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But aasunhg that a su i tab le  l iqu id  can be obtainod 

and accepting o'wh o the r  aosuuptione ae eeen unavoldabl.o, 

wo q attempt t o  f ihd  out how t h e  model experiments 

ought t o  be conduoted. 

11. Similarity of Circulation 

I n  t h e  ful l -s ized tank, let (oO) be none fixed poitit 

on t h e  free crurfaoe of the molten glass;  (6.g.)  the  oefiter 

of the refining end, and l e t  (Po) be a f ixed point anywhere 

&&I tho body qf tho l iqu id ,  
. . 

The eurfaoe epedd (S,), can be found from observations 

QH f l aa t a ,  but 12 the valueo of ( Vo. sO) and (EO) are be 

. found i t  must be by inlerenoo from obeema'bione oa the  model, 

beoauee the point (Po) is inaccessible t o  meamring inatru- 

- Speed o f  f low at 00* 

V, * Speed of flow at  Po. 

50 
= between veloci ty  at (Po) and the  vert ical .  

Co n dugla between thie  veloc i ty  and h~r i son ta lme6dan  

line of tank . 
In the saodel, l e t  (o,,) and (P1) be the  points that 

correspond, geometricalJ-y, t o  (0,) and (Po) and l e t  (sl). 
( ( b L )  and (ex) have t he aame meaainga, mutatia mutandis, 

0 



. as (So, Vo, 6,) and (Go). Then, by a w i n g  t h a t  t h e  air- 

- oula t ion i n  t h e  model i a  "Similarn t o  t h a t  i n  t h e  largo 

tank, wo s h a l l  meon that. 

' so " V1 vo = C O ,  and - 1- 1 
1 So 

f o r  a l l  p o s i t i o u s  of the point  ( P ~ ) .  

I t  t h e  model eqmrimenl can be eo  arranged that t h i a  

s i m i l a r i t y  aiabafata, obasrvationa of and ( E l )  a t  p o i n t e  

in t h e  node1 liquid w i l l  give t h e  values  of (So) and (4,) at 

t h e  g e o u e t r i c a l l y  oomeetponding pointe  in t h e  l i q u i d  glass, 

and obsorvst ions of  (S1) and (V1), t o g e t h e r  with obaervationa 

of (So) i n  t h e  l a r g e  tank,  w i l l  g l v e  t h e  valuee of  (Vo) e o  

that we a h a l l  then know t h e  mspeed and d i r e c t i o n  o f  motion of 

t h e  glaes at pointa below t h e  surfaae where they oan not  be 

obaerfed d i reof  ly. If a model experiment i a  t o  acme t h i a  

purpose, i t  muet ev iden t ly  be 80 devised t h a t  it i a  poaa ib le  

t o  determine t h e  speed and direction of  the flow at paints  i n  

t h e  body of the l iqu id .  How t h i s  ie t o  be done will not  be 

disouased here,  we &all assume t h a t  it can bo done and pass 
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111.- Asaurnptlons Helnting t o  the Liquid 

(a) The circulation of the molten glass, or the W e l -  

-oc;ity f i e ld"  in the largo Lank, depends on certain mechanical 

and thermal properties of the glass ,  and the circulation in 

tho mod01 l iquid.  These propertias vary wSth tempes&ure, 

some more thau others, and in  any o o q l e t e  dirscusaion o f  

tho relative behavior of  two liquida i n  reaious o f  nonulzi- 

-form temperatwo i t  would be 8eoeeaary totako account o f  tho 

variutio,to i n  question. We shal l  aeeume, however, that Che 

propertie: of the g1asa tl& influence it6 oircula-kion m y  
' be adequately apoci9isd by s tat ing  t h e i r  valuea at some 

mew twporaturo, and vte r~hall  make the same arjamption 

with regard t o  Qhe model liquid. In the ease of the glaas, 

the aweumptian is equivalent t o  asswing f ha% if a l iquid 

couZh be. found that ha& throughoufi +he rmge of temperature 

t o  which the glass is swbjeot, the same groperties aa the 

glasrs has st a certsfn fixed, moan temperature arid if the 

g lass  were reploced by t h i s  l iquid,  the eubstituted l iqu id  

would circulat in the aame way a8 the molten glasa actually 

circulates . SinlilarZy with reepect t o  tbe model liquid. 

Ihe asqmptiona may be only roughly true, especially ' 

for the glass, but they are indispensable dmpl i f i cat iona .  



(b) Xn the me1tj .q end of the tank,  t he  glassl is hea- 

-tad, parb2.y by contact  with ho t  gasea and p a r t l y  by radia-  

-tion ftom tho roof, und i n  the re f in ing  end, where t h e  roof 

is cooler,  t h e  glass m a y  bo los ing  heat by rad ia t ion  ' t o  

t he  roof. In e i t h e r  case, t h e  d i reo t  e f f eo t  of r ad i a t i on  

on t h e  temperature of t h e  g l a s s  is probrrbly l imi ted  t o  a 

t h i n  surface  layer, f o r  it seems probable that molten g l a sa  

is very opaque t o  t h e  kind of rad ia t ion  involved. 

We ahall, aamme t h a t  tho glastr i a  eo opaque t h a t  the 

temperatuxaa a% poirrto i n  the body of tho  liquid below t h e  

surface are not 8pproaiabY.y affooted by d i r e c t  rad ia t ion  

but only by conduo'tion and conveotioa. 

So Par a@ tM8 is true, the ~onveo t ion  cwrenta t h a t  

accompany t h e  apaae v a r i a t i ~ n s  o f  temperrrture i n  +he body 

o f  t h e  l fguid will no* depend on the meam by which a part- 

- icular  distr ibu'bion of $empexatwe is mabta ined  In t h e  

eurface layer but only on what t h a t  d i ~ t ~ i b u t i o n ~ *  

(0) The v i soos i t y  of l iquid glaea i r ~  very high ( o f  t h e  

ordor of 10000 t h e e  t h e  v iacoe i ty  of water at  room temper- 

ature) and the epeedrr ox c i r cu l a t i on  are low, hence t h e  in- 

ortia forc6s  a r e  amall i n  comparison wi th  tho  viscoua forcee ,  

We a h a l l  assume thLt t  t h e  i n e r t i a  f o l c e ~  a r e  of neg l ig ib le  

importanoe. 



Tbia assumption seems q u i t e  eefe. 1% i a  advantageous 

in applyiw dilnonsional reasoning t o  model experimertttl, es 

we are about t o  do, f o r  it author izes  us t o  ignore t h e  ex- 

istence of  Bewtonts aecond Inw of motion and t o  use an 

arbi trary  fundamoutal wit of fosoe ins tead  of a wit der- 

Aved from t h e  uni ta  of  mas, length, cud tirue. 

(d) There would be  a further advantage i n  ingoring t h e  

fact  o f  the equivalence o f  work and heat and w i n g  an asb- 

i t r ~ r y  fundamental unit of  quan t i ty  of  heat ,  

who$@ t h i s  ia parinisaible depeads on whether the  amounts of 

heat produced by dirjaipa.i;ion 09 the work done by gravity 

. against  viaecoun res ia tauces  are of any %mportance i n  comp- 

ariaon with the ~MO~IUI%B moved from place t o  place  by oond- 

uction and conveation. Por i f  they are not, the dbtr ibut ion  

of temperature t h o u g o u t  t h e  body of the l iquid,  or t h e  
a tenlpewture f l ~ l d " .  W i l l  bo sens ib ly  the game as i f  t h e  

dissipated work ware simply annihi la ted,  I n  view o f  t h e  

hiah value of t h e  meohanlcal equivalent  of heat, it seems 

uul ikely  t h a t  t h e  heat  o f  dissipation i e  of sppreoiable imp- 

ortance, and if thie surmise i a  coxsect, the  fact t h a t  work 

can be d i s s ipa t ed  i n t o  hest ,  with a fixed conversion r a t i o ,  

hus no beaxing on the operatio& of a glarre tank and may be 

disregarded, We ahall aasume that thia i f l  peiurlseible, and 

wo s h a l l  the re fore  uee an independent fundamental u n i t  of 

heat i n  experassjng t h e  dinensions of apeo i f io  heat and th -  

ermal c ~ l d W b i V i t ~ r  



JV. Youtulat u s  Concerning Conntruction 

09 the Modal. 

. (a) The shape of  the model. tank, inc luding the thick- 

nem of the tvaf le aud the i r  in terna l  roughesrr, is t o  be 

geame'kricclly igimilar t o  that of the large tank, and the 

depth of tho liquid ia t o  be relat ively t h e  eame i n  both. 

Ihe term "wala is  to be undoratood aa referr'ing t o  t h e  

f loor  o f  the tmk &a weI.1 the s ides ,  but not - t o  the 

roof or t o  parts of the sidea above the level  o f  the l iquid  

(b) 39 the t h e m 1  c o n d u c ~ i ~ t ~  o f  the walla o f  the 

large tank is tho same everywhere, the model may be b u i l t  

the model is La be  varied from point $0 point, Ln such a 

wag that i to  oondwtSvity at each point bears a fixed ra'tiio 

$0 the cond$tivity ht  the ~ o r ~ a ~ p o l l d i l l g  point on the large 

t k  What th3.8 ratio mwL bo need not be s p e c i f i e d  u&til 

la ter .  

We may describe th ia  requirement by saying that the dist- 

ribution of thermal conductivity i n  the  rralle o f  the model 

is t o  be nsimilar" t o  that in the  w s l l s l  of  the large tank, 

or  that when we passl from the  large tank t o  be the model t h e  

dicjtribution of conductivity is t o  remain "shilar t o  itselfn. 



V, Hectlug and cool ing  of  the  Model 

P a r t  of t h o  heat given t o  t h e  glaav in t h e  salting end 

of t h o  touk is uaad i n  heating and molting newly in t roduced,  

oold mate r i a l ,  and part: i a  carried t o  t h e  walls by coauect- 

ion and eecapeg t o  %he ou t s ide  &ir by conduction throwh 

them. 

Both p a r t s  depend on t h o  fact t h a t  t h e  glass is h o t t e r  

than t h e  air, and etoady opera t ion  dependrs on t h e  mainten- 

anoe of thia excess of t e q e r a t u s e .  

Elanco, i n  arranging a node1 experiment t o  imitate  t h e  

tmporature f i e l d  and the ucaompanying circulat&on in the 

large tank, it is  neceaeary t o  provide f o r  Borne sor t  of 

stmilarly as to differences of tempelaturet (a) betwaon the 

free rrurfacs o f  t h e  1iquI.Q and the outrrlde air and (b) bet- 

ween t h e  o u t e r  rrurface of t h e  walltit and the a i r  i n  con tac t  
.e 

w i t h  them. 

(a) '.the su r faoe  o f  the Ziquid in the melting and of 

t h e  model t a n k  is t o  be heated  by oont aat wi th   jet^ of hot 

sir* 

~ e a t h g  by radiation fxcm a heated roof, or from 

electric hea te ra  placed over the s u r f a c e  of t h e  l i q u i d ,  

would doubtlees be moxo convenient.  But t o  furnish enough 



hea t  would r e q u i r e  a high r a d i a t o r  temperature and, u l e u a  

t h o  l i q u i d  were very opaque, t h i s  high-temperature radiat- 

i o ) ~  vwuld peno t rn te  t o  t h e  deeper  layers and heat  theln 

cjiroct ly. 

l h i ~  would not  be a a a t i s f a o t o r Y  i m i t a t i o n  of t h e  

manner in which we have aasumed t h e  hea t ing  t o  t a k e  p l a c e  

i n  the fullsized furnaco. 
a, 

The h e a t i n g  i a  t o  be ao arrauged that the  d i s t r i b u t i o n  

of tauporatuxe over t h e  s u r f a c e  of  t h e  model L i q u i d  i m i t a t -  

ers, and is a i r ~ ~ i l a r  to ,  t h e  d i ~ t r i b u t i o n  over t h e  auxface of 

t h o  molten glaae, and before  t l x i . ~  adju8tnent  can be made, 

t h e  t m y a r a t u r e  of t h e  aurf'ace 09 f he g l a s s  must have been 

rnoarsurud at a oonsiderable nmber o f  point& rro %hat we rimy 

kaown +ha% we have $0  imitate. Suoh meae rementa are n o t  

easy t o  make, but without  di8cusaing t h e  obvious experimental  

d i f f i c u l t i e s ,  we shall suppose them t o  have been surmounted 
*. 

and s h a l l  prooodd t o  coao ide r  how the t e r i n  a nsimilarlt i a  

t o  be u n d e r ~ t o o d  i n  this connection. 

In +he cam'  of the f u l l - d e e d  tank,  l e t  

t Suriace temperature of glass a t  any point  , ( 2 , ) .  
0 

mo o meah tompe&ature of  wholu surface.  

8o 
= mean temperature of o u t s i d e  air, 

A0 
= no - a, 



Then the disltribui;ion of l;ampojt:ature t h a t  is t o  be 

iml l tated may be described by s t a t i n g  tho oonstont valueu 

of (ao) and ( A,) and by ota$ing t h e  valuee of (no - to)/ A , 
Por  a l l  pos i t ions  of the  poLqt (Po). 

2uxning t o  t h e  modal, l o t  the oorreeppnding quaitit icia 

be denoted by (tl, ml, alp b and t l )  referring t o  t he  p o i n t  

(P1) which corresponds geometrioaly t o  (Po). %he d i s t r i b u t -  

ion of temperatwe over the aurf'ace of t h o  modal liquid may 

be described, ae f o r  tho molton glass, by eta tin^ the valuea 

o f  (aL) ( A ) end (rnlatl)/ A l. 
1 

I P  the h c a t i l g  of t h e  model i a  80 arranged t h a t  tho equation 

i a  s a t i s f i e d  f o r  a l l  palm o f  corresponding pointe (Po) and 

(P , )  we shall ow, as a mat te r  09 def inet ion t h a t  the d i s t -  .. 
ribtioncr o f  temperature are similar, and we psatulate, arr 

one of the co~lditioncl t o  be obsemod i n  arranging a model 

experiment, tbat the surtaoo of the model Liquid shall be 

heated i n  auoh a way su t o  produce thi.61 temperature e - i b  

-ar i ty  between the model and the l a rge  tank. 

(b) The temperature of  the outside sur face  of  t h e  

walle o f  the model m u a t  also be attended t o  and spooif ied 

bscauee it influoncee t h e  rate of conduction through t + e  



-379- 

L (a,) be tlio t a q o x a h u s  a t  any po in t  on the  walls 

of t lw  luxgo tank and 3.et (e. ) be t h e  tw.pernture st tho I 
oorroupoudirtg p o i n t  on the modeX. Then i f  t h e  values of  

for a11 pslra of corraspondi ng poin t  a ,  we shall deacribe 

t h i u  udJuatmenC by saying that t h e  c i ia t r ibut ion of tomp- 

erat~are ou, tlia owt;side ourfitca of the model is similar t o  

thut on t h o  owtadie o f  t h e  large tank. 

Atf s moond "cmpe:~oa"cwe condi f ion ,  We, poe'cul.s%e t ha+ 

th9.a rjirrzilurity ~holL bo mi)t'l;oirred, $here uho~ld bo no 

steriuua iliffics~tlty In satisfying: th ia  requiren~edD f o r  the 

valuus of (a,) x readily acoescriblo t o  mee&ur.Oent and 

thoae of (el) can be xeguluted by b l o w h g  air on the model. 
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pigure ( A )  : ~ X P E H I I ~ B ~ ~  SS3T-W 

B, Scale-Furnace* 



1. Flow lines directed t o  t h roa t .  



i 3 .  S t a b l e  similar f low* 

The p i c t u r e 3  i n d i c d t e  f low pat tern  o f  l i q u i d  glass  i n  

furnace  t a n k  and t h r o a t  : 

1. Flow l i n e s  d i r e c t e d  t o  t h r o a t .  

2< TWO d i s t i n c t  f low l i n e n .  

1 

3'  S t a b l e  similar f l o W *  



... 
I- RESULTS: 

The Figs.(l-32) show t h e  e x p e r i m e n t a l  r e s u l t  which 

c l - e a r l y  i n d i c a t e s :  

( 1 )  It is p o s s i b l e  t o  p r e d i c t  t h e  b s h a v i o r  of  g l a s s  

f u r n e c e  by u s i n g  s c a l e  models ,  

( 2 )  The b e s t  r e s u l t s  a r e  w i t h  c i r c u i r r  t h r b a t  , however 

t h e  r e c t a n g u l a r  t h r o d t  have l e s a  but very s imi l a r  

r e s u l t s ,  we t h e m  recommend xsct crngular t hroet 

as aircular t h r o a t  p r a c t i c a l l y  dre expans ive  and diff- 

i c u l t  t o  pxoduce and  m a i n t i a n  d u r i n g  t h e  o p s r s t i o n  of 

f u r n a c e .  

11, RBC O I ~ , X I ~ D A T I O ~  

We recornniend t h e  followin@;: 

A f t e r  design a g l a s s  f u r n a c e  a s c a l e  model is recommended 

t o  p r e d i c t  t h e  different parameters3 o f  the f u r n e a e  s u c h  as: 

(1) Threat shope.  

( 2 )  T h r o a t  dimens ions .  

( 3 )  Length t o  w i d t h  r a t i o .  

( 4 )  Glass d e p t h .  

If g l a s s  rnovertient is  s a t i s f a c t o r y  no f u A t h e r  i n v e s t -  

i g c t t i o s  a r e  r e q u i r e d  i f  n ~ l i  some chclnges i n  t h e  model is 

n~ade u n t i l &  s a t i s f a c t o r y  r a s u l t s  ach ieved .  

This m o d i f i c a t i o n  are t h e n  done on t h e  experimeutsl  

f u r n a c e  t o  v a l i d a t o  its u 2 p l i c a t i o n .  
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