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I. INIPRODUCTION

yfue clrcuaiation or Lllyuld ylass 1il d CalK CUXLaCe way bDe
iuwmrtated gualitatively, Oy experimenting O a swali woded oL
Cite tank at sucn moderate tewmperatures’ as will adult OL USLiny
sowe ordinary liguid to represeut tne molten gylass. If all tine
clrcumstances or the model experiment could P& sultabie arraliy-
ed and controlled, tie laitacion migut pe wade guantitative,
ald OPSErvations O Lie Lenavior 6: tue ligula in tne mouel
would tuen yive definite and reliaoie in formation -about wnat
ftappens in full-scale operation. Wwe propose to inguire into
tue conaitions tiatc would nave to oe satisified in tie jwodel ex-

veriment iu ordsr to achieve this result.

e problewm is altoyethnier unmanayeable unless we laealize
it consideraply Oy making suapiilylny dssunptions, some OF
wilicn are olnly rougn approximations to reality. Tne yreatestc
difficulties occur in connection witn tne cnoice of a woael
Liguid, for tne tuermal and mecuanical properties of tnis liguid
must pe related in certain deiinite ways To the corresyonding
wroperties oi the wmolten yiass, and 1t is doubtful whetner any

satisfactory liquid can e Lound oOr inade up.
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But assuming that a suitable liquid can be obtalned
and accepting such other asswiptions as seen unavoidable,
wo may attempt to fihd out how the model experimentas
ought to be conducted, ‘

II1, Similarity.of Circulation

In the full-gized tank, let (Oo) be some fixed point
on the free msurtace of the molten glasg, (e.g.) the center
of the refining end, and let (Po) ba & fixed point anywhere
in the body of the liquid,

The surface apedd (S.), can be foﬁnd from obgervations
on floata, but if the values of ( V,, ﬁb) and (B,) are be
. Pound it must be by inference from obsexrvations on the model,
because the point (Po) is inaccessible to meaguring ingtru-

menta or to visual obaservation.

= Speed of flow at O,.

s Speed of flow at Po.

= Angle between velocity at (Po) and the vertical.

= Angle between this velocity and horizontal meddan
line of tank . ‘

N o
o © Oq Om

In the model, let (0,) and (P,) be the points that
correaspond, geometrically, to (Oo) and (Po) and let (Sl)’
(V1§ (51) and (él) have the same meafiings, mutatis mutandis,
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> 55) end (€). Then, by saying that the cir-
~culation in the model ig "Similar® to that in the large

. ag (So, V

tank, we shall mean that.

vy Vb o
61=SO s '€l=‘€o ,B,nd-—--: (1)
51 So

for all positious of the point (Po);

It the model experimant can be so arranged that this
similaxity sibsists, observetions of (Sl) and (&,) at points
in the model liquid will give the values of (So) and (€,) at
the geometrically correstponding points in the liquid glass,
and obgervations of (Si) and (Vi), together with obgervations
of (So) in the large tank, will give the values of (Vb) g0
that we shall then know the speed and direction of motion of
the glass at points below the surface where they can not be
obaerved directly. If a model experiment is to serve thias
purpose, it must evidently be a0 devised that it is poasible
to determine the speed and direction of the flow at points in
the body of the liquid. How this 18 to be done will not bve
discussed here, we Hhall aasume that it can be done and pass

on.
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ITY, Aggumptions Relating to the Liquid

(a) Thg circulation of the molten glass, or the %vel-
-ocity field™ in the laige tank, dependa on certain mgchanical
and thermal properties of the glass, and the circulation in
the model ligquid. These properties vary with temperature,
gome moxe than others, and in any complete discussion of
the relative behavior of two liquids in regions of nonuni-
Lorm temperatuxe it would bg Necessary to take account of the
variations in question. We shall assume, however, that the
propertie.: of the glass that influence its circulation may
be adequately spocified by stating their values at some
mean tcumperature, and we shall make the same assumption
with regard to the model liéuid; In the case of the 51&&3,
the agpumption is equivalent to agsuming that if a liquid
could be found that had, throughout the range of temperature
to which the glass is pubject, the same properties as +the
‘glass hes at a certain fixed, mean temperature and if +the
glass were replaced by this liquid, the substituted liquid
would circulat in the same way a8 the molten glasa qctually
circulate:g Similarly with reapect to the model liquid.

The asgsumptiona may be only roughly true, especially

for the glass, but they are indispensable simplificationsa.
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(b) In the melting‘end'of the taﬁk;ytha glegs ig hea-
-ted, partly by contact with hot gases and bartly by radia-
4ion from the xoof, and in the refining end, where the foof
is cooler, the glass may be losing heat by radiation to
the roof, In either case, the direct effect of radiation
on the temperature of the glaas ia probably limited to a
thin surfacq layer, for it seems probable that molten glasé

is very opaque to the kind of radiation involved.

We shall assume that the glass is so opaque that the
temperdtures at points in the body of the liquid below the
surface are not appreciably affected by direct radiation

but only by conduotion and cocnveetion,

So far as this is true, the convection currents that
accompany‘the gpace variationa of temperature in the body
of the liguid will not depend on the means by which a parté
deular distridution of temperature is maintained in thé
gurface layer buf only on what that distxibutions.

(¢) The viamcosity of liéuid glags is very high (of the
order of 10000 times the vigcoaity of water at room temper;
ature) and the speeds of circulation are low, hence the in-
ortia forces are small in comparison with the viscous forces.
We shall asgume that the inertia foices are of negligible
importance.
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This agsumption seems quite safe. It is advantageous
in applying dimensional reasoning to model experiments, &as
we aro about to do, for it amuthorizes ug to ignore the ex-
igtence of Newton's second law of motion and to usge an
axbitrery fundsmental unit of force instesd of a wait der-

ived from the units of mass, length, ecud time.

(d) There would be a further advantage in ingoring the
fact of the equivalence of work and heat and using en arb-

itrury fundamental unit of.quantity of heat.

whotle this i permissible depends on vhether the amounts of
heat produced by dissipation of the work done by gravity
against visecous resistances are of any importénce in coump=
arigon with the ampunts moved from place to place by cond=
uction and convection. ¥For if they are no¥, the distribution
of temperature througout the body of the liquid, oxr the
*temperature f1ald", Will be sensibly the same as if the
dissipated work were simply anqihilated. In view of the
high value of the mechanical equivalent of heat, it seems
unlikely that the heat of dissipation is of appreciable imp=~
oxtance, and if this surmise is coxrect, the fact that woxk
can be dissipated into heat, with a fixed conversion ratio,
has no beamﬁng on the operation of a glasa tank and mey be
disregarded, We shall assume that this is permiseible,vand
we shiall therefore use an independent fundamental unit of
heat in experedaing the dimensions of specific heat and th-

ermal copductivitys
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IV, Poatulates Concerning-Congtruction

of the Model.

(e) The shape of the model tank, including the thick=-
ness of the walls and their internmal roughness, ia to be
geometrically similar tb that of the large tank, and the
depth of the liquid is to be relatively the same in both.

The texrm "wald ig to be undergtood as refexring to the
floor of the tink 8s well as the sides, but not to the
roof or to parts of the sides above the level of the liquid

gurface,

(b) If the thermal conductivity of the walls of the
large tank is the same everywhere, the model may be builil
of & single, uniform material, Otherwise, the material of
‘the model is o be varied from point to point, in such a
way that ite conductivity at each point bhears a fixed ratio
$0 the condd%tivity at the correaponding point on the large
tank. What thisg ratio must be need not be specified ukiil

. later.

We may describe this requiremeant by saying that the dist-
ribution of thermal conductivity in the walls of the model
ig to be "gimilar" to that in the walls of the large tank,
or that when we pasg from the large tank to be the model the
digtribution of conductivity is to remain “"similar to 1tself®
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V. Heating and cooling of the Model

Part of the heat given to the glass in the melting end
pf the tank ims used in heating and meliing newly introduced,
cold matexrial, and part ig carried to the walls by conwect-
ion and escapes to bhe outzide alr by conduction through

them,

Both parts depend on the fact that the glaas ig hotter
than the air, and gteady operation depends on the mainten-

ance of thisg exceas of temperature.

llence, in arranging a model experiment to imitate the
temporature <field and the accompanying circulation in the
large tank, it 18 necessary %o provide for some gort of
gimilarly as to differences of temperature: (a) between the
free surface of the liquid and the outside air and (b) bet-
ween the outer surface of the walls and ths‘g}r in contact

with them,

(a) 7The surface of the liquid in the melting and of
the model tank is to be heated by contact with jets of hot

8ir,

Heaﬁiﬁg by radiation from a heated roof, or from
electric heaters placed over the surface of the liquid,

would doubtless be moxre convenient. But to furnish enough
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-heat would require & high rediator tembarature,@nd, unlesa
the liquid were very opaque, -this high-temperature radiat-
ion would penotxate to the deeper layers and heat them

directly.

This would not be a satisfactory imitation of the
menner in which we have assumed the heating %o take place

in the fullgized furnace.

oo

The heating is to be mo arranged that the distribution
of temperéture over the surface of the model liquid imitate-
e8, and is similar to, the digtribution over the surface of
the molten glasa, and before this adjustment can be made,
the temperature of the surface of the glass must have been
meagured &% a copsiderable number of polits so that we may
known that we have to imitate. Such meas rements are not
sagy to make, but without discussing the obvioua experimental
difficulties, we shall suppose them to have been surmounted
and shall prog;dd to congider how the terin a "similar" im

to be understood in this connection.

In the case of the full-sized tank, let

to = Surface temperature of glass at any point ,(Po).

m « meah tempefature of whole surface. )
= . mean temperature of outeidé air,

= -
A (o] m0 a0
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Phen the distribuition of tempekature that is to be
imiltated may be described by stating the constant values
of (a ) and (A,) and by stading the values of (m, - to)/é’o
for all positions of the point,(Po).

Tuming to the model, let the corresppnding éuantitiea
be denoted by (tl, m,, al,A].and tl) reforring to the point
(Pl) which corresponds geometricaly to (Po). The distribut-
ion of temperature ovexr the‘surface of the model liquid may

be described, as for the molien glass, by stating the valueas

of (a;)y (Al) and (ml-tl)/Al.

I£ the heating of the model iz so arranged that the equation

m, =t m -t
L 1.0 0 (2)

AJ. Ao

is matisfied for all pairs of corresponding pointa (Po) and
(Pl) we gshall say, as & matter of definition that the dist=~
ribtions of temperature are similar, and we peatulate, as
one of the conditions to be obgerved in arranging a modsl
experiment, that the surface of the model liquid shall be
heatod in such a way as to produce this temperature gimil-

‘-arity between the model and the large tank. .

(b) The temperature of the outside asurface of the
wells of the model must alao be attended to and specified
becauss it influences the rate of conduction through the

W&llﬂo
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Let (e,) be the tampevature at wny point on the walla
of tho large tank end let (o)) be the temperature et the
corroaponding point on the model. Then if the values of

(e,) ure so adjusted that

2 thoL e (3)
8y bo

for sll pairs of corresponding points, we shall describe
thig adjugtment by saying that the dia’t:_;ibution of temp-
erature on the outside surfuce of the model is similar to

that on the outadie of the large tank.

As & necond temperature condition, we postulate that
thig gimllarcity shall be maintoined. Thexe ghould be no
geriouy difficulty in satiasfying this requirxement for the
values of (ao) sre Toadily accessible to measurement and

those of (el) can be reguluted by blowing air on the model.
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' Figure (A): EXPERIMENT SET-UP

A~ Supply Tank. B, Scale-Furnace.

= Drain Pot. D, Throat.

| pguse (3): LiKOA
A, BEVBLLED "B,
D, RECTANGULAR E. TRINGULAR.
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Figure (C): RECTANGULAR THROAT

]

2, Mwe distinet £low linead.
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'3, Stable similar flow

Figure (C): RECTANGULAR THROAT

The pictures indicate flow pattern of liquid glass

furnace tank and throat:
1.. Flow lines directed to throat.

2¢ Two distinct flow lines.

3, Stable gimilar floW.

in
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RESULTS s
The Figs.(l-32) show the experimental result which
clearly indicates:

(1) It is possible to predict the behavior of glass
furnace by using scale models.

(2) The best results are with circulsr throat, however
the rectangular throat have less but very similaxr
results, we thers nrééommend rectangular tarcatb
a8 oircular throat practically are expausive and diff-
icult to prodﬁce and maintian during the operation of
furnace.

RECOMI.ENDATION :

We recommend the following:

After design & glass furnace a scale model is recommended
to predict the different parameters of the furnace such as:
(1) Threat shope, .

(2) Throat.dimenSions.

(}) Length to width ratio.

(4) Glass depth.

If glass movement is satisfactory no fu.ther invest-
igatios are required if not some changes in the model is

~

made untili satisfactory results achieved.

This modification are then done on the experimental

Ffurnace to validate its upplication.
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