi nazornosti, lepsiho praktickeho vyuziti, byl vztah (1) upraven na
tvar 

t
= 10 ( 

log (lo
�17) -A)- 273,15. (16) 

Lze zapsat jako
t = h2(17, xi), 

t - teplota (°C).
Pro tfi slozky (q = 3) plati t = h2(17, x1 , x2), nebot x3 = 1 - x1 - x2 • Teplota je
funkci tfi promennych. Dale byla zvolena konstantni viskozita. Teplota se tak stala.
funkci pouze dvou promennych 

t = h3(X1, X2). 

V rovine OS X1 a X2 muzeme zachytit mapu funkce h3, jestlize je osa teploty kolma
k rovine obou os. Jde o pravouhle promitani izoterm do roviny. Za promitaci rovinu
byl zvolen trojuhelnikovy simplex x1 + x2 + x3 =:= 100. Simplex pfedstavuje tfi­
slozkovy diagram (obr. 3). V nem jsou pfi konstantni hodnote viskozity zakresleny
jednotlive izotermy. Vypocet izoterm je numericky a jejich prubeh je urcen bodove.

Obr. 3. Trojuhelnikovy simplex. 

Numericky vypocet a kresba bodu je provedena na pocitaci IQ 151 s grafickou
jednotkou XY 4131. Program sestaveny prn IQ 151 je uveden v pfiloze. Po spustenf
a zadani experimentalnich dat pocitac nakresli diagram, chemick� slozeni ve vrcholech
8. bodove urci prubeh pozadovane izotermy V zavislosti na chemickem slozenf pfi
konstantni viskozite. 
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EXPERIMENTALNf CAST 

Pro vypocet konstant A a B z chemickeho slozeni byl pouzit n�uplny kubicky 
model (9). Koeficienty polynomickych funkci se ziskaji dosazenim namefenych 
hodnot konstant A, B do vztahu (6), (10), (11). Pokusna skla jsou ze soustavy 
Na20-Ca0-Mg0-A}z03-Si02 . Soustava se da znazornit jako pravidelny ctyf­
sten. 

Obsah Si02 a Ah03 byl u vsech skel konstantni. Ctyrsten tedy ptesel na rovno­
stranny trojuhelnik Mg0-Ca0-Na20. Zastoupeni oxidu se pohybovalo v nasledu­
jicim procentualnim rozpeti: 

1. MgO ... 0- 6 hmot. %

2. CaO ... 4-14 hmot. %

3. Na20 ... 12-16 hmot. %

suma A}z03 , Si02 ... 7 4 hmot. % 

V tHslozkovem diagramu na obr. 5 splnuje pozadovane chemicke slozeni oblast 
I, 2, 3, 10. Tento ctyfuhelnik byl rozdelen na dva trojuhelniky LII (1, 2, 3) a Lill (1, 
3, 10). Podle obr. le byl sestaven plan pokusu. 

Coo 

Obr. 4. Diagram soustavy 
N a20-CaO -Mg0-Ab03 - Si02 . 

cao 2,.____.,,_�--.>..-��-'--"1' M90 
½ � 

Obr. 5. Diagram soustavy 
Mg0-Ca0-Na20. 

Prepocet se provadi podle maticove rovnice [2] 

(17) 

u - cislo skla.

V silitove peci bylo utaveno sestnact skel podle tabulek I a II. Skla c.' 8, 9, 16,
14, 15 jsou skla ovefovaci, ostatni jsou pokusna. U vsech se promefila teplotnf 
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Tabulka I 
Obsahy promennych slozek skel 1 az 9,16 z obr. 6a a namefene hodnoty koeficientli A a B ze 

vztahu (1) 

Sklo 

1 
2 
3 
4 
5 
6 
7 
8 
9 

16 

MgO CaO 

Z1 I X1 Z2 I X2 

1 0 0 10 
0 6 1 4 
0 6 0 8 
0,5 3 0,5 7 
0 6 0,5 6 
0,5 3 0 9 
0,33 4 0,33 7,33 
0,2 4,8 0,2 7,6 
0,6 2,4 0,2 8,4 
0,2 4,8 0,67 5,72 

12 

Na2O 

z, 

0 
0 
1 
0 
0,5 
0,5 
0,33 
0,6 
0,2 
0,13 

I X3 A I 
16 7,53825 
16 7,38098 
12 7,83251 
16 7,44671 
14 7,51956 
14 7,59091 
14,67 7,48493 
13,6 7,53064 
15,2 7,55896 
15,48 7,40078 

z1 z2 
MgO 1 4 2Ca0 

--------

---

Obr. 6. Schema rozmistlnf, pokwmych skel v ternarni soustave. 

B 

-2,22705 
-2,16776
-2,30365
-2,19449
-2,21077
-2,23620
-2,20357
-2,21601
-2,22873
-2,17832 

Vrchol MgO CaO Na2O Vrchol MgO CaO Na2O 

1 
10 

3 

0 
0 
6 

10 
14 

8 

16 
12 
12 

Tabulka II 

1 
2 
3 

0 
6 
6 

10 
4 
8 

16 
16 
12 

Obsahy promennych slozek skel 10 az 15 z obr. 6b a namefene hodnoty koeficientli A a 'B ze 
vztahu (1) 

Sklo MgO CaO Na2O 

Z1 I X1 Z2 I X2 z, I X3 A I B 

10 0 0 1 14 0 12 7,89267 -2,33386
11 0,5 0 0,5 12 0 14 7,78905 -2,30443 
12 0 3 0,5 11 0,5 12 7,74407 -2,28352
13 0,33 2 0,33 10,67 0,33 13,33 7,76105 -2,28961
14 0,2 3 0,3 10,2 0,5 12,8 7,65192 -2,25481
15 0,1 1,2 0,7 12,4 0,2 12,4 7,82715 -2,31026

x1 -. vychozf soutadnice v hmot. %, z, - transformovane soufadnice, i - cfslo oxidu
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zavislost viskozity v intervalu 900-1400 °C. Pro kazde sklo se metodou nejmensich 
ctvercu urcily koeficienty A, B a korelacnf koeficienty, ktere dosahovaly hodnot 
0,9997 a vetsich. V tabulkach Ill. a IV. jsou uvedeny koeficienty polynomickych 
rozvoju pro A, B typu: 

A = a1Z1 + a2Z2 + a3Z3 + a12Z1Z2 + a13Z1Z3 + a23Z2Z3 + a123Z1Z2Z3 
B = b1Z1 + b2Z2 + b3Z3 + b12Z1Z2 + b13Z1Z3 + b2aZ2Z3 + b123Z1Z2Z3. 

Clen I 
. 

1 
2 
3 

12 
13 
23 

123 

Tabulka III 

Pro LlI 

a 

7,53825 
7,38098 
7,83251 

-0,05162 
-0,37788
-0,34874
-0,33783

I
b 

-2,22705 
-2,16776
-2,30365 

0,00166 
0,11660 
0,09974 
0,10575 

Olen I 

1 
2 

3 
12 
13 
23 

123 

TabuJkaIV 

Pro LlII

a 

I 

7,53825 
7,89367 
7,83251 
0,29436 

-0,37788
-0,47408

1,850.28

-2,22705
-2,33386
-2,30365
-0,09590

0,11660 
0,14094

-0,52335

Podle vztahu (17) byly koeficienty pro transformovane soufadnice (Z,) prevedeny 
na koeficienty pro vychozi soufadnice (xi) v hmotnostnfch procentech. Byly ziskany 
polynomy typu (2) bez absolutnfho clenu. Tyto polynomy byly pouzity pro vypocet 
koeficientu A, B z chemickeho slozenf V cele ctyruhelnikove oblasti. 

Tabulka V 

!1II 

Olen pro A 
I

proB pro A proB 

X1 0,333187 -0,096680 0,334432 -0,097053
X2 0,359399 -0,106562 0,344459 -0,102088
X3 0,246516 -0,072589 0,255853 -0,075356
:z:2 

I 6,85025 . 10-3 -2,12224. 10-3 8,71536. 10-3 -2,68533. 10-3
:z:2 

2 6,32367 • 10-3 -1,73976. 10-3 -5,22533. 10-3 1,70237. 10-3
:z:2 

3 
4,43088. 10-3 -1,31024 . 10-3 -3,81013. 10-3 1,24131 . 10-3

X1X2 0,011740 -3,53812. 10-3 -9,67886. 10-3 2,93204 . 10-3 
X1X3 -0,011012 3,34182 . 10-3 1,87717 • 10-3 -5,41099. 10-4
X2X3 -0,011042 3,18374. lQ-3 9,36204. 10-3 -3,05007. 10-3
X' 

I 
8,54271 . 10-s -2,67411 . 10-s 4,56183. 10-4 -1,29031 . 10-4 

X' 
2 

3,07536. 10-4 -9,62676. 10-s 0 0
X3 

3 
1,20132 . 10-4 -3,76045. 10-s 0 0

xfx2 -9,65326. 10-4 3,02173 . 10-4 -5,01802. 10-3 1,41934. 10-3 
xfx3 5,61683. 10-4 -1,75822. 10-4 2,88916. 10-3 -8,17197 • 10-4 
X1X� -7,43216. 10-4 2,32647. 10-• -5,47420. 10-3 1,54837 . 10-3 
X1X� -5,76633. 10-4 1,80502. 10-• -3,99161 • 10-3 1,12902 . 10-3
XiXJ -7,68844. 10-s 2,40669 . 10-s 0 0 
X2X� -2,64290. 10-4 8,27300. 10-s 0 0 

X1X2X3 1,38712 . 1 o-3 -4,34207. 10-4 9,80794 • 10-3 -2,77417. 10-l
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Pfesnost matematickeho modelu byla provefena na sklech c. 8, 9, 14, 15 a 16. 
Pro danou hodnotu viskozity byla vypocitana odpovidajici teplota. Jako kriterium 
pfesnosti byl zvolen rozdfl mezi teplotou urcenou z experimentalnich hodnot koe­
ficientu A, B a teplotou vypocitanou pomoci matematickeho modelu. V ysledky 
jsou shrnuty v tabulce VI. 

Experiment byl zpracovan graficky. Diagramy jsou uvedeny na obr. 7 az 12. 
Zobrazuji izotermy v zavislosti na chemickem slozeni soustavy p:ri hodnotach viskozit 
102, 103, 104, 107-6, 1013 a 1014.s dPa. s. Viskozita je vyjadfena logaritmi.cky jako
log 'Y/· Slozeni skel v odpovidajicich vrcholech je uvedeno v hmotnostnich procentech. 

Tahulka VI 

Porovnani namefenych a vypoetenfch hodnot izoterm ovcfovaeich skel 

Cislo Jog 1/ Experim. Vypoctena Diference °C 
skla teplota °C teplota °C 

8 2 1 557 1 562 -5 
3 1 251 1 257 -6 
4 1 065 1 072 -7 
7,6 729 736 -7

13 513 520 -7
14,5 475 482 -7

9 2 1 532 1 530 2 
3 1 232 1 227 5 
4 1 050 1 044 Ii 

7,6 719 712 7 

13 506 499 7 
14,5 469 462 7 

14 2 1 547 1 551 -4 
3 1 247 1 255 -8 
4 1 065 1 074 -9

7,6 734 744 -10 
13 520 531 -11 
14,5 483 494 -11 

15 

2 1 537 1 527 10 
3 1 246 1 237 9 

4 1 068 1 060 8 
7,6 742 737 5 

13 532 527 5 
14,5 495 490 5 

16 2 1 544 1 553 -9 

3 1 235 1 243 -8 

4 1 048 1 056 -8 

7,6 711 717 -6 

13 496 501 -5 

I_ 
14,5 459 463 -4 

-
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26%Ca0 

0 

26%Ca0 

26%Mg0 

2 3 4 

M90(hmot %) 

l 09 ETA C 2

CaO(hmot.o/c)
7 

5 6 

Obr. 7. Pritbeh izoterm pri log ri = 2 v zcwislosti na chemickem slozeni. 

26%Mg0 

14-+----,---->-r----,-"�--....---.... ---'�---r­

c 2 3 4 

fv1g0 (hmot %) 
5 G 

Obr. 8. Pritbe"h izoterm pfi log ri = 3 v zavislosti na chemickem slozeni. 
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9 

log ETA = 4 

CaO(hmot %) 
8 7 6 

14-1----��,.___ ____ -,,)._,_ __ -,-1.___ __ L.._-L-l-
o 2 3 4 

MqO(hmot %) 
5 6 

\ 

\ I 
\ \ \ 

5 \4 

Obr. 9. Prubeh izoterm pfi log 'Y/ = 4 v zavialosti na chemickem slozenf. 

26%Na20 

8
Log fTA O 1,6 

0 

0'\, 
\ 

Coo (hmot %l
\ 

"'-': ,. 

\ 

9 8 7 6 5 \4 
10 

26 S6Ca0 26%Mg0 

•9

o�\ 

130°c 14 '<:-0' 

c;' 
74D°C •a ;:,."''\, 

13 
•14

•15
14 

0 2 3 4 5 
MgO(hmot %) 

Obr. 10. Prilhe"h izoterm pfi log 'Y/ = 7,6 v wvialosti na chemickem slozeni. 
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9 

lo9ETA=13 

CaO(hmot%) 
8 7 6 

• 

\ 
I 
\ 

\ 

I 
\ 

\ 
\ 
I 
\ 

5 \4 
10-¥------1.. __ __J ___ L-__ ..J..__-r---'----+-16 

26 %Coo 26%Mg0 

8 

540°c 

14-1----.-----.----,.--____.:,,,.----,----',,-----'� 12 

0 1 2 3 4 
MgO(hmot %) 

5 6 

Obr. 11. Pruhlh izoterm pfi log 'TJ = 13 v zavislosti na chemickem slozeni. 

26%Na20 

A
0 

�r::,
'\ 

g 

26 %Cao 2G%Mg0 

460°C 

o\d 

lag ETA O 14,5 

8 

•g

Cao ( hmot %) 
7 6 5 

•16

15 

I 

' 
' 
I 

I 

' 

I 

I 

15 

o\'t 
14, 

t 
•a 0 

�,§\, 
13 

•14

14 12 

0 1 2 3 4 5 6 

MqO(hmot %) 

Obr. 12. Pruhlh izoterm pfi log 'T/ = 14,5 v zavislosti na chemickem slozeni. 
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z.AVER 

Pfedlozena metoda umoznuJe graficke zpracovani teplotni zavislosti viskozity 
na chemickem slozeni obalovych a plochych skel s moznosti volby obsahu t:ri slozek 
(Na2O, CaO a MgO) pfi zachovani konstantniho obsahu Al2O3 a SiO2• Metoda pfed­
poklada pouzitf pocftacu s grafickym vystupem. Matematicky model vyjadfeny 
polynomy tfetfho stupne popisuje teplotnf zavislost viskozity sledovanych sklovin 
s maximalni odchylkou 11 °C od nametenych hodnot v celem sledovanem rozsahu 
viskozit (102 az 1014

,
5 dPa . s), viz tab. 6. Jednotlive izotermy jsou zakresleny na 

obr. 7 az 12 s pfesnostf na ±0,05 °C. Ovefovaci skla jsou v techto obrazcfoh oznacena 
krouzky. 

Z prubehu izoterm lze konstatovat, ze pfi vysokych teplotach s viskozitou skloviny 
cca 102 dPa . s je patrny vyznamny vliv zameny obsahu CaO za MgO. Snfzeny obsah 
Na2O, ktery vyvola zvysenf viskozity, lze zcela zkompenzovat napr. zvysenym 
obsahem CaO za MgO. S klesajfoi teplotou tento vliv zmeny pomeru CaO ku MgO 
se snizuje od viskozity cca lOM dPa . s je jiz nevyrazny. 
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Obr. 13. Urceni chemickeho slozeni skel s definovanou strmosti viskozitni kfivky. 

- - - - izotermy pro i-iskozitu rJ = 102 dPas, 
�- izotermy pro viskozitu rJ = 101.o dPas, 

1 - t1og 11-2 = 1520 °Ca tlog t/-7,6 = 720 °C, 
2 - t1ogt1-2 = 1530 °Catlog tJ-1,6 = 720 °C,
3 - t10g t/- 2 = 1540 °Ca tl0g tJ-7,o = 720 °C, 
4- t1agt1-2 = 1520 °Catlogt1 -1,6 = 730 °C, 
5 -- tiogtJ-2 = 1530 °Catlog f/=1,6 = 730 °C,
6 - t1ogtJ-2 = 1540 °Catlog11-1,6 = 730 °C,
7 - t10g 1/=2 = 1540 °Ca tlog 1/=7,o = 740 °C,

8, 9 - t10g 11-2 = 1530 °Ca tl0g 1/=7,o = 740 °C. 
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Metoda pro gra/icke zpracovrini pruhehu teplotni zavislosti viskozity sklovin ... 

Pfednosti grafickeho zaznamu vlivu chemickeho slozeni na teplotni zavislost visko­
zity sklovin je moznost rychleho stanoveni chemickeho slozeni skloviny s defino­
vanou teplotni zavislosti viskozity. Na obr. 13 je uveden zpusob stanoveni chemickeho 
slozeni skel s pozadovanou strmosti teplotni zavislosti viskozity. Chemicke slozeni 
skloviny je dano prusecikem uvedenych izoterm, coz lze v praxi s vyhodou vyuzivat. 

Literatura 

[l) Cohen M. H., Turnbull D.: Jour. Chem. Phys. 31, 1164 (1959). 
[2] Zedginidze I. G.: Matematiceskoje planirovanije eksperimenta alja issledovani}a i optimalizacii

svojstv smesej, Mecnijereba, Tbilisi 1971.

Pr:iloha: Program v jazyce  BASIC pro  IQ 151 s grafickou jednotkou 

100 REM MAP A TEPLOTA CELA 
105 DIMKO(l9,2,2) 
110 CLS 
145 READE1,E2,Xl(0),X2(0),X3(0), 
E(l),E(2),W(l),W(2) 
150 FORI=lTO2 
152 READil(I),Jl(I),I2(I),J2(I), 
13(I),J3(I) 
154 NEXTI 

XY 4131 

155 DEFFNT(A,B,LL)=l0t((LL-A)/B) 
-273.15
190 FORT=2TO1STEP-l
200 FORI=lTO2
201 FORJ=lTO19
202 READKO(J,I,T)
204 NEXTJ,I,T
210 INPUT"Krok" ;KX
213 INPUT"Log. viskozity" ;LV
214 GOSUB3000
215 READF:IFF <0THENMOVA0,0:END
220 LL=LOG(LV)/LOG(l0)
225 FORSS=lTO2
300 FORI=0TOE(SS)STEPKX
305 J=0
310 GOSUB1000
320 Dl=Fl-F:Sl=SGN(Dl):KY=l
325 PRINTFl;Dl;KY;I;J
330 J=l
340 GOSUB1000

350 D=Fl-F:S=SGN(D):AD=ABS(D) 
355 PRINTFl;D;KY;I;J 
360 IF AD< El THENKY = 10:GOTO365 
362 GOTO379 
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365 IF AD< E2THENKY = 1 :GOTO370 
367 GOTO378 
370 IFS=(-l)*S1THEN390 
372 Dl=D 
373 IFJ > W(SS)THEN376 
374 J=J+KY:GOTO340 
376 NEXTI,SS 
377 GOTO215 
378 IFAD > E2THENKY = 10 
379 IFAD>ElTHENKY=60 
380 GOTO372 
390 IFABS(Dl)>=DTHENY=J:GOTO410 
400 Y=J-1:AD=ABS(Dl) 
410 Sl=S 
420 IFSS=lTHENPOINTAI+ Y/2,.866*Y 
:GOTO422 
421 POINTAY +1/2,.866*1 
422 IFD2 < ADTHEND2=AD 
425 PRINTAD 
430 GOTO372 
999 REM VYPOCET TEPLOTY 
1000 T=l 
1001 IFSS=lTHENU=l:V=J:GOTO1003 
1002 U=J:V=I 
1003 IFV>(l256-.8*U)THENT=2 
1002 U=J:V=I 
1005 Xl=Xl(0)+I*Il(SS)+J*Jl(SS) 
1007 X2=X2(0)+1*l2(SS)+J*J2(SS) 
1009 X3=X3(0)+1*I3(SS)+J*J3(SS) 
1015 FORQ= 1TO2 
1017 KN(Q)=KO(1,Q,T)*Xl+KO(2,Q,T)*X2+JO(3,Q,T)*X3+KO(4,Q,T)*Xlt2 
1017 KN(Q)=KO(l,Q,T)* Xl+KO(2,Q,T 
)* X2+KO(3,Q,T)* X3+KO(4,Q,T)*Xlt2 
1018 KN(Q)=KN(Q)+KO(5,Q,T)* X2t2+ 
KO(6,Q,T)* X3t2+KO(7,Q,T)*X1*X2 
1019 KN(Q)=KN(Q)+KO(8,Q,T)* Xl*X3 
+KO(9,Q,T)* X2* X3+KO(l0,Q,T)* Xlt3
1020 KN(Q)=KN(Q)+KO(ll,Q,T)* X2t3
+KO(12,Q,T)* X3t3+KO(l3,Q,T)* Xlt2
* X2
1021 KN(Q)=KN(Q)+KO(14,Q,T)* Xlt2
* X3+KO(15,Q,T)* Xl* X2t2+KO(16,Q,T
)* Xl* X3t2
1022 KN(Q)=KN(Q)+KO(17,Q,T)* X2t2
* X3+KO(l8,Q,T)* X2*X3t2+1}O(19,Q,T
)* Xl* X2* X3
1024 NEXTO
1026 Fl=FNT(KN(l),KN(2),LL)
1028 RETURN
2000 DATA4,.5,0,14,12,1570,1256,
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1256,1570 
2001 DATA3.82166E-3,0,-3.82166E-
3,-3.18471E-3,0,3.18471E-3 
2002 DATA0,3.82166E-3,-3.18471E-
3,-3.82166E-3,3.18471E-3,0 
3000 REM OBRAZEK 
3010 SPEED 2 
3005 ORG200,200 
3015 NARROW 
3020 MOV A0,0:VECTA 704,1219:VECTR 
-5,-25
3025 MOVA704,1219:VECTR-20,-15
3030 MOVR50,100
3035 SIZE10,17,-35,20:WRITE"Ne20
.. 

3040 MOVA628,1088:VECTA2198,1088 
3045 VECTA1570,0:VECTA0,0 
3050 MOV A200,500:WRITE"hrnot % Ce 
O" 
3055 MOVA1950,500:WRITE"hmot % N 
e20" 
3060 SIZE20,0,0,40 
3065 MOVA0,-100:,vRITE"0":MOVA660 
,-100:WRITE"hmot % MgO" 
3070 MOVA1570,-100:WRITE"6":MOVA 
1615,-20:WRITE"l2" 
3075 MOVA2233,1068:WRITE"l6*:MOV 
Al228,1128:WRITE"hrnot % CeO" 
3077 MOVA2198,1128:WRITE"4" 
3080 MOVA528,1088:WRITE"l0":MOV A 
-100,-20:WRITE"l4"
3085 FORY =0T01088STEP1088
3090 FORX=0T01572STEP262
3095 MOV AX+ Y * 628/1088, Y + Y * 15/108
3095 MOV AX+ Y * 628/1088, Y + Y * 15/108
8:VECTR0,-15
3100 NEXTX,Y
3105 FORX=0T01570STEP1570
3110 FORY =0T01088STEP272
3115 MOVAX+ Y(2*. 866)+(X-1570)* 1
5/1570,Y :VECTR15,0
3120 NEXTY,X
3125 MOV A-50,1088:VECTA350,1088:
VECTA150,1434:VECTA-50,1088
3130 MOV A20,1209:VECTA120,1209:V
ECTA150,1261:VECTA50,1261
3135 MOVA-200,988:WRITE"26% CeO"
:MOV A250,988:WRITE"26%Mg0"
3140 MOVA0,1484:WRITE"26% Ne20"
3142 AS="log ETA= *+STR$(LV)
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3144 MOVA1220,1350:WRITEA$ 
3146 MOV Al998,1434 
3148 FORI=0TO200STEP20 
3150 VECTR10,-17:MOVR10,-17 
3152 NEXTI 
3255 RETURN 
10000 REM Koef. konst. A, B; 

I. ell. Trojuh.
10001 DATA.333187,.359399,.24651 
66,6.85025E-3,6.32367E-3,4.43088 
E-3
10002 DATA.1174E-l,-.110123E-l.­
.110417E-l,8.54271E-5,3.07538E-4
,I.20132E-4
10003 DATA-9.65326E-4,5.61683E-4
,-7.43216E-4,-5.76633E-4,-7.6884
4E-5
10004 DATA-2.6429E-4,l.38712E-3
10006 DATA-.966803E-l,-.106562,­
. 725894E-l, -2.12224E-3, -1. 73976E
-3
10007 DATA-l.31024E-3,-3.53812E-
3,3.34182E-3,3.18374E-3,-2.6741E
-5
10008 DATA-9.62676E-5,-3.76045E-
5,3.02173E-4,-l.75822E-4,2.32647
E-4
10009 DATAI.80502E-4,2.40669E-15,
8.273E-5,-4.34207E-4
10011 DATA.334432,.344459,.25585
4,8.71536E-3,-5.22533E-3,-3.81E-
3,-9.6789E-3
10012 DATAI.87717E-3,9.36204E-3,
4.56183E-4,0,0, -5.01802E-3,2.889
16E-3
10013 DATA-5.4742E-3,-3.99161E-3
,0,0,9.80794E-3
10015 DATA-.970531E-l,-.102088,­
.753856E-l, -2.68533E-3,I.70237E-
3
10016 DATAI.24131E-3,2.93204E-3,
-5.411E-4,-3.05007E-3,-l.29031E-
4
10017 DATA0,0,1.41934E-3,-8.1719
7E-4, l.54837E-3, l.12902E-3,0,0, -
2.77417E-3
10018 REM IZOTERMY
10020 DATA1520,1530,1540
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M ETO,IJ; fPA<DJ1.qECHOJ1 OEPABOTil'.11 X O,IJ;A 
TEM IIEPATYPH00: 3ABMCl1MOCTl1 BH3HOCTl1 CTEHJIOMACCbl 

OT Xl1.Ml1qECHOro C OCTABA 

Jla;:i:ncJiaB IIIameK, MapTirn Mirna, MnpocJiaB Pa)la 

,;a<Jieopa mexH0/1,0/!UU CUJl,UJ.amoe X U.M,UJ;o-mexHOJl,0/!U'{eCJ;0/!0 UHCmumyma, 
166 28 Ilpaea·6 

Ilpe;:i:JiaraeMhlH MeTO)l rrpe;IOcTaBJIHeT B03MOlRHOCTb rpaqmqecKOH o6pa60TKH TeMrrepa­
TYPHOH aaBHCHMOCTH BH3KOCTH OT XHMHqecKoro COCTaBa TapHblX H JIHCTOBhlX CTeKOJI C B03-
MOlRHOCTblO ITO)l6opa CO,[lepmaHHH Tpex KOMllOHeHTOB (Na20, Cao ll MgO) rrpn IIOCTOHHHOM 
CO)lepmamm AbOJ ll Si02 , MeTO)l. rrpe,[lITOJiaraeT rrpHMeHeHHe BblqHCJIHTeJibHhlX MamnH 
C rpa4!nqec1mM BhlXO).J;OM. MaTeMaTnqecKaH MO,[\eJib, OCHOBhlBarom:aHCH Ha IIOJIHHOMaX 
TpeTbeH cTeneHH, OIIHChlBaeT TeMnepaTypHyro 3aBllCHMOCTb BH3KOCTH .HCCJie.[lyeMhlX CTeKJIO­
Macc C MaKCHMaJibHhlM OTKJIOHeHHeM 11 ° C OT ll3MepHeMhlX BeJinqnH B o6m:eM HCCJie;:i:yeMOM 
;:i:narra3oHe BH3KOCTeii: (102-1014,S )llla. c) (CM. Ta6JI. VI). 0T)leJibHhle ll30TepMbl npHBO)lHTCH 
ua pnc. 7-12 c ToquocThIO )lO ±0,05 °C. MccJie)lyeMlre cTeKJJa Ha npHBO,[\HMhlX pncyHKax 
o6oaHaqeHbI qepoa KpymoqRn. 

113 xo,n;a H30TepM MOlRHO BbIBO)lHTb, qTo rrpn BbICOKl1X TeMnepaTypax C BH3KOCTblO CTeKJIO­
Macc OKOJIO 102 ;rlla . C Bl1:):J;HO 3aMeTHOe 3Ha•nITeJlbHOe BJIHHHHe 3aMeHbI COAepmamrn Cao 
H MgO. IloHHlReHHOe CO,[lepmamrn N a20, Bbl3bIBaIOIIIee IIOBhlilleHHe BH3KOCTH, MOlRHO 
BIIOJIHe ROMIIeHcHpOBaTb Harrp. IIOBhlllleHHblM co;i;epmaHH0M Cao BMeCTO MgO. C llOHH­
marom:eii:cH TeMrrepaTypoii: )laHHOe BJIHHHHe H3MeHeHHH OTHOIIIeHHH Cao : MgO IlOHHJRaCTCH 
H OT BH3KOCTH OKOJIO 107,6 )],Ila. C OKa3hlBaeTCH yme He3aMeTHhlM, 

IlpenMym:ecTBO rpa<f>nqecKoii 38IIHCH BJIHHHHH XHMHqecKoro COCTaBa OT TeMrrepaTypHoii: 
aaBHCHMOCTH BH3KOCTH cTeKJIOMacrbI aaKJIJOqaeTCH B TOM, qTo rrpe.n:ocTaBJIHeT B03MOJRHOCTb 
6hlcTpOI O ope,[leJieHHH XHMllqecKoro COCTaBa CT0KJIOMaCChl C ycTaHOBJI0HHOH TeMrrepaTypHoii: 
aaBllCllMOCTbIO BH3KOCTll. Ha pnc. 13 rrpHBOWIT� crroco6 orrpe;:i:eJieHHH XHMnqecKoro co­
CTaBa cTeKOJI c Tpe6yeMoii: KPYTH3HOii: TeMrrepaTypHo:u: saBncnMocTn BH3KOCTH. XnMnqecKnH 
COCTaB CTeKJIOMaCChl )laH TOqKOH rrepeceqeHHH rrpHBO)lHMhlX H30TepM, qTQ MOJRHO C ycrreXOM 
nerrom,aoaaTb rrpem;:i:e Bcero Ha rrpaKTHKe. 

Puc. 1. He,;omop&ie mun&i ·{q, n} peiuemo,;, (q = 3): a) 11,uHeilHa.11,, b) ,;,eaopamu1tec,;,a.11,, 
c) ,;,y6u'{ec,;,a.11, - Heno11,Ha.11,, d) ,;,y6u1tec,;,a.11,.

Puc. 2. Heno11,Ha.11, ,;,y6u1tec,;,a.11, .,11,ooe11,b. 
Puc. 3. Tpey2011,bHblU cu.41,n11,e,;,c. 
Puc. 4. J(uaapaMMa cucmeMbl Na20-Ca0-Mg0-Al,03-Si02 . 
Puc. 5. J(uaapa.41,.41,a cucmeMbl MgO-Ca.0-NaiO, 
Puc. 6. CxeMa paaMeUfeHu.11, ucc11,eiJyeM&1x cmei.011, e mpouHoU cucmeMe: 

nu,;, MgO CaO Na,0 nu,;, McO CaO Na20 

1 0 10 16 1 0 10 16 
10 0 14 12 2 6 4 16 
3 6 8 12 3 6 8 12 

Puc. 7. Xoo uaomepM npu log 1J = 2 e aaeucUMocmu om xuMU'{ec,;,oeo cocmaea. 
Puc. 8. X oo uaomepM npu log 1J = 3 e aaeucuMocmu om xuMuotec,;,oeo cocmaea. 
Puc. 9. X oo uaomepM npu log 1/ = 4 e aaeucuMocmu om xuMU'{ec,;020 cocmaea. 
Puc. 10. Xoo uaomep.41, npu log1} = 7,6 e aaeucu.,1,iocmu om xu.41,u'{ec,;,020 cocmaea. 
Puc. 11. XoiJ uaomepM npu log 1J = 13 e aaeucuMocmu om xuMu1tec,;,020 cocmaea. 
Puc. 12. X oo uaomep.41, npu log 1/ = 14 ,5 e aaeucUMocmu om xuMuotec,;,oeo cocmaea. 
Puc. 13. OnpeoMeHue xUMu1tec,;,oeo cocmaea cme,;,011, c onpeoMeHHOU ,;,pymuaHou ,;pueou 

eM,;ocmu. - - - - uaomep.,11,bi 011,.11, e.11,0,;ocmu 1/ = 102 olla . c, --- uaomepMbl o.MI
8.11,81.0CmU 1J = 107,6 oJla. C
1 - trog ., - 2 = 1 520 °C u hog ., - 7. 6 = 720 °C, 
2 -c- trog., - 2 = 1 530 °C u trog '1 - 1,6 = 720 °C, 
3 - lrog ,, - 2 = 1 540 °C u t1og., - 7,6 = 720 °C, 
4 - hog,, - 2 = 1 520 °CU hog,, - 7,6 = 730 °C,
5 - hog., - 2 = 1 530 °CU hog '1 - 7,6 = 730 °C,
6 - t1og,, - 2 = 1 540 °Cu trog., - 7, 6 = 730 °C, 
7 - trog., - 2 = 1 540 °Cu hog ,i - 7,6 = 740 °C, 
8, 9 - hog., - 2 = 1 530 °C U trog., - 7,6 = 740 °C. 
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GRAPHICAL PROCESSING OF THE TEMPERATURE DEPENDENCE 
OF VISC OSITY ON CHEMICAL COMP OSITION OF GLASS MEL TS 

Ladislav Sasek, Martin Mika, Miroslav Rada 

Department of Silicate Technology, Institute of Chemical Technology, 166 28 Prague 6 

The suggested method allows the temperature dependence of viscosity on chemical composition 
of container and flat glasses to be processed graphically while permitting the content of three 
components (Na20, CaO and MgO) to be varied and keeping a constant content of Al203and Si02. 
The method makes use of a computer with plotter output. The mathematical model, expressed 
by third-degree polynomials, describes the temperature dependence of viscosity of the glasses 
with a maximum deviation of 11 °C from the values measured over the entire viscosity range 
studied (102- 1014,5 dPa s) (Table VI). The individual isotherms are plotted in Figs. 7 through 12
with an accuracy of ± 0.05 °C. In these diagrams the experimental glasses are marked with rings. 

The course of the isotherms shows that at high temperatures at glass viscosity of about 102 dPa s 
the effect of CaO-MgO substitutions is quite significant, A reduced content of Na20, which 
brings about an increase in viscosity, can be complettly compensated substituting by MgO with 
CaO. With decreasing temperature the effect of a change in the CaO/MgO ratio is becoming 
less marked, being already indistinct at viscosities higher than about 107.6 dPa s. 

Graphic plotting of the effect of chemical composition on the temperature dependence of glass 
melt viscosity has the advantage of allowing the chemical composition of glass with a defined 
temperature dependence of viscosity to be determined very rapidly. Fig. 13 demonstrates the 
method for establishing the chemical composition of glasses with a desired slope of the temperature 
dependence of viscosity. The chemical composition of the glass is given by the intersection of the 
respective isotherms. The method can be used to advantage in glassmaking practice. 

Fig. 1. Some types of[q, n] lattices (q = 3): a) linear, b) quadratic, e) cubic incomplete, d) cubic. 
Fig. 2. Incomplete cubic model. 
Fig. 3. Triangular simplex. 
Fig. 4. Diagram of the s-ystem Na20-Ca0-Mg0-Al,03-Si02 . 
Fig. 5. Diagram of the s-ystem Mg0-Ca0-Na20. 
Fig. 6. Sche'17WJ;ic diagram of the positions of experimental glasses in the ternary s-ystem: 

Peak 

1 
10 

3 

MgO 

0 

0 
6 

CaO 

10 
14 

8 

Na20 

16 
12 
12 

Peak 

1 
2 

3 

MgO 

0 

6 

6 

CaO 

10 
4 
8 

Fig. 7. '1.'he course of isotherms at log 1/ = 2 in term.s of chemical composition. 
Fig. 8. The course of isotherms at log 1/ = 3 in terms of chemical composition. 
Fig. 9. The course of isotherms at log 1/ = 4 in terms of chemical composition. 
Fig. 10. The course of isotherms at log 1/ = 7.6 in terms of chemical composition. 
Fig. 11. The course of isotherms at log 17 = 13 in terms of chemical composition. 
Fig. 12. The course of isotherms at log 1/ = 14.5 in terms of chemical composition. 
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Fig. 13. Determination of the chemical composition of glass wuh a required steepness of the viscosity 
curve. 
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- - - - isotherms for viscosuy 1/ = 102 dPa s,
-�- isotherm for viscosity 1/ = 107.6 dPa s,

1 - t1og '7-2 = 1520 °0 and t10g 7l-7.6 = 720 °0, 
2 - t10g '1=2 = 1530 °0 and t10g ri-7.6 = 720 °C, 
3 - t1og 71-2 = 1540 °0 and t10g ri-1.6 = 720 °C, 
4 - t10g ri-2 = 1520 °C and t10g ri-7•6 = 730 °C,
5 - ltog 71-2 =;= 1530 °0 and t10g '1-7.6 = 730 °C,
6 - ltog 71-2 = 1540 °0 and t1og 71-1.6 = 730 °0,
7 - t1og 71=2 = 1540 °0 and liog 7l-7.6 = 740 °C, 

8, 9 - t10g 71=2 = 1530 °0 and t10g 71_7,6 = 740 °0. 
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