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Physical modelling of flow behavior in a stirred glass system
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As stirring efficiency m a d e the use of isothermal models plausible, d imens iona l analysis was used to extend mode l laws to include
stirrers, gobbing cams and to indicate the condi t ions required to get d a t a representat ive of ac tual or p roposed units. Based on full-
size modelling, the product ion depa r tmen t installed stirred glass set-ups a n d m a d e excellent products . Cor re la t ion be tween mode l l ing
and product ion was excellent and included mechanical variables and temperatures . F u r t h e r m o r e , a new delivery system, inc luding
a new gobbing cam designed for a very fluid photosensit ive glass, was based on model l ing and behaved exactly as predic ted .

Upsets in the stirred glass, delivery Systems resulted in slow cyclic weight var ia t ions of abou t  1 %. As the weights of the i tems
being m a d e were specified to within ± 1 . 0 % , it was clear that control h a d to be improved. T h e weight changes were n o t caused by
composi t ional changes in the glass but to some Ins t rumentat ion problems a n d to some unique , u n k n o w n problem(s) associa ted wi th
stirring. Thus, a better unders tand ing of how temperature and the stirrers control led flow was needed. Assuming tha t flow is
inversely propor t ional to viscosity showed that the change in weight should be abou t 0 .9%/°C . This n u m b e r is abou t 1 0 % t o o low
compared with the empirical value of  1 %/°C quoted by Operators.

Next da ta from a full-size, stirred model were summarized in an equa t ion which relates flow to the viscosity of the fluid a n d to
the rotat ional speed and vertical posi t ion of the stirrer. Part ial differentiations and evaluat ions of this equa t ion at a n o m i n a l
operat ing condit ion showed tha t the weight should first, vary by 1.02%o/°C, second, decrease by 0 . 9 0 % per r p m increase a n d thi rd ,
increase by 0 .80% when the stirrer was raised (0.006") or  1 % when it was at the 5/8  posi t ion.

Physikalisches Modell des Fließverhaltens in einem gerührten Glassystem

D a die Wirksamkeit des Rührens von Glasschmelzen die Verwendung i so thermer Model le plausibel erscheinen läßt , w u r d e die
Dimensionsanalyse zur Erwei terung der Modellgesetze eingesetzt, u m sowohl Rühre r als auch die Tropfens teuerung e inzubeziehen
und die Bedingungen festzulegen, die für die Datengewinnung von bes tehenden oder geplanten Anlagen erforderlich sind. Auf der
Grundlage eines Modells natürl icher Größe installierte die Produkt ionsab te i lung Einr ich tungen zum Rühren von Glas u n d erzielte
sehr gute Ergebnisse. Die Übere ins t immung zwischen Model l und P r o d u k t i o n war hervor ragend und schloß mechanische Variable
und Temperaturen ein. Ferner wurde an H a n d des Modells ein neues Rinnensys tem, einschließlich einer neuen Tropfens teuerung
für ein lichtempfindliches Glas geringer Viskosität, entwickelt, das sich genau wie vorgesehen verhielt.

S tauchungen des gerühr ten Glases innerhalb der Rinnensysteme führten zu l angsamen zyklischen Gewich t sve rände rungen von
etwa  1 %. D a die Gewichte der herzustellenden Gegens tände mit ±  1 % Abweichung vorgeschrieben waren , wurde klar, d a ß die
Kontrolle noch zu verbessern war. Die Gewichtsabweichungen waren nicht du rch Z u s a m m e n s e t z u n g s ä n d e r u n g e n des Glases verur-
sacht, sondern durch gewisse Ins t rument ierungsprobleme sowie einzelne, unbekann te , mit dem Rühren in Z u s a m m e n h a n g s tehende
Probleme. D a h e r war ein besseres Verständnis dafür notwendig, wie die Tempera tu r u n d die Rühre r die S t römung beeinf lußten.
Unte r der Annahme , d a ß die S t römung der Viskosität umgekehr t p ropor t iona l ist, konn te gezeigt werden, d a ß die Gewich t sverände-
rung bei etwa 0 ,9%/°C liegt. Diese Zahl ist u m rund 1 0 % zu niedrig im Vergleich z u m empir ischen Wert von  1 % / ° C , wie er vom
Bedienungspersonal angegeben wird.

D a n a c h werden Da ten von einem mit Rührern ausgestat teten Mode l l natür l icher G r ö ß e in einer Gle ichung zusammengefaß t ,
die das Fließen mit der Viskosität der Flüssigkeit, der Rotat ionsgeschwindigkeit u n d der vert ikalen Posi t ion des Rührers in Beziehung
setzt. Partialdifferentationen u n d Abschä tzungen dieser Gleichung bei nomina len Betr iebsbedingungen zeigten, d a ß das Gewicht ,
erstens, u m 1,02 %/°C variiert; zweitens, um 0 ,9%/rpm abnimmt; dri t tens, u m 0 , 8 % zun immt , wenn der Rühre r u m 0,006" a n g e h o b e n
wurde, und u m  1 %, wenn er sich vorher in der 5/8"-Position befunden hatte.

1. Introduction
1.1 Problem and procedures

On occasion, glass-forming machine Operators com
plained that it was sometimes difficult to adjust and
maintain flow out of some delivery Systems. This prob-
lem was not too common when  a needle and sleeve [1]
were used. However, some delivery Systems had bowl
well stirrers [2] which were needed in order to reduce
cords (off-composition, visual, glass defects) to accept-
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able levels for high-quality items. In almost all the pro
duction lines, the temperature of the glass being deliv-
ered was maintained constant and the flow, upwards of
40 000 Ibs/day/feeder, was then controlled mechanically.
G o o d flow control was essential as the weights of the
items being made were often specified to within ± 1 % .
To help pinpoint the problem(s), Operators were asked
to report weight problems while they were occurring. As
a result, three instances, involving three stirred delivery
Systems, were investigated and are discussed in section
1.2 called "three weight runs . Α weight run consists of
collecting and interpreting all the possible chronological
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Figure 1. I so the rms in glass exiting  a covered forehearth and
enter ing  a st irred glass delivery system. 1: 1322°C; 2: 1320°C;
3: 1315°C; 4: 1310°C; 5: 1305°C; 6: 1300°C; 7: 1290°C;
8: 1280°C; 9: 1275°C; 10: 1273°C.

da ta associated with selected items of product ion . F rom
these three runs it was clear that control had to be im-
proved and tha t it would be practically impossible to get
enough da ta from product ion lines to relate viscosity
and the mechanical variables associated with  a gobbing
or non-reciprocat ing stirrer except in very narrow
ranges. In order to improve unders tand ing of the prob-
lems, two other approaches were tried. One involved as-
suming  a functional relation between flow and viscosity.
This approach was good and is treated in section 1.3.
However, it did no t include any of the mechanical vari-
ables associated with gobbing or non-reciprocating stir-
rers. These variables were included by using dimensional
analysis. This approach extended model laws to include
stirrers and the design of cams that could be used for
gobbing or extruding mol ten glasses. Α model based on
these rules yielded the necessary information.

1.2 Three weight runs
In each of these runs there was a short period in which
the weight first increased and then decreased gradually,
about  1 %, wi thout any changes being m a d e by the Oper-
ators. A t first it appeared that these variations might
have resulted from changes in viscosity brought about
by changes in the composi t ion of the glass. However,
this was no t a satisfactory explanat ion as less than 1 h 
was needed for each "complete excursion". These times
were far t oo short for melters delivering upward of
40 000 Ibs of glass per day per feeder. In such large fur
naces the distr ibut ion of residence t imes may show a 
quick result but the decay is slow and smears any Vari-
ation in composition over several days [3]. Each system
had  a the rmocouple immersed in glass in the front of
the bowl and its Output was used for control. It is em-
phasized tha t in all cases the bowl Controllers main-
tained the tempera ture of the glass at the orifice to
within ± 0 . 7 ° C . In one delivery system, this was the only
control . Its Output correlated with Swings in the tem-
perature of the incoming glass. F u r t h e r study showed

small, r a n d o m malfunctions of some of the other Con-
trollers in the other forehearths. The weight changes
ranged from 0.8 to slightly more than  1 % a n d averaged
at  1 %/°C. This average was in good agreement with the
empirical value of  1 %/°C used by product ion personnel
for the borosilicate glass at the temperatures that were
being used.

It was concluded: a) that the Operators were doing
an excellent job , b) that  a single zone of control was
inadequate, c) that the flow rate varied in spite of the
fact that the bowl Controllers were operating inside their
specified capabilities, d) that each system needed some
upgrading, and finally e) that the problem(s) could be
explained by changes in temperature but 0 the reason(s)
for the apparent cyclic temperature changes were un-
known.

1.3 Flow versus viscosity

It was assumed that mass flow rate versus temperature
is inversely propor t ional to viscosity. Mathematically

W/t = k/η (1)

where  W is the weight of a glass stream or gob cut in
time r, η is the viscosity of this molten glass and /: is a 
constant . With  a temperature change, other condit ions
remaining constant , the viscosity changes and the weight
will also change. Two methods of manipulat ing equat ion
(1) showed that

{aW/W)/aT= 0 .9%/°C (2)

was the percent weight change pe r °C for the borosilicate
glass (sections 13.1 and 13.2). This result was 1 0 % lower
than the factory's number. However, it was evidence sup-
port ing equat ion (1) and its underlying assumption.

This relatively large weight change indicated the de-
sirability of improving flow control as the total weight
Variation was supposed to be held to substantially less
than  ± 1 %, regardless of causes.

2. Variables
2.1 Isothermal assumption

It was thought that physical models could be used to
study flow through stirrers or flows dependent on stir-
ring and give quanti tat ive data on flow behavior de-
pending on stirring, temperature and stirrer posit ion,
provided the necessary conditions needed for their con
struction and Operation were known. One way to find
the required relations or laws was to use dimensional
analysis [4 to 7]. These laws could be used to relate
model studies of existing product ion units and/or to
predict Performance of proposed stirred sections. For
successful dimensional analysis, the correct variables
must be chosen.
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Temperature distr ibution of the glass leaving a fore-
hear th and entering a bowl is no t uniform. For example,
the temperature varied by about 50 Κ (figure 1) for a 
borosilicate glass flowing out of an electrically heated,
covered forehearth [8]. Both composi t ional and thermal
homogenizat ion of glass by stirring is excellent [9], so
temperature variations are un impor tan t in stirred sec-
tions. To a lesser degree the same is true for a rotat ing
sleeve and needle. Assuming thermal homogeneity of
temperature was fundamental . It means that all the vari
ables associated with heat transfer can be ignored and
the models may be operated isothermally.

glass level ^ . r p m
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Figure 2. Sketch of a st irred glass delivery system.

2.2 Variables governing the flow of fluid

2.2.1 Internal dinnensions

These variables of the delivery system include the size of
the orifice ring and other par ts as well as the dimensions
of the stirrer (figure 2). For a given system only one
characteristic, non-varying or fixed length (L) like a di
ameter needs to be specified. This fixes all the other non-
varying dimensions. Thus, all corresponding par ts have
the same ratio to the characteristic length in the model
and in the proposed or actual product ion counterpar t .
Nevertheless, some of these other lengths are specified
because of their impor tance in stirred glass delivery Sys
tems.

2.2.2 Significant physical properties of the fluid
These are viscosity (η) and density (ρ). Provided no
changes are made to mechanical par ts and/or to glass
level, viscosity and density are the actual fluid-related
variables responsible for flow. Temperature (T) is used
to adjust viscosity and density simultaneously. However,
when viscosity and density are used explicitly, it is no t
necessary to include temperature explicity in any flow
control equation. For this work the laboratory measured
the density and viscosity over a wide temperature ränge,
including temperatures of the glass as it emerged from
the orifice ring(s). For meaningful viscosity values, the
glass must have the correct chemical composi t ion includ-
ing changes caused by using cullet and the correct
"water" content (also known as the β or O H  value) as
increases in the β value softens the glass or decreases
its viscosity.

2.2.3 Dynamics of the delivery system
The internal con tour of a model including the diameter
of its orifice ring and the shape and size of its stirrer,
will be based on an actual or a proposed delivery system.
These parameters were kept fixed for this investigation.
Therefore, with this stipulation, the dynamics of the de-
livery System must depend on variables or parameters
that involve time ( t ) . These dynamic variables include
the actual head or height of glass (H) above the orifice
opening or ring, all the velocities (V) and all the acceler-
ations (a) of the fluid as these variables can and do
change with changes in temperature (Γ) and/or flow: In

addi t ion, the acceleration due to gravity (g) mus t be in
cluded. Dynamics also requires the vertical posi t ion (P) 
and the centering (c) of the stirrer, its ro ta t ional speed
(AO and, of course, all accelerations (a) and stroke (S) 
needed for gobbing. Center ing is impor tan t . After the
initial centering adjustmens, bowl well stirrers are sel
d o m moved horizontal ly unless this is needed to help

the throw of the g o b " or for bet ter al ignment. Center -
ing is impor t an t as it is related to the Performance of a 
stirrer and is included even though it will no t yield a 
new model law.

3 . Dimensional analysis
F a c h of the per t inent variables required and /or desired
for dimensional analysis were now specified a n d it is
clear from the discussion in section 2. tha t some of t h e m
have the same units. For this analysis any valid set of
units may be used for mass, length and time. Three m o r e
Steps were needed:

Step 1: It was postula ted that the Volumetrie flow (Q/t) 
would be equal to a function of the per t inent variables
described above and expressed by:

Q/t  f { L , H, P, c, S, N,  Q η , V, α, g) . (3)

In equat ion (3) / means a function of the 11 individual
variables enclosed in the brackets. Consider ing b o t h
sides, this equat ion has a to ta l of 13 variables.
Step 2: Each variable in equat ion (3) was man ipu la t ed
so only dimensionless groups remained. As an example,
to convert the ratio Qlt to a dimensionless group, it was
multiplied by {QlηΫ and by V. Units , in order, are

( in3/s)[( lb/ in3)/ ( lbin- is -0P ( in/s) 1 

which is dimensionless. Three more examples are trivial.
They are L/L, HIL and alg and the ratio of uni ts in each
is clearly equal to one. In practice usually n o a t t empt
is m a d e to control viscosity and density independently.
Usually composi t ion of the fluid is no t changed so these
variables are controlled simultaneously by tempera ture .
So their rat io ηΐρ ν (called the kinematic viscosity)
is used.
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By trial a n d error each variable in equat ion (3) has
been multiplied by the other variables until  a dimen-
sionless g roup resulted. In other words all the 13 vari-
ables are still present but they are now combined into
9 dimensionless groups. (Note that  Q and  t are always
combined as the rat io Qlt so the number of variables are
reduced from 13 to 12. Also the ratio o f t o ρ will be
replaced by v, thus, reducing the variables from 12 to
11. The characterist ic length, L, will always occur with
ano ther linear quanti ty, so the variables go from 11 to
10. Finally, alg is used and the number of variables ag-
rees with the number 9 of dimensionless groups.)

Thus, equa t ion (3) has been manipula ted to

t^lt^  [Lm/Lp]1/2 ^ (spy/2 ^ (8b)

{Qlt) (Vlv^) =f(HlL, PIL, CiL, SIL, alg, VV(Lgl 

LVlv, (Νν)ΐν').

Here / ' means  a function of the 9 dimensionless groups
enclosed in the brackets. Equa t ion (4) is valid for any
model of a corresponding, actual stirred section or pro-
posed unit including Channels and bowls with or wi thout
gobbing. It indicates that if two similar Systems have
identical values for all the corresponding dimensionless
groups, they will behave alike.

Step 3: The mode l laws were derived by equating the
corresponding dimensionless groups of the two Systems,
the model and the produc t ion Situation. The subscripts
Μ and Ρ were added to indicate model or analogues for
product ion . L^IL^  (SF) was defined as the scale fac-
tor.

Equat ion (8b) states that the ratio of times for corre-
sponding events in the two Systems (subscripts Μ and Ρ
for the model and the production Situation, respectively)
is equal to the Square root of the ratio of the linear sizes.

The next te rm is the Froude relation, or the
3rd law:

(9)

This equat ion is used when relative velocities or speeds
are to be compared. Substituting the ratio Llt for the
values of  V and canceling those of g yields

[LJt^flL^  [Lp//p]2/Lp

or

(10a)

(10b)

This agrees with equat ion (8b). For example, it states
that the time required to cut a gob on the model is equal
to the time required to cut the corresponding gob on the
product ion or proposed unit multiplied by the Square
root of the scale factor.

The next te rm is Reynold's number and yields the
fourth law:
4th law:

(VLlvU  {VLlv\ ( I I a )

4. Laws for any size model
Ist law: F r o m the first four terms on the r ight-hand side
of equat ion (4)

/ / m  ^ p X ( S F ) ,  i ^ p X ( S F ) ,

C m  C p X ( S F ) ,  ^ p X ( S F )
(5)

are obta ined. These four equat ions relate the corre-
sponding linear dimensions of the two Systems.
2nd law: F r o m the next t e rm of equat ion (4)

(öf/g)M  ( ö / g ) p (6)

is obta ined. As long as the model and its counterpar t
are subjected to the same value of gravity, gyi gp (as
assumed from now on) and these terms cancel so

aM ap (7)

This equat ion requires some Interpretat ion. Substi tuting
Llt' for acceleraüon for b o t h Systems, converts this
equat ion to

(8a)

or

V m  VAVMIVJ>){LMILP)

which may be converted to

V m  V p ( L m / L p ) - i / 2 .

( H b )

(11c)

This is the fundamental model law governing kinematic
viscosities.

The next te rm is the stirrer number:
5th law:

or

{(NV)IV'}M= {(Nv)lV'}j.. 

It can be written as

A^mWp  (vp/vm)(Km /Kp)2

or as

Â m/Â p  ( v p / v m ) ( ^ m / ^ p )

or as

NulNp  {LMIL^V^ . 

(12a)

(12b)

(12c)

(12d)
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From the next term the
6th law:

(β/0Μ/(β/0ρ  {L^ILpf^ (13)

is obtained. This equat ion relates Volumetrie flows.
Using density, it can be converted to mass flow, yield-ing the
7th law:

,5/2 (14)

Either equations (13 or 14) can be used to determine the
flow rate for the model in terms of what is desired for
product ion, or vice versa.

Reiterating these laws are valid for any stirred system
in which heat transfer through its surface can be ig
nored. The model laws involve the relative linear lengths.
Their application was simplified by choosing  a full-size
model . In addit ion, this 1 : 1 size allowed the very big
advantage of using product ion par ts for the model . For
example, bowls, orifice rings, needles, cams and associ-
ated feeder mechanisms, shears, etc.

Thus, for the model the values for H, L etc. are
the same as in the product ion s i tuaüon. The dependency
οΐ WoY Q on rotat ional speed, stirrer posit ion, and tem-
perature or viscosity and density of the hquid, can be
determined by the model and translated to the pro-
duct ion case.

5. Rules for a full-size model
These rules are simple as corresponding lengths, kine-
matic viscosities, times, rotat ional speeds and volumes
are equal. This also means that any change in these vari-
ables is the same for the model or its counterpar t . So
by differentiation

dLM d L p ;  d̂ M  d P p ; d S ^  dSp; d v ^  dvp;

 h \ N u  Np;  ÖM = ÖP.  ^̂̂^
Equat ion (14) reduces to

iWlt)u  (^M/^P)(^/OP (16)

and by logarithmic differentiation with densities and
times constant

{dW/W)M  { d W / W ) p (17)

It states that the fractional or percent weight variations
for the full-size model and its counterpar t will be equal.
This equat ion will be used in the rest of this paper and
the data are restricted to flow from  a stirred bowl with
one-size orifice. The dependency of glass flow on sürrer
action and temperature were not known but data from
a model could now be used quantitatively to find these
relations.

18 22 26 30a) Temperature  in  °C 0 12 24 36  48b)  -Speed in rpm-̂
Figures 3a and b. F low rate of the model ' s fluid at dif-
ferent t empera tu res a n d ro ta t ional speeds; a) flow versus
the fluid's t empera tu re at a stirrer speed  24 r p m a n d at
two posi t ions of the stirrer. \: Ρ  \ 1/4"; 2: Ρ  5/8", b) flow 
versus the ro ta t ional speed with four averaged values of
ρ^η (in (g/cm^f/F) a n d at Ρ  5/8". 1: {ρ^η} • 10^  7.60;
2: {ρ^η} • ΙΟ'*  6.59; 3: {ρ^η}  10^  4.27; 4: {ρ^/η} • 10^

 3.71.

6. Weight Variation from model data
Α full-size model of a typical bowl was cons t ruc ted ,
filled with  a temperature-control led viscous oil. T h e flow 
from the orifice was cont inuous and control led by ad
just ing  a bowl well stirrer (figure 2). Gobb ing was con-
sidered but was rejected. It was no t considered feasible
as the flow was to be varied over  a very large ränge.
Flow (in Ib/h) was calculated by weighing the fluid deliv
ered from the oriflce in a t ime period that gave  a rep-
resentative sample, yet was of a size tha t could be
handled . The errors in these da ta could easily be u p to
about ± 5 % .

The flow of oil versus oil temperature was drawn for
two different posi t ions of the stirrer and with o ther con-
dit ions remaining unchanged (flgure 3a). The flow in-
creased rapidly with increasing temperatures a n d the increase was  more pronounced at the higher position.
These curves were used to flnd Variation in weight versusthe stirrer's position and temperature of the oil flowing 
out of  the orifice.

a) (dW/ W) versus dP\ Α sample calculation is shown for
24 r p m at an opera t ional temperature of 20 C a n d

at Ρ  5/8". Here the difference between the two curves
was equal to the change in the stirrer's posi t ion which
was (11 /4" -5 /8" )  +5/8" . The corresponding change in
flow for this change in the stirrer's posi t ion was approxi-
mated by

[Δ (ΜΟ ] /ΔΛ  [{Wlt)2  { W l t ) , ] l [ P 2  P , ] (18a)

yielding

[Δ(ΜΟ]/ΔΛ  [760-425] / (5 /8 )  5361b / (h in ) . (18b)

Dividing hy {Wlt)x  425 Ib/h, converts this e q u a ü o n to
the fractional change in weight cor responding to a 
change of stirrer posifion equal to AP. Wi th the t ime
cancelled and Converting to percent
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{AW/W)M  1 2 7 d P M % / i n . (18c)

For P = 5 / 8 " a 1 % change in stirrer position would be
0.006". This minor difference would result in a relatively
large (127  0 .006)%  0 . 8 % change in weight. As the
height was adjusted to ±1/32" (±0.03"), the stirrer's vertical
maladjustments could have caused  a large par t of the error
in weight as (127 %/in)  (0.03 in)  4 %. Thus, for low posi-
tions of the stirrer, the seemingly good adjustments in ele-
vation were inadequate for the desired accuracy (± 1 %) in
the flow rate.

b) (dW/ W) versus (dr°C): Either of the mentioned curves
can be used to estimate a percent weight change per °C. The
result clearly depends on the temperature and to a some ex
tent on the Position of the stirrer. For the same point just
used, this required fmding the slope at 20 °C at the 5/8" po-
sition. N o w WIt is a function of temperature. Its slope may
be found by differentiation with all the other variables con-
stant and approximated by

d { W l t ) l d T = [(Wli)2  { W l t \ ] l [ T 2 - T x ] (19a)

 ( 7 9 0 - 3 0 5 ) / ( 3 0 - 17)  37.3 lb/(h°C) .(19b)

To convert to percent mult iply by 1 0 0 % and divide by
425 Ib/h (oil f lowat20°C).

So

d { W I T ) l { W I T )  {[37.3/425] [100%]} dr/°C

or

{ d W I W ) l d T = 8.78 %/°C. (19c)

Thus , the percent weight change was 8.78 % for a change
of  1 °C in the tempera ture of the oil. The change in weight
divided by weight is valid for either the model or the pro-
duct ion unit (equat ion (17)) bu t the change in temperature
in equat ion (19c) refers to the oil in the model . To convert
equat ion (19c) to represent glass, the equivalent tempera-
tures obta ined from equat ing kinematic viscosities had to
be used (equation (1 Ic)). Α graph of the model fluid s tem
perature versus the cor responding temperature of a boro-
silicate glass at equal kinemat ic viscosities showed that the
13°C spread for the model was equivalent to a 116°C
spread for glass (see figure 6). Therefore, for glass, the Or
dinate of the slope h a d to be mul t iphed by the ratio of
densities while the abscissa h a d to be multiplied by 13°C
and divided by 116 °C. This conversion resulted in the per-
cent change in weight for the borosilicate glass (note that
the conversion for weights canceled). T h u s

[dWIW]p  (8.78) (13/116)  0.98%drp/°C. (19d)

This Variation was in excellent agreement with the empiri-
cal value of  1 %/°C used by produc t ion personnel.
c) (dW/W) versus (dA^: D a t a with the stirrer's rotat ional
speed showed that W/t was a linear function of the ro
tat ional speed for different values of ρ ' / η (figure 3b). It was

also observed that clockwise rotat ion of the stirrer, viewed
from above, increased this stirrer's impedance to flow as
the flow decreased as the rotat ional speed increased^^ In
figure 3b the slope of the lowest straight line was used to
find the percent change in weight at a rotat ional speed of
24 r p m and at a flow rate of 380 Ib of model fluid per hour.
Thus,  d(^/0/dA^ was approximated by

{ m ) 2 - i m i } i { ( N 2 - N , }

or

A(Wlt)IAN= { 4 9 4 - 2 9 6 } / { 0 - 4 8 }

 - 4 . 1 2 5 1 b / ( h - r p m ) .

So

(20a)

A W 7 ^ = [-4.125/380] 100%AA^= 1.09%AA^. (20b)

So the percent weight change per rpm was about 1.1 %. At
24 rpm,  a  1 % change in speed is 0.24 rpm and would re-
sult in a percent weight Variation of about 0 . 3 % . This
could be a significant par t of the total Variation except
after the speed is set it remains very constant .

These examples illustrate ways to find percent weight
variations. Actually for product ion much less data are re
quired. For example as a min imum only two weights at
two different positions with constant temperature and
constant rotat ional speed (in rpm) will suffice to give an
approximate weight change for a change in stirrer posi-
t ion, etc. Number s so obtained may be adequate for pro-
duct ion but this procedure can not explain what is occur-
ring. So a more general method was desired.

7. Flow control equations
For  a more general approach, it was again assumed that
the Volumetrie flow (Q) was inversely propor t ional to vis-
cosity ( η ) , directly propor t ional to time (t) and to density
(ρ) as increases in density should increase flow. Mathemat-
ically

Q/t  K ' ( ρ / η ) (21a)

with K' equal to a proport ional constant . To convert to
weight this equat ion was multiplied by density yielding

W/t  K ' { ρ ' / η ) (21b)

(This equat ion has the Square of density but density vari-
ations for any glass are so small that the first power would
also be satisfactory and may even be preferable.)

Graphs of extensive data of W/t versus ρ ' / η (not
shown) revealed that the relationship was not quite linear.
So the data did not satisfy equation (21b). Thus, assuming
that flow was inversely propor t ional to viscosity, as was
done in the first par t of this report , was an over-simplifi-
cation in that higher powers of ρ ' / η were neglected.

Reversing the stirrer's rotat ional direction caused it to p u m p
down ward.
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Equat ion (21b) was modified to include  a second-or-
der term and still satisfy the condi t ion that flow would be
equal to zero for infinite viscosity. Equa t ion (22) met
these conditions:

(ΨΙήΚοΊη)  A{P,N)  + [οΊη]Β{Ρ,Ν). (22) 3 

It includes two functions A(P,N) and B{P,N) which are
constant unless the rotat ion and/or posit ion of the stirrer
is changed. (As written these functions assume a fixed ori
fice size,  a constant glass level, no change in gobbing
stroke and no recentering of the stirrer. D a t a for the model
and its product ion counterpar t were recorded after these
condit ions were met.) Validity of this equat ion with or
Ρ constant was verified as graphs of {Ψ/ή/(ρ'/η) versus
(ρ'/η) were straight lines within the accuracy of the data.
These data covered several stirrer posit ions but only one
rotational speed, with 24 rpm (figure 4a). In addit ion,
graphs of {ΨΙήΙ{ρΊη) versus {ρ'Ιη) were straight lines for
different stirrer speeds at Ρ  5/8  (figure 4b).

The s l o p e s and intercepts of the best straight lines
from f i g u r e 4a, as found using l e a s t S q u a r e s , a r e plotted in
figure 5a. As indicated by this figure, with Ν = lA rpm,
A{P, 24) and B{P, 24) are different linear functions of P. 
Their values are

^ ( i ^ 2 4 ) = 1 .575-10^^  + 0 .143-10^

and

B{P,2A)  - 0 . 2 2 4  lO^P  + 0.553  10^ . 

(23a)

(23b)

The slopes and intercepts of the best straight lines from
figure 4b, as found using least Squares, are plotted versus
rotat ional speed in figure 5b and yielded straight lines
with the following values

0 2 4 6 8 
a) (P%) -10^-.

0 2 4 6 
b) (ρ'/η) • 10̂

Figures 4a a n d b. Least Square fits of the mode l values for
{ΨΙί)Ι{ρ^Ιη) versus {θ^Ιη)\ a) at a stirrer speed Ν  l A r p m wi th
var ious stirrer posi t ions. \\ Ρ  \ 3/4"; 2: Ρ  1 1/4"; 3: Ρ  1 ;
A\ Ρ = 3/4"; 5\ Ρ  5/8"; 6. Ρ  3/8", b) at a st irrer pos i t ion
Ρ  5/8" wi th var ious stirrer speeds. 1:  O r p m ; 2: Ν

 24 rpm; 3: Ν  36 rpm; 4:  48 r p m .

0 12 24 36 48
Stirrer's position in  b) Stirrer's speed in rpm

Figures 5a a n d b. Slopes and intercepts for the model ' s equa t ion
{ΨΙί)Ι{ρ^Ιη)  A{P,N)  + {ρ^Ιη)Β{Ρ,Ν\ a) at a s t i r rer speed
7 V = 2 4 r p m wi th changes in the stirrer 's posi t ion; b) a t a st irrer
Posi t ion Ρ = 5/8" wi th changes in stirrer speed.

^(5/8,Λ^)  1.492  10^  0.0143  10^ (23c)

and

B(5/^,N)  0.07457  10^ + 0.01057  10^Ν. (23d)

These equat ions are of some help in unde r s t and ing a n d
designing stirred glass melt delivery S y s t e m s bu t otherwise
they are no t used.

A(P,N) and B{P, N) were generalized to

A{P,N)  ^ 0 + + NA2  + PNA^ 

and

B(PN) Bo + PBi  + N B 2  + PNB^ 

(23e)

(230

where Aj and Bj are constants . These relations showed that
equation (22) is complicated and that the flow depends
not only on P, and (ρ'/η) but also on their products.

8. Weight Variation equations
Logar i thmic par t ia l differentiation of equa t ion (22)
yielded three equat ions to calculate weight variat ions,

a) for the first one, only posi t ion was varied;

b) for the second, only rota t ional speed changed;

c) the third included only tempera ture as the variable.
Each of these equat ions was evaluated wi th  a mixed
set of uni ts that were convenient and familiär to the
technicians doing the work and were actually used
by produc t ion personnel . This was very pract ical . T h e
mixed units avoided confusion and el iminated un-
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needed conversions from labora tory results. Evalua-
t ions were performed with Ρ = 5/8", Ν = 24 rpm, (ρ'/η)

 3 .3 · 1 0 - 4 (g/cm3)2/P and

{]νΐί)Ι{ρΊη)  1.2  10^(lb/h)/[(g/cm3)2/P].

8.1 For variable position

dW _ ρ ν η
W WIt 

dÄ , , 2 / Λ

(ρ'/η) dP.
dP dP 

With equat ions (23 a and b) , the result is

dW 1 

(24a)

W 1.2· 10^

1

 1.2· 10^

1
1.2· 10^

[1.575  10^  (3.3  1 0 - 4 ) (0.224  10^)]dP

[ 1 . 5 7 5 - 1 0 ^ - 0 . 7 3 9 - 1 0 ^ ] · 100% d P

1.50·106· 1 0 0 % d P ;

dW
 125 % d P . (24b)

So for a  1 % change in posi t ion, d P  0.00625 in and

dWIW= (125%) (0.00625)  0 . 8 % . (24c)

This number agrees with the earlier result found in sec
tion 6.

8.2 For variable rotational speed

dW ρ'Ιη

W WIT 

dA  , j ,  ^ dB 
dN

. d N dN 

and with equat ions (23c and d)

dW 1 
 [ -0 .0143 10^ + (3.3  1 0 - 4 )

W 1.2· 10^
•(0.01057· 109)] 100 %d7V

^ [ -0 .0143  10^ + 0.003488  10^] 100% dN 

[-0.01081 •106]100%d7V;

1.2·106

1

1.2· 10^

dW

W
 - 0 . 9 0 % d M r p m . (25b)

So dWIW  - 0 . 2 % for a 1 % change in rpm (dA^  
 0.24 rpm).

This result is in good agreement with the result found
eadier in section 6.

8.3 For variable temperature
It was more difficult to calculate this change. For small tem-
perature changes, variations in density are negligible, so
density was considered as a constant . Part ial logarithmic
differentiation of equation (16) with η variable gave

dW
1 + 

[Α + {ρΊη)Β]\ η 
(26a)

Evaluation at the selected point (with equations (23a to
d)) yielded

dW

~W~

So

dW

1 + 
(3.3 · 1 0 - 4 ) (0.371  10^)

1.26· 10^

dη

-I ^ 

 = - [ 1 . 0 9 7 ] ^ .
W η

(26b)

(26c)

In equations (26a to c) dηlη refers to the model's fluid. To
convert to glass dηlη must be converted. As ρ is essentially
constant for this small change in temperature, the ratio
dηlη can be converted to {άηΙρ)Ι{ΐ]Ιρ) without changing its
value. In terms of kinematic viscosity it is (dv/v)M in which
the subscript Μ has been added to indicate it refers to the
model. F rom equation (15)

(dv/v)M  ( d v / v ) p . (26d)

The derivative of the Fulcher equation (as shown in section
13.1, equation (31) is

1 dη B '
η dT 0.4343 (P-Po)^

and evaluated with P ' = 5 1 3 0 ° C , Τ = 1350°C, Po  
 213°C yields

(25a) (dηlη)p  - 0 .00914 dPp . (26e)

Division of both the numerator and denominator by ρ
yields

(d^/ρ) (ηΐρ)  (dv/v)p  -0 .00914 dPp . (260

Substitution into equation (26c) resulted in

dWIW= 1 .0%dP/°C (27)

in good agreement with the empirical value used in the fac-
tory.

9. Verification
Stirring was extended to large commercial feeders. Stirred
molten glass streams were used for turret-chain blown wäre
and gobs were used for pressed as well as blown items [9].
Some of these commercial applications were simulated
with the full-size model in a serious effort to see how well
model and production results correlated. Extreme care was
used to make exact 1 : 1 geometric correspondence. Kine-
matic viscosities in the models were varied by temperature
until the V o l u m e t r i e flow from the model matched that
from the s t i r r e d de l ive ry system as c lose ly as possible. All
these data were obtained during stable production periods.
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Table 1. D a t a from five stirred glass delivery Systems taken dur ing n o r m a l p roduc t ion condi t ions (figure 6)

experiment^^ delivery system stirrer system gob variables

System no."^^ stirring- orifice^^ stirrer stirrer stirrer gob gobs /min gob
well type n o . 6 ) rota t ion position^^ weight t empera -

speed in r p m in in in oz ture in C

Expt Α 52 straight 3 3/8 ISp 25 5/8 12.5 45 1364
Expt Β 52 straight 3 3/8 1 25 3/8 13 37 1328
Expt C 42 tapered 3 3/8 I I A 38.6 11/16 13.5 40 1317
Expt D 52 straight 3 5/8 1 25 2 to 5/6 23 30 1288
Expt Ε 42 tapered 3 3/8 I I A 38.6 13/16 10.5 38.6 1350

Five simulations (Expt Α to E), each was a separate experiment.
Identification number of the locations of the stirred delivery Systems.
Diameter of the orifice ring in inch.
Identification number of the stirrers.
Position of the stirrer above the orifice in inch.

Ο 1380

^ 1360

ä 1340

o

Q .

Ε

1320

1300

1280

1260

Experimental correlat ion line

^Equal kinematic viscosity line

I I ' I · I · I I I ' I ' I ' I 
18 19 20 21 22 23 24 25 26 27 28

Temperature of the model's fluid in C

Figure 6. Equal kinematic viscosity curve and locations of the
corresponding kinematic viscosity points resulting from simu-
lating five, widely different p roduc t ion S y s t e m s .

Five different set-ups were checked. They included two
furnaces melting  a borosilicate glass (table 1). From this
table, it will be noted that the two locations had different
stirring wells (figure  1 shows  a straight well) with two ori-
fice rings with different diameters. In addition, three differ-
ent stirrers were operated at two different rotational speeds
and at five different stirrer positions ?. They delivered five
different weight gobs at five different rates (gobs per min-
ute) and at five different temperatures varying from 1288 to
1364°C. The experiments resulted in five sets of data, in-
cluding first, the temperature of the glass as it was ex
truded, second, the kinematic viscosity of the glass at this
temperature, this number was also the kinematic viscosity
of the model's fluid, and third, the temperature of the mod

el's fluid corresponding to the glass temperature. These two
temperatures will be used in figure 6 as it is developed.

The laboratory measured the viscosity and density of
the glass samples taken during the five experiments. These
data were used to calculate the kinematic viscosity curve of
the borosilicate glass samples and to construct figure 6. In
this figure the temperature of the molten glass is plot ted on
the vertical axis while that of the model 's fluid is shown on
the horizontal axis. The curve for matching kinematic vis-
cosity was constructed as follows. F rom  a temperature on
the vertical axis draw  a horizontal line (not shown) to the
right. For this temperature look up the kinematic viscosity
of the glass. N o w look up the temperature of the model 's
fluid that has this identical kinematic viscosity. M a r k it on
the horizontal axis and draw a vertical hne (not shown) up-
wards from it. The intersection of this vertical line and the
horizontal line is a point with matching kinematic viscosi-
ties. Repeat this process until enough points have been
found to draw the equal kinematic viscosity curve. This is
the solid straight line, fitted by least Squares, which is drawn
in figure 6.

Figure 6 was then completed as follows. Α horizonta l
line (not shown) was drawn at the temperature of the glass
for experiment Α and a vertical one at the experimental ,
corresponding temperature found for the model . The inter-
section of these two lines is shown as the solid circle and
labeled "A". The other four da ta points were entered in a 
similar manner. Α dashed straight line was fitted using least
Squares. It was a close fit as its correlation coefficient (r) was
0.999936 [10]. The fit would be perfect if r 1 and then
all the five points would be exactly on this line. Correlat ion
between the actual temperature of the glass from that pre
dicted by the modelling seemed to be off by about 5 K. This
was no problem as bo th the product ion set-ups and the
models had sufficient leeway to accommodate this small
discrepancy.

The modelling group was asked for a stirrer to gob a 
new photosensitive glass at 500 Ρ [9]. Α stirrer was designed
to do this, but it was impossible to form a gob with any
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known cam. After analyzing the contours of the cam that
appeared to be the most promising, a new cam was de
signed. It gave very satisfactory results in the model.

A t the S ta r t of product ion with this new glass, the f o r m -
ing specialist tried all his cams wi thout success. The model-
ling group then installed the model cam and had acceptable
gobs within three strokes. So the isothermal model pre-
dicted the exact, c o r r e c t condit ions fo r the p r o p o s e d de l iv -
e r y S y s t e m including the gobbing cam.

10. Summary and conclusions
As stirrers are ectremely efTicient in smoothing out in
homogeneities, models for stirred glass may be operated
isothermally

Dimensional analysis was used to extend model laws to
gobbing stirrers and indicated that  a carefully adjusted and
operated full-size model of a bowl delivery system could
yield quantitative data representative of an actual or a pro-
posed unit. This m e a n t that the V o l u m e t r i e flows from both
units would be i d e n t i c a l p r o v i d e d the k i n e m a t i c viscosity of
the fluid for the m o d e l was equal to that of the molten glass
at its operating temperature. , Reiterating, if a full-size
model was operated properly, the stream or gobs from it
would have shapes and sizes identical to those from the pro-
duction counterpar t or for a proposed analog. This and the
fact that models may be used to design gobbing cams was
proven beyond any doubt .

Da t a were used to find how weight varied with changes
in the temperature of the material and with the position and
r o t a t i o n a l speed of the stirrer C o n t r o l l i n g the flow. As flow
was varied over  a very large ränge, samples from  a stream
of the model 's fluid were used to determine the flow rate.
The data were taken with several posit ions and different
rotational speeds of the stirrer. The experimental values
were summarized in a general equat ion showing that
(ΐν/ήΙ{ρ'/η) was a hnear function of (ρ'/η) for the system
being investigated. Some of the data were re-examined and
it was evident that using kinematic viscosity instead of ρ'/η
as the variable would also have resulted in a straight line.
This general equat ion was expanded to show how the vari-
ables C o n t r o l l i n g flow were actually interrelated. The re
lations showed that flow varied with the position and ro
tational speed of the stirrer and with viscosity and with the
products of these variables. These relations may change if
the configuration of the delivery system and/or stirrer are
altered. Percent weight changes calculated from the general
equation were in good agreement with data generated
specifically in product ion for these numbers . In practice
weight changes caused by small changes in the temperature
of the glass, posit ion and rotational speed of the stirrer are
used to determine percent weight variations because of
their simplicity.

Da ta from the model showed that assuming flow was
inversely propor t ional to viscosity was a good first approxi-
mation as the correction introduced by using  a second Or
der term was about 10 %.

11 . Nomenclature

11.1 Symbols

Α constant
Ai 0 = 0 , 1 , 2 , 3 ) constant
Ä constant in the Fulcher equation
A{P,N) function of Ρ and Ν
α acceleration in m^/s
Β constant
Β, 0 = 0 , 1 , 2 , 3) constant
B' constant in the Fulcher equation
B{P,N) function of Ρ and Ν
c centering in inch
d derivative
g acceleration due to gravity in in/s^
Η head of glass in inch
Κ constant
κ: constant
L length (or characteristic length for system) in inch
Ν rotational speed in rpm
Ρ Position in inch
Q volume in inch^
s stroke in inch
τ temperature in C
t time in h 
ν velocity in in/s
w weight in Ib

η viscosity in Ρ
κ constant
Q density in g/cm^
ν kinematic viscosity in P/(g cm~^)

11.2 Subscr ip ts

/• index number 0 to 3 
Μ model
m index number 1 or 2 
Ρ product ion or prototype
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13. Appendix: Weight VARIATION of glass stream or gob

13.1 Using the Fulcher equation

Mathematically it was assumed

W/t κΐη (28)

where  W is the weight of the glass stream or gob cut in time /, η
is its viscosity and Λ: is a constant which depends on all the other
variables which are kept constant . For a given time, the fractional
change in weight for a change in temperature, was obta ined by log
arithmic differentiation of the above equation with respect to tem
perature and is expressed by

aWIW άηΐη
άΤ άΤ 

(29)

To evaluate the r ight-hand side of this equation required using the
Fulcher equat ion [11],

0.4343 In^  Igio^  -A'  + B'I{T-  TQ) . (30)

This equat ion expresses exactly how the viscosity of a molten glass
or the model 's fluid changes with temperature (Γ ) . A', B' and  TQ
are experimentally determined constants which vary for different
materials. Differentiation of this equation gave

1 άη B'
η άΤ 0.4343 ( Γ - Γ ο ) 2

or using equat ion (29)

aWIW Β
άΤ  0.4343 ( Γ Γ ο ) 2

(31)

(32)

Typical values for B' and 7Ό for a borosilicate glass are 1.03,
5130°Cand213°C, re spec t ive ly Therefore, at Γ  1350°C

( d H ^ / ^ F ) / d r = 0 . 9 2 % / ° C . (33)

This result is about 10 % lower than the known actual value.

13.2 Using the viscosity-temperature curve

The percent weight change p e r ° C can also be calculated using vis
cos i ty - t empera tu re curves (figure 7). These curves are available to
production personnel and are normally plotted on semi-log cross-
section paper and show Igio^/ as a function of temperature, thus

(34)0.4343 lne^  l g i o ^ - / ( r ) .

This equation includes the relation between logarithms to the base
e and to the base 10. Its derivative is

0.4343 άηΐη  d(lgio^)  W { T ) l a T \ άΤ (35)

where  d / ( r ) / d r i s the slope of this curve.

This slope may also be found by drawing the tangent to the
Igio curve at the delivery temperature of the glass which, for
example, has been chosen to be 1350 °C (figure 7). This tangent line
is evaluated over one cycle of the semi-log cross-section paper for
which ^1 10 ;/2. Its slope is

{ \ g η 2 - \ g η ^ } / { T 2 - T , }  - l / { T 2 - T , (36)

or 1/(1210-1473)  -0 .003802 . Substituting into equat ion (35)
yields

 1  I  1 I I I  I  I I  I I I  1  I  I I I I  I I I  I 11 I I  I  I  I
9 0 0 1 0 0 0 1 1 0 0 1 2 0 0 1 3 0 0 1 4 0 0 1 5 0 0

T e m p e r a t u r e of g l a s s in "C 

Figure 7. V i s c o s i t y - t e m p e r a t u r e curve of the borosi l icate glass
a n d the t angen t at 1350°C.

0.4343d,//,/  - 0 . 0 0 3 8 0 2 d r

or

{άη/η)/άΤ= - 0 . 0 0 8 7 6 and finally with equat ion (29)

{aW/W)/aT = O M V o / ° C . (37)

By this m e t h o d at 1350 C for a borosilicate glass (for any size g o b
or s t ream sample) the percent weight change is 0.88 %/°C. This
value is also about 10 % too low.

Notice

The work for this paper was done in a product ion complex for two
practical reasons: 1. to help product ion personnel unde r s t and h o w
stirred glass feeders behave, and 2. to furnish basic ideas to engi-
neers so tha t improved stirred glass delivery Systems could be de-
signed. In industrial practice in the U S A , the use of British ra the r
than SI units is still c o m m o n to a great extent. Α change to SI uni t s
in this paper would only have changed the coordinates for some
figures a n d the numerical values of the cons tants in the equat ions .
These constants , in par t , depend on the size of the delivery system.
As no one will ever have an exact duplicate of the delivery system
used for this investigation, n o need will arise to use these cons tan ts .
It was decided, therefore, no t to change the British into SI un i t s in
this paper.
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