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With stirred glass delivery Systems cyelic variations in gob weights and gob throws (the angles at which free falling gobs land in the 
molds) are caused by wobbly stirrers which are displaced (offset) from the delivery system's center line and rotating at speeds 
differing from the gobbing rate. This loss of Statistical process control disappears if the stirrer's rotational speed is synchronized 
with the gobbing rate. However, even in a perfect setup, if the stirrer is offset from its central location, a new steady weight and a 
constant hooking of the gobs away from the center and toward the smaller gap side result. 

Three equations are derived. One equation predicts the projected horizontal angle for the orientation of a gob as it lands in a 
mold. Another predicts the number of gobs before equal or almost equal weights repeat. Α third equation relates weight Variation 
to wobble and to the radial location of the rotating stirrer or needle. This equation shows the symmetry that may be expected in 
weight Variation curves. It is used to generate a normalized theoretical weight curve by setting the averaged percent differences 
between the maximum and minimum weights divided by the average weight to 1 %. This curve may also be used to disclose the 
number of gobs per cycle. 

Both loading and weight variations resulted when a non-centered, wobbling stirrer was modelled. The correlation between an 
experimental and a calculated weight Variation curve, due to the stirrer's rotation and normalized to 1%, was excellent. This 
investigation also showed that modelling could be extended to disclose changes in the weight (flow) of molten glass exiting from an 
orifice associated with a stirrer's rotation and alignment. 

Zyklische Schwankungen des Tropfengewichts und des Durchsatzes bei Speisern mit Rührern 

Bei Speisern mit Rührern werden zyklische Schwankungen des Tropfengewichts und des Auswurfs (d.h. des jeweiligen Winkels, in 
dem freifallende Tropfen in den Formen landen) durch azentrisch arbeitende Rührer verursacht, die aus dem Zentrum des Speisersy
stems herauslaufen und deren Rotationsgeschwindigkeit von der Schnittzahl abweicht. Diese Beeinträchtigung der statistischen 
Verfahrenssteuerung ist vermeidbar, wenn die Rotationsgeschwindigkeit des Rührers mit der Schnittzahl synchronisiert wird. Den
noch stellt sich sogar bei einer perfekten Einstellung ein neues stationäres Tropfengewicht und eine ständige Ablenkung der Tropfen 
von der Mitte in Richtung der Seite des kleineren Abstands ein, wenn der Rührer aus der zentralen Position herausläuft. 

Drei Gleichungen wurden abgeleitet. Eine davon beschreibt den vorgesehenen horizontalen Winkel für die Lage eines Tropfens 
bei der Landung in der Form. Die zweite eriaubt die Berechnung der Tropfenanzahl, bevor gleiche oder fast gleiche Tropfengewichte 
sich wiederholen. Die dritte Gleichung stellt eine Beziehung her zwischen der Gewichtsschwankung, dem azentrischen Lauf und 
der radialen Positionierung des rotierenden Rührers oder Plungers. Letztere zeigt auch die Symmetrie, die beim Verlauf der Gewichts
schwankungen zu erwarten ist. Sie wird benutzt, um eine normierte theoretische Gewichtskurve aufzustellen, indem die durchschnitt
lichen prozentualen Abweichungen zwischen den Maximal- und Minimalgewichten, jeweils geteilt durch das Durchschnittsgewicht, 
auf 1 % festgelegt werden. Diese Kurve kann außerdem dazu verwendet werden, um die Anzahl der Tropfen pro Zyklus festzustellen. 

Sowohl Durchsatz- als auch Gewichtsschwankungen ergaben sich aus der Modellierung eines nichtzentrierten Rührers. Die 
Korrelation zwischen einer experimentellen und einer berechneten Gewichtsschwankungskurve bezogen auf die Rotation des Rührers 
und der Gewichtsnormierung von 1 % war sehr gut. Diese Untersuchung zeigte auch, daß die auf einen rotierenden, ausgerichteten 
Rührer bezogene Modelherung ausgeweitet werden kann, um Veränderungen der Verarbeitbarkeit der Glasschmelze festzustellen. 

1. Introduction 
The quali ty and dimensions of all manufactured prod
ucts are always subject to certain amoun t s of Variation 
as a result of chance and can be followed by means of 
control Charts. Α control char t consists of a chronologi-
cal plot of the quant i ty being recorded along with its 
upper and lower limits. When the process making the 
product is in Statistical control , the plot ted points fluctu-
ate randomly about their average value and remain in-
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side the cont ro l limits. T h e process is n o t u n d e r con t ro l 
when po in t s lie outs ide the cont ro l limits, show t r ends 
a n d or cycles [1]. These a b n o r m a l da t a reveal the pres 
ence of unwan ted , extraneously assignable causes influ
encing the p roduc t . Identif ication a n d removal o r con 
trol of the t roub lesome causes result in a process which 
is in Statistical cont ro l [2]. 

In all cases concern ing gob or ien ta t ion o r fall ( the 
ho r i zon ta l angle at which gobs l and in the mo lds ) t he 
ph ra se " t h row of the g o b " may be used. G o b o r i en ta t ion 
a n d weight can vary from a stirred glass g o b delivery 
System wi thou t any adjus tments being m a d e a n d can be 
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Figure 1 . Sketch of a gobbing stirrer and its dehvery system. 

followed by m e a n s of cont ro l Charts. A b n o r m a l gobbing 
behavior o r lack of cont ro l m a y result f rom five major 
causes, namely: a) changes in viscosity d u e t o alterations 
in the compos i t ion of the glass, b) var ia t ions in the con
trol tempera ture , c) f luctuat ions in the head of glass, 
d) mechanica l p rob lems a n d e) p rob lems with stirrers 
o r ro ta t ing needles including stroke, pos i t ion , rotation, 
center ing a n d wobble. Evidence suppor t i ng par ts of the 
last four claims was presented in earher publications [3 
a n d 4]. T h e repor ted evidence consis ted of gob weights 
a n d related variables, a n d each set of such da t a is called 
a weight run . T h e weight runs were from different pro
duc t ion lines m a k i n g different p roducts . Consequently, 
there was little choice in reques t ing changes for a more 
comple te study. 

A s repor ted earlier [4] chang ing the rota t ional speed 
( rpm) of a stirrer (i.e. the degree of synchronizat ion) to 
m o r e closely ma tch the gobbing rate does n o t change the 
ampl i tude of a weight V a r i a t i o n curve bu t only its 
per iod . Fo r these cases s topp ing the ro ta t ion eliminated 
the cyclic var ia t ions in weight a n d load ing or throw of 
the gobs. W h e n ro ta t ion was res tar ted , new weights and 
g o b or ienta t ions were found. In Setups where synchroni
za t ion is perfect n o weight o r load ing var ia t ions due to 
the stirrer 's ro ta t ion occur because these gobs are all cut 
at the same angula r pos i t ion of the stirrer. The work 
repor ted herein explains these p rob lems a n d relates gob 
weight a n d loading var ia t ions to the angu la r position of 
the stirrer at the t ime of the shear cut . This angular posi
t ion de termines the vertical a n d radia l gaps (clearances) 
be tween the stirrer's h u m m o c k a n d the adjacent bushing 
(figure 1). These gaps influence the weight and fall or 
" t h row of the gobs" . T h e influence increases as the mini
m u m gap size decreases. Whi le this discussion has been 
presented in t e rms of a gobb ing stirrer, it is also true for 
a ro ta t ing needle a n d is no t restr icted to gobbing. In this 
r epor t the words stirrer a n d ro ta t ing needle may be used 
interchangeably. In addi t ion , for this work and for 
simplicity, addi t iona l da t a were ob t a ined from a full-size 
m o d e l using a reciprocat ing, ro ta t ing needle. The re-
m a i n d e r of this pape r deals a lmos t exclusively only with 
nonsynchron ized stirrers. In add i t ion , in o rde r to restrict 
the n u m b e r of variables, the cond i t ions listed below 
were used. 

2. Assumptions 
2.1 Ad jus tmen t of shears 

Shears are adjusted so cutt ing gobs does not influence 
how the gobs fall. Thus without chutes, gobs centered 
in the delivery system will fall and load vertically in the 
molds. Any deviations from a vertical, free fall are no t 
caused by the shears but by the act ion of the rotat ing 
needle or stirrer. 

2.2 Temperature 

Temperature is assumed to remain constant . In sym
metrical gobs any temperature gradients are radial so 
even if the core glass is the hottest , the temperature dis
t r ibut ion in each outer glass layer is symmetrical and 
iso thermal . 

2.3 Geomet ry 

All corresponding par ts are similar and all round sec
tions are assumed to have perfectly circular cross-sec
t ions centered on a straight center line. For the delivery 
System the stirring well, bushing and the orifice ring are 
perfectly shaped and aUgned on a c o m m o n axis. For the 
stirrer this means that any plates and /or the gobbing 
h u m m o c k are perfectly circular, the individual blades at 
any level have the same dimensions, shape and relative 
orientat ion and all par ts are centered on the stirrer's 
shaft. For a needle the shaft is circular and its b o t t o m 
(hummock) is symmetrical. In practice, if the center line 
of the rotat ing member is no t straight or is cocked rela
tive to the axis of rotat ion, runout occurs. Runou t can 
be seen as a circular wobble or precession in the mot ion 
of the needle's bo t tom. 

2.4 Physical variables 

For the delivery system, fluid level, orifice ring diameter, 
controls for the stirrer's rotat ional speed, b o t t o m posi
t ion and stroke were kept constant but the stirrer's cen
tering and wobble were changed. 

3. General setup 
The setup for this work is depicted in figure 2. G o b s are 
always cut at the same posit ion just as the needle rises 
from the b o t t o m of its stroke. Suppose the hummock ' s 
center line of wobble (Cw) is displaced a distance Ε (the 
eccentricity) towards the side where the word shears is 
located. Imagine a hor izontal plane to be drawn through 
the h u m m o c k between the inside surfaces of the bushing 
at the elevation where the radial gap (or clearance) be
tween the h u m m o c k and the bushing has a min imum. 
At this elevation the bushing has a radius and that 
of the h u m m o c k is R^. Project this plane to the eleva
t ion of the orifice and then on this new reference plane 
locate the center line of the bushing (Cß), the eccentricity 
(E) and the stirrer's wobble circle with center Cw and 
radius to show the runout . Initially at / = 0 the 



angular posit ion of the stirrer is at ö = 0° relative to the 
x-axis showing that the system has been adjusted so that 
Cß, E, Cw, Rh and the initial m in imum gap (not shown) 
are on the same line and also in-line with the x-axis. The 
no ta t ion "shears" indicates that the center line of the 
shears is in the direction of the x-axis but , of course, 
must be at a lower elevation, and is the cons tan t refer
ence Posit ion at which all the gobs are severed. When 
the stirrer has rotated th rough an angle θ (as shown in 
figure 2), its axis is at C H on the wobble circle and the 
min imum gap, identified as G{e)Mm, makes an angle φ 
with the x-axis as explained in section 5.2. 

If rota t ion is s topped and then restarted, usually Cß, 
Ε and Cw are no longer in-line with the shears and a 
new set of initial variat ions result. This is equivalent to 
a rotat ion of the shears in figure 2 with revised values 
for θ and φ. 

4. Special cases 
4.1 Case 1 

The centered, perfect par t s are depicted in figure 3 with 
= i^w = 0. At the b o t t o m of any stroke for a perfect, 

rotat ing needle centered in a perfect delivery system, the 
radial clearance between the h u m m o c k and the bushing 
is uniform and remains cons tant regardless of the angu
lar Posit ion of the h u m m o c k . For this case the min imum 
gap is Go and is equal to the clearance. A t / = 0 let ZQ 
be the reference point . For the next gob Zq rotates to Ze 
and the corresponding gap is Gg which is still equal to 
the min imum gap. So 

shears^ X 

Figure 2. Pertinent variables plus the outline of the bushing and 
hummock at the minimum gap elevation projected downward 
to the orifice's level. The shears, of course, are mounted below 
the orifice with their center line parallel to the x-axis. 

Gq ^ R^ - Rh (1) 
Figure 3. Gap (clearance) for case 1 with Ε = Ry^ = 0. 

Equa t ion (1) means that the clearance is cons tant so the 
resistance to flow of the glass does no t vary with the 
angular posit ion of the h u m m o c k . Consequent ly neither 
the weight nor the vertical loading of gobs (as explained 
later) will vary and the setup will behave like a perfectly 
centered, Standard (nonrotat ing) needle with a perfect 
sleeve, except, of course, that visual glass Striae or in
homogeneit ies called cords are no t a t tenuated [5]. 

4.2 Case 2 

The offset, perfect par ts are shown in (figure 4 with 
J^w = 0 but £ 7 ^ 0. If in the previous setup the stirrer is 
offset from its central location, there is now an actual 
cons tant size, min imum gap between the h u m m o c k and 
the bushing regardless of the rotat ion. 

However, the gobs no longer fall vertically, so that a 
" throw of the g o b " has now been int roduced. The gobs 
will now curl towards the min imum gap side. This can 
be explained by not ing that on the downst roke the glass 
moving through the nar row (minimum) gap experiences 
a lot more resistance to flow than the glass moving past 
the other side of the needle and so the flow near the 
smallest gap must be smaller t han elsewhere. In addit ion. 

Figure 4. Gap (clearance) for case 2. Similar to figure 3 with 
Rw = 0, except center is displaced a distance E. 

experience h a s shown tha t the t empera tu re in the reg ion 
of the smallest c learance is easily 1 t o 2 Κ cooler t h a n 
elsewhere. T h e net result of the lower flow a n d t e m p e r a 
ture is tha t the gobs h o o k toward the low flow side (fig
ure 5). A s the size of this m i n i m u m gap (Go) r e m a i n s 
cons tan t , the resistance to flow again does n o t vary. 



Figure 5. Gobs curl towards the minimum gap side. 

Figure 7. Relative locations of the gobs for the four positions 
of the hummock shown in figures 6a to d (displaced from center 
for clarity). 

Thus , the min imum gap remains at Ζό and is constant 
for all angles as is clear from figure 4. As Gq is constant , 
the direction of " throw of the gobs" is also constant and 
to the right from Cß. For this setup the clearance at all 
points is fixed, so the flow does no t vary and gob 
weights d o no t vary. 

Figures 6a to d. Gap (clearance) for case 3. Cross-sectional 
views for a needle's or stirrer's hummock wobbling in a circle 
which is centered on the axis of the delivery system. 

Thus , a l though the weight has changed from its previous 
value for the centered case, the new weight is also con
s tant . 

Rei terat ing, even t h o u g h the reference poin t Ζό has 
ro ta ted t h rough an angle θ t o Zß the m i n i m u m gap has 
a cons t an t value equal t o 

4.3 Case 3 
The wobble centered on the axis of the delivery system 
is shown in figures 6a to d with ^ = 0 but i^w > 0. Α 
stirrer wobbling in a circle whose center hes on the axis 
of the delivery setup, results in no weight Variation, but 
does yield cychc loading changes. Figures 6a to d show 
four cross-sectional views for the reference plane. In each 
figure the central Square represents the axis c o m m o n to 
the delivery system (center line of the bushing) and the 
other Squares indicate the center line of rotat ion of the 
needle. The ' intermediate (heavy) circle represents the 
h u m m o c k and its axis is always on the circumference of 
the inner circle whose radius is R^. This is the wobble 
circle. In figure 6a, the max imum coupling (smallest 
gap), is labeled Gi. Figures 6b to d depict the same setup 
when the needle's center line has precessed through 90, 
180 and 270°, respectively. By inspection of figures 6a to 
d, it is clear that the size of the min imum gaps (Gi , G2, 
G3 and G4) is the same for these four posi t ions and (with 
η = 1,2,3,4) is 

Gn — Rb ~ Ph ~ A v ? 
(3) 

Gi = Rs-(E+ Ru) . (2) 

which is independent of the angle. Thus , it follows that 
the fluid flowing through each configuration experiences 
the same forces and there is no weight Variation asso

ciated with this rotation. 

Viewed from above, gobs for figure 6a, on free faU, 
land in posi t ion 1 in figure 7, in which the gob is shown 
displaced radially from Cß for clarity. Similar results are 
found for the other positions. In actuali ty the gobs are 
no t dispersed as shown but pile-up on one another with 
their tops overlapping at Cß. This variable " throw of the 
g o b " is a serious defect unless chutes are used to load 
gobs into the molds. (From section 2.1 it is evident that 



the " throw of the g o b " jus t discussed is no t caused by 
the shears because they were adjusted no t to influence 
the throw.) 

4.4 General case 
The wobble center offset from the axis of the delivery 
System is depicted in figures 8a to d with Ε Φ 0 and 
i^w ^ 0· Α stirrer wobbling in a circle whose axis does 
no t coincide with the axis of the delivery setup results in 
b o t h cyclic weight and loading variations. Figures 8a to 
d are similar to figures 6a to d but include the hum
mock 's eccentricity. For this case figure 8a has the small
est min imum gap (at Ζχ) but the heaviest gob. In ad
dit ion, the throw of the gob has also increased from that 
discussed in section 4.3 as the gap is smaller. 

A t ^ = 0°, 0 = 0°, according to figure 8a (angles 
no t marked) 

G[ = R^-{E+ + Rh) . (4) 

A t ö = 90°, according to figure 8b (angle no t marked) 

G'2 = Rb-Rh- (E^ + Rl^y'' , (5) 

and also from figure 8b 

φ = t^n-^(R^IE) , (6) 

For this case the reference point has rotated 90° from Zi 
to Z2 but the min imum gap has only moved to G2. 

A t ^ = 180°, φ = 180°, according to figure 8c (angles 
no t marked) 

^ 3 ~ ~ ~ ^ w + Ε. (7) 

A t ^ = 270°, according to figure 8d (angle no t marked) 

G', = R ^ - R h - iE' + R^r', (8) 

and from the same figure 

φ = t a n - H - ^ w / ^ ) . (9) 

The four different values for the gaps illustrate the cyclic 
na ture of the loading and of the weight VARIATION for this 
case and substantiate the first sentence in this section. 

5. Analysis 
As ment ioned earlier, a perfect setup does no t have 
cyclic weight and loading VARIATION and is no t considered 
in the following material . 

5.1 Discussion 
F r o m the discussions in section 4.1 to 4.4 it is clear that 
weight Variation and loading Variation curves are repeat-

Figures 8a to d. Similar to figures 6a to d, except the wobble 
circle is not centered in the well 

able a n d occur because of r u n o u t a n d eccentricity. F r o m 
experience a n d conjecture it is k n o w n tha t cen te r ing c a n 
change the violence of the " th row of the g o b " . I n this 
discussion it is a s sumed tha t the needle is sufficiently 
close t o the center of the system a n d its wobble is smal l 
enough , so tha t all possible changes such as preferent ia l 
chilling at the orifice a n d changes in dynamic p u m p i n g 
(with angle) by the stirrer can be neglected. Fo r all t he 
different Setups, at the needle's b o t t o m pos i t ion , the a n -
nu la r space available for the flow of glass is c o n s t a n t . 
Th i s assumes tha t at the t ime the g o b is cut , only the 
radia l d is tance between the h u m m o c k a n d the bush ing is 
i m p o r t a n t a n d tha t any vertical d isp lacements associa ted 
wi th the chang ing tilt of the wobble circle can be neg
lected. Thus , wi th the assumpt ions listed above a n d in 
sections 2.1 to 2.4, r u n o u t a n d eccentricity, in this dis
cussion, a re the only variables that can cause the cychc 
changes . Thus , the m i n i m u m gap at which a g o b is cu t 
m a y be a s sumed to cont ro l the var ia t ions d u e t o ro 
ta t ion . 

5.2 Angle φ 
In figure 2 the a r row from Cß to the ou te r circle is the 
rad ius (i?ß). This a r row makes an angle φ w i th t he 
x-axis a n d it is perpendicu la r to the t angen t (no t s h o w n ) 
at tha t po in t . Likewise, the coll inear a r row from C H to 
the in te rmedia te circle is the h u m m o c k ' s rad ius (Rh) a n d 
is pe rpend icu la r to the t angen t (no t shown) at t h a t 
po in t . C ( ^ ) M I N is the perpendicu la r d is tance be tween the 
two paral lel t angen ts a n d is the m i n i m u m gap be tween 
the h u m m o c k a n d the bushing. Appl ica t ion of the 
t r igonomet r i c cosine law to the t r iangle in figure 2 a n d 
us ing the in ter ior angle φ results in 
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Figure 9. Theoretical percent weight VARIATION, minimum gap 
size and direction of gob's fall. Curve 1: percent weight VARIA
tion normalized to 1 %; curve 2: minimum gap size [(J(Ö)MIN] 
as gobs are severed; curve 3: angular direction for "throw of 
the gob". 

R\, = [R^ -Rh- G(e)Minf + ^ 

- 2E[R^ -Rh - G(e)Min] cosφ, 

SO 

(10) 

. -Rh + [Rb -Rh- G(0MinY + 
cos(i) = . ( I I a ) 

2E[R^-RH-G{eU^] 
Originally, British uni ts were used for the calculations. 
For a numerical example R^, R^, R^ a n d Ε were arbi
trarily set equal to 6", 2 - 5/8", 2" a n d 1 - 1/4", respec
tively. To retain easy recogni t ion, these numbers were 
no t rounded-off when conver ted t o meters a n d became 
0.1524, 0.066675, 0.05080 a n d 0.03175 m , respectively. 
Subst i tu t ing these n u m b e r s in to equa t ion ( I I a ) yields 

COS</) = 
-0 .0015726 + [0.085725 - G((9)MinF 

0.0635 [0.085725 - G(^)Min] 
( I I b ) 

T h e law of sines can also be used wi th the triangle and 
yields 

(sin(A)/i?w = [sin (π - Θ)]Ι[Ρ^ -Rh' G(^)MIN] · (12a) 

Ei ther equa t ion ( I I a ) or ( I I b ) can be used to fmd φ 
provided the correct gap is k n o w n . For the same values 
of Rb, Rh, Rw a n d jus t used, equa t ion (12a) becomes 

sin(/> = 0.0508 [sin(π - ö)]/[0.1524 - 0.066675 - G(/9)MIN] 

o r 

sin φ = 0.0508 [sin(9]/[0.085725 - G(^)MIN] · (12b) 

These equa t ions result in the same relat ions for the angle 
φ found in section 4.4. 

T h e direct ion for the " t h row of the g o b " is interest
ing b u t the m i n i m u m gap as a funct ion of the angle is 
of fundamenta l impor tance . 

5.3 Ang le θ 

The equat ion for the min imum gap as a function of θ 
can be found from the same triangle but the exterior 
angle θ is now used. θ is the angle between R^ and the 
x-axis and is the angle that the stirrer has turned. The 
t r igonometr ic law now yields 

[ Ä B - - Gie)Minf= E:' + Rh + (2ER^)cos0. (13) 

So 

G(e)Min = RB-RH-IE^ + Rh+(2ER^) cos^]i /2 (14) 

Of course, this equat ion shows that the min imum gap 
depends on the angular posi t ion of the h u m m o c k and 
the other pert inent variables when the gob is cut. 

For a numerical example R^, Rh, Rw and Ε were 
again arbitrarily set equal to 0.1524, 0.066675, 0.05080 
and 0.03175 m, respectively, and then substi tuted into 
equat ion (14). So 

G^(^MM = 0.085725-0.0599058[l-F0.898877cos6']i /2 (15) 

W h e n θ increases by multiples of 2 π, the value of c o s ^ 
remains unchanged, and the value of G(^)MIN repeats 
showing that this function has a per iod of 2 π. When θ 
is equal to any j · π ± δ(δ = any arbi t rary angle and 
j = 0,1,2, etc.), the value of G(ö)MIN remains unchanged 
showing symmetry about θ = j · π (curve 2, figure 9). 

5.4 Graph of the angle for the "Throw of the g o b " 

This angle was found by using equat ions (12b and 14) 
which were solved simultaneously with a simple Com
pute r p rogram (not shown). The angle φ is plot ted 
as curve 3 in figure 9. It is a periodic function of the 
angle θ at which the gob is cut for the general case in 
which Ε and R^ > 0. It is no ted that φ = 0° when 
^ = 0° and lags ^ for 0° < ^ < 180°. When θ = 128.68°, 
φ = 90°. Also φ = 180° for θ = 180° and leads θ for 
180° < 6/ < 360°. At ^ = 231.32°, φ = 270°, etc. 

5.5 Weigh t versus m in imum g a p or angle 

Α simple assumpt ion relating weight with the angular 
Posit ion of the needle is that gob weight, W(e), is a hn
ear function of the min imum gap at which the gob is 
cut, i.e. 

(16) 

where m and b are appropria te cons tants that can be 
evaluated. As it is desirable to consider weight varia
tions, this equat ion may be rewritten as 

W(e) = Wj^y + m[G(^ )MIN - ^ A V ] 
(17) 

where W/^y is the average weight a n d GAV is equal to 
G(0)Mm averaged over a complete cycle (see section 11.). 
In equat ion (16), b has been replaced by 



(18) 

Equat ion (17) shows that W(9) = Way when G ( ^ ) M i n = 

= GAV- (Note that the assumpt ions used to write equa
tion (17) determine how b is defmed by equat ion (18). 
Different assumpt ions will result in different forms for 
equat ion (18).) In practice, with a fixed physical struc
ture, Wav and GAV can be changed by varying the tem
perature of the stirred glass, its chemical composi t ion 
and its level (head, see figure 1) above the orifice of the 
delivery system. W^y and GAV can also be varied by any 
changes in the stirrer's rotat ional speed, direction of 
rotat ion, centering, gobbing rate as well its elevation 
(vertical posit ion) and/or stroke [1]. In other words, W^y 
and GAV can be changed by varying the value of any of 
the Parameters in equat ion (14). 

F r o m equat ion (17) divided by W^y 

ME) - W^y]/ Way = m[G{9)Min - ^ A V ] / ^ ^ A V · (19) 

Define the m a x i m u m and min imum gob weights as 
^ M a x and Wum and the max imum and min imum gap 
sizes as G ^ a x and G^[^. Using the fact, as explained ear
lier, that the gob weight has its max imum value, Wm^x, 
when G ( ö ) M i n has its min imum value, equat ion (17) 
gives 

( ^ ^ M a x - WayVWay = m[GMin " G^y]/Wj^y · 

Likewise 

(20) 

( ^ M i n - ^ ^ A V ) / ^ A V = m[GM.x " G^YV^V^Y · (21) 

Subtract ing equat ion (21) from equat ion (20) yields 

( ^ M a x - ^ M i n ) / ^ A V = ^ [ ^ M i n " ^ M a J / ^ A V · (22) 

It is desirable to normal ize the total percent weight fluc
tuat ion to one percent. Wi th this information 

This results in 

AV 

m = frAv/(100[GMin - Gm..]) • 

O n this basis equat ion (19) becomes 

W{E) - ^ G(Ö)Min - GAV 

AV 

(24) 

(25) 

Variation curve for any ac tua l or predicted weight r u n . 
This requires de te rmin ing the change in the angular p o 
sition of the stirrer be tween successive gobs cut o r t o 
be cut . This p rocedure is i l lustrated for the weight r u n 
discussed in this article in section 5.8. 

5.6 General relation between rpm and gpm 
W h e n r p m a n d g p m are k n o w n , the actual angles a t 
which gobs are cut can be calculated. Wi th these a n g l e s 
equa t ion (15) can then be used to calculate the c o r r e 
spond ing m i n i m u m gaps. T h e closer the angles at w h i c h 
gobs are cut , the closer the gob weights will repea t . I n 
this section, gob a n d the match ing t u r n number s for 
gobs cut close to 0°, 360°, 720°, etc. will be ca lcu la ted . 

Let 

RIG/TG = g p m 

or 

/ g / « g = t ime per g o b 

( 2 6 a ) 

( 2 6 b ) 

a n d let equa l the ro ta t iona l speed of the s t i r rer in 
tu rns per minute . Therefore, 

u, = 360nJL . (27) 

Let the angle the stirrer t u rns t h rough per gob be γ, t h e n 

γ = U^TG/RIG = (360 NJQ {T^LN^ (28a ) 

or 

γ = 360 ( r p m / g p m ) . (28b) 

Let gm be the integral n u m b e r of gobs cut d u r i n g a n 
integral (complete) n u m b e r of t u rns A înt of the s t i rrer . 
T h e difference in the angu la r pos i t ion at which t h e g o b 
is cut a n d the angu la r pos i t ion of the stirrer is 

Δ = [ 3 6 0 Μ , , - yg^] . (29a) 

This difference may be positive or negative. W i t h e q u a 
t ion (28b) a n d using absolute values, it may be rewr i t 
ten as 

ΙΔ/360Ι = |[7Vi,t - ( rpm/gpm) Var < β ^ 0 (29b) 

where Var is defined to be |A/360| a n d ε is any des i red , 
a rb i t ra ry number(s ) . Divis ion of this inequal i ty by t h e 
posit ive n u m b e r results in 

Thus theoretically, the normal ized percent weight fluctu
ation for any gob can be found by evaluating the right 
hand side of equat ion (25). The results for a complete 
cycle are plot ted in figure 9 as curve 1. F r o m this curve 
it can be seen that the peak for the min imum weights is 
narrower than that for the m a x i m u m weights. Figure 9 
can be used to predict a normal ized percent weight 

[NiJgm - ( rpm/gpm)] < elg^ = ε' > 0 (29c ) 

where ε' is also arbi trary. Examina t ion of this inequa l i ty 
shows tha t if the a rb i t ra ry number s ε a n d ε' a re la rge 
enough , one or m o r e values of the rat io of the in tegra l 
n u m b e r of tu rns over n u m b e r of gobs cut (A^int/^m) will 
be close e n o u g h to r p m / g p m to satisfy this inequal i ty . 



Table 1. Variations for corresponding integral values of gobs 
and turns for which weights (and throws) will or almost will 
repeat versus ε in the ränge (1 = gm — 50) with (1 < #int ^ 65). 

ε = 0.08 ε = 0.06 ε = 0.04 ε = 0.02 ε = 0 

10 9 0.02 0.02 0.02 0.02 
19 17 0.06 - - - -
20 18 0.04 0.04 0.04 _ _ 
29 26 0.04 0.04 - - -
30 27 0.06 0.06 - - -
39 35 0.03 0.03 0.03 - -
40 36 0.08 - - - -
49 44 O.Ol O.Ol O.Ol O.Ol 

Explanation: Variations = Var = [Ni^t - (rpm/gpm) g^J < ε > 0. 
Division of this inequality by the positive integer, g ^ , results in 
[A^int/gm - (rpm/gpm)] < e/g^ ^ 0. When ε = 0 both of the 
above inequalities become equations. For this case (A^int/gm) is 
exactly equal to (rpm/gpm). Otherwise, when ε 0 and from 
either inequality, it is clear that the smaller ε and/or ε/gm is, the 
closer the ratio of the integral number of turns over the (inte
gral) number of gobs cut (A^int/gm) is to (rpm/gpm). This State
ment is further explained in the discussion following equation 
(29b) in the text. 

Clearly, as the value ε or ε' decreases, some of these ra
tios will be excluded. Fo r small e n o u g h values of ε and 
ε', all ra t ios will be excluded unless A^int/^m is identically 
equal to r pm/gpm. For this later case the inequality 
(equat ion (29c)) will be satisfied for ε = ε' = 0. For large 
values of ε or ε' there may be m a n y values (pairs) of A^int 
and g m which will satisfy the inequali t ies (equations (29b 
and c)). A s smaller values of ε (or ε') are chosen, the 
number of pai rs of of A^int a n d g m which will also satisfy 
the inequal i t ies ' decrease (table 1). O t h e r examples are 
discussed in section 5.7. In the above inequalit ies (equa
t ions (29b or c)), A^int is the n u m b e r of the tu rn dur ing 
which gobs numbered g m are cut . For values of A înt and 
gint for which dif or Var o r ε o r ε' = 0, the weight and 
th row will repeat exactly. W h e n there is a mismatch in 
synchronizat ion between g o b cut t ing a n d stirrer ro
ta t ion, I A^int - ( r p m / g p m ) g m | ε a n d ε' > 0 a n d the weight 
a n d th row will change for each gob. T h e smaller the 
value of ε a n d ε', the closer weight and th row will repeat. 
Some examples will n o w be discussed. 

5.6.1 r p m are mul t ip les of g p m 

Synchroniza t ion occurs when r p m is any exact multiple 
of gpm. All gobs will then be cut at the identical angular 
pos i t ion of the stirrer. Consequent ly , n o weight or load
ing differences due to stirrer 's ro ta t ion can occur. 

5.6 .2 Integral va lues of r p m a n d g p m 

F r o m physical cons idera t ion if r p m < gpm, then some 
gob weights a n d throws mus t be different from others. 
For example, if r p m = 1 a n d g p m = 3, then three gobs 
are cut for each revolut ion of the stirrer. D u r i n g the first 
tu rn , the h u m m o c k will have tu rned t h r o u g h 120° for 
the first gob , 240° for the second gob a n d 360° for the 
th i rd gob. A s the gaps for the original g o b a n d the fol

lowing two are different, the weights and throws must 
also be different. As long as the other variables remain 
unchanged, weights and throws will repeat exactly every 
third gob as these will be cut at identical angles. 

For the same example equat ion (29b), is rewritten as 

A/(360gm) = [A^int/^m " (φm/gpm) ] = Var/gm ^ ε/gm ^ 0. 

Wi th rpm/gpm = 1 / 3 , this equat ion can be satisfied with 
ε = 0 by equating A^int/gm to 1/3 or 2/6 or 3/9, etc. F rom 
this it is again clear that weights and throws will repeat 
every third gob. Δ = 360[A^mt - ( rpm/gpm) gm]) will 
now be used to study the same example with more 
detail. 

For the first tu rn A^mt = 1 and three gobs (gi, g2 and 
ga) are associated with it. So for the first gob 

Δ = 360 [1 - 1(1/3)] = 240°. 

For the second gob 

Δ = 360[1 - 2(1/3)] = 120°. 

For the third gob 

Δ = 360 [1 - 3(1/3)] = 0°. 

For the fourth, fifth and sixth gobs A înt = 2 and the 
differences are 

Δ = 360 [2 - 4(1/3)] = 240°, 

Δ = 360 [2 - 5(1/3)] = 120°, 

Δ = 360[2 - 6(1/3)] = 0 . 

Wi th this procedure it is again clear that weight and 
throw will repeat for multiples of 3. 

Wi th this example it is conaluded that when r p m and 
gpm are integers and rpm < gpm, then cyclic weight and 
loading variations must occur. 

5.7 Determinat ion of g o b and tu rn numbers for 
wh i ch we igh ts and t h row will or a lmost will repeat 

For this example let r pm = 28.2 and gpm = 31.4, so that 
rpm/gpm = 0.8980892. With these numbers the angle at 
which a gob is cut can be found. Then equat ions (14 and 
17) can be used to determine the gap and the gob 
weight, respectively. It is assumed that the starting gob 
in a weight run is cut at the zero angular posit ion of the 
stirrer where the gob weight is a max imum. 

Equa t ion (29b) is now used to find the succeeding 
gob and tu rn numbers for which the weights will be 
equal to or close to the original weight. The smaller ε is 
in this equat ion, the closer weights (and throws) will re
peat. To find the values gm and A^^t for ε = 0, consider 
rpm/gpm = 28.2/31.4 = 282/314 = 141/157. N o smaller 
ratio of integers is possible. Wi th this ratio becomes 
equat ion (29b) becomes 

iTVmt - (141/157)gm| = Var = ε = 0 . 



Obviously the Solution is gm = 157 and iVmt = 141. 
Thus, depending on the accuracy of the measured vales 
of rpm and gpm, the first exact repetition of weight will 
occur for gob no. 157 and tu rn no. 141 and others will 
occur at multiples of these numbers. Equa t ion (29b) was 
also solved to find other pairs of (gm, ^int) wi th other 
values of ε. Table 1, generated with a Computer, shows 
the values of gm, A înt and Var for gm ranging from 1 to 
50 and A^mt going from 1 to 65 for various values of ε. 
For ε = 0.08, eight sets of (gm, A'int) were found. The 
first set is (10,9) with Var = 0.02. The second and third 
sets are (19,17) with Var = 0.06 and (20,18) with 
Var = 0.04. The smaller value of Var for the third set 
means that the angle at which this gob is cut is closer to 
a multiple of 360° than that for the second set. This 
means that the first two peak gob weights will be ten 
gobs apar t . The fourth and fifth sets are (29,26) with 
Var = 0.04 and (30,27) with Var = 0.06. Thus set 
(29,26) will be cut at a more favorable angle than set 
(30,27), so that its peak gob weight will be nine gobs 
away from the previous one. As smaller values of ε are 
used, fewer sets will be found. Thus, with an examina
tion of table 1, gob order for peak weights is 0, 10, 29, 
39 and 49. This shows a Separation of nine and ten gobs 
between adjacent peaks. In addit ion, the different values 
of Var for these sets show that their peak weights are 
also different and that the weight of gob no. 49 is closer 
to that of the start ing gob than the others. 

Equa t ion (29b) was now examined for (gm, A/'mt) 
varying u p th rough (195,215) with ε = 0.08, 0.04 and 0. 
Similar conclusions resulted including the Observation 
that multiples of 49 gobs also yielded weights quite close 
to the max imum gob weight. 

F rom this work it was clear that weight (and throw) 
would repeat approximately every n in th or ten th gob 
and that the peak weights in a weight run would only 
occasionally repeat exactly. 

6. Experimental percent weight Variation 
curve 
F r o m theory it is known that a properly designed and 
operated model can be used to study gobbing rep
resenting a stirred glass delivery system [3]. Thus , a full-
size model (figure 1) was used to simulate the delivering 
of gobs of a typical product ion line mak ing borosihcate 
glassware. Its gobbing stirrer was offset from the delivery 
system's center line and had a p ronounced wobble. The 
r p m and gpm were determined by t iming 100 turns and 
100 gobs, giving an r p m of 28.2 and a gobbing rate of 
31.4 gpm. G o b collection was started when the angular 
Posit ion of the stirrer was apparently aligned to give one 
gob ahead of a m a x i m u m weight. This means, of course, 
that for the first m a x i m u m weight gob, the angle θ was 
as close to zero as could be realized experimentally. Thus 
the weight run started with gob number ( - 1 ) . 
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Figure 10. Percent weight VARIATION curves normalized to 1 %. 
Solid circles represent experimental values, open circles are cal
culated points. 

T h e cyclic gob- load ing Variation, predic ted by the 
ory, was clearly evident . In addi t ion , weights var ied f rom 
the average by ab o u t 6 % . T h e average was ca lcu la ted 
wi th the following equa t ion in which A" = 49, 

^ A V = Σ W,/(N+2), (31) 

T h e cycles in the resul tant curve repeated every n ine t o 
ten gobs. For c o m p a r i s o n wi th a calculated curve, t he 
spread was no rma l i zed to 1 % . This was d o n e by al-
gebraically sub t rac t ing the average of the lower p e a k s 
from the average of the uppe r peaks and dividing by the 
average weight. This percent spread was t hen m a d e 
equa l t o 1 %. This 1 % spread a n d the no rma l i zed exper
imenta l weight curve (with solid circles) are s h o w n in 
figure 10. In appea rance this weight curve is s imilar t o 
m a n y others found in p roduc t ion runs [4]. F r o m figure 
10 it also appears tha t the lower peaks are sha rpe r t h a n 
the uppe r peaks as suggested earlier. It is also n o t e d t ha t 
the m a x i m u m weights of the gobs are different as sug
gested earlier, while the m i n i m u m value at g o b no . 44 
was the lowest. In practice, pa r t s are n o t perfect, t em
pera ture dis t r ibut ions may n o t be ideal a n d o the r u n p r e -
dictable pe r tu rba t ions may occur as stated in the in t ro 
duc t ion . Therefore, weight a n d loading Variation curves 
will always show some degree of a s y m m e t r y Of course , 
the be t te r the pa r t s are m a d e a n d ahgned , a n d the 
smaller the r a n d o m changes in the opera t ing var iables 
are, the smaller the f luctuat ions in the cyclic var ia t ions 
will be. 

7. Theoretical percent weight Variation curve 
7.1 Calcu la t ion 

F r o m the r p m a n d g p m values, the angle θ can be deter
mined a n d by equa t ions (12a a n d 14), the angle φ a n d 



Table 2. British and the corresponding metric numbers used for 
the experimental and calculated, normalized, 1 % weight curves 
of figure 10 in which the same values for rpm and gpm were 
retained. Note, even though there are big differences between 
some of the corresponding numbers, they do not influence the 
amplitudes of the normalized curves. 

inches meters inches meters 
for for for for 
experimental experimental calculated calculated 

3.00 0.0762 6.00 0.1524 
2.50 0.0635 2.625 0.066675 
0.125 0.003175 1.25 0.03175 
0.25 0.00635 2.00 0.5080 

As the exact experimental values for R^, Rn, R^ and Ε are 
not known, more or less typical values for them are shown in 
this table. The actual numbers shown here and used for the 
calculations were shown in the first paragraph following equa
tion (IIa) . Note the large differences between the numbers rela
tive to the experiment and to those used in the calculations. 
Nevertheless, the normalized experimental and calculated per
cent weight Variation curves show excellent agreement (see 
figure 10). 

The normal ized percent weight curves extend over 
several cycles in which the gob weights a lmost repeat. 
The calculated curve based on the experimental rates, 
namely 28.2 r p m and 31.4 gpm correlates very well 
with the experimental one. T h e max imum weight was 
off by + 1 gob at the third a n d fourth cycles and by 
+ 2 gobs in the fifth and sixth cycles. Agreement for the 
min imum weights was excellent. Changing the ratio 
rpm/gpm = 28.2/31.4 by using 28.4 for the r p m or by 
0 . 7 % made the fit much poorer . Using 28.0 r p m shifted 
the disparity in the opposi te direction. With r p m = 28.1 
or by a shift of 0.35 % in the ratio, the max imum weight 
was off by + 1 gob at the tops of the fourth, fifth and 
sixth cycles and the b o t t o m of the cycles no longer fit as 
well. It was concluded that the calculated curve based 
on the experimental values of 28,2 rpm and 31.4 gpm 
resulted in the best fit and that the disparities were due 
to small per turba t ion in the experiment and to possible 
but unknown asymmetries in the equipment . 

the m i n i m u m gap can be calculated. Thus , theoretical 
curves of g o b weights a n d throws can be constructed. 
F r o m these curves the n u m b e r of gobs at which weights 
a n d throws a lmos t repeat can be seen directly. However, 
only the theoret ical g o b weight curve was constructed. 

T h e calculat ion was s tar ted one g o b early, so the gob 
n u m b e r e d (0) was cut wi th ^ ~ 0. Fo r equat ion (29a) 
successive gobs were cu t at successive values of γ where 

8. Conclusions 
It was concluded that the model could be used to study 
weight and loading variat ions due to a stirrer's wobble 
and eccentricity, and moreover, that these normalized 
variations could be calculated. It was also clear that the 
variations could be eliminated if all the gobs were cut at 
the same angular posi t ion. 

γ = 3 6 0 r p m / g p m = 360(28.2/31.4) = 323.2°/gob . (32) 

W i t h this value for y, ( inequali ty) equa t ion (29b) with ε 
ranging from 0.04 to O.Ol shows tha t the gob weights 
will a lmos t repeat every n in th or t en th gob (as shown in 
section 6.) in agreement wi th the exper imenta l results. 

T h e normal ized theoret ical percent weight Variation 
values for gobs n u m b e r e d - 1 to 49 can be found from 
curve 1 in figure 9 at y = (/) · (323.2°), where / = - 1 to 
5 1 . These values can also be found m o r e accurately and 
easily by subst i tu t ing the y's in to equa t ion (25) with 
^Av = 0.0298 as evaluated in section 11. T h e resultant 
po in t s are p lo t ted in figure 10 as o p e n circles. 

7.2 Discussion 
Norma l i za t i on of the weight r u n curves changes the 
magn i tude of the var ia t ions in weight due t o eccentricity 
a n d wobble bu t leaves the angu la r var ia t ions intact. 
Thus , the periodici ty of these curves is only a function 
of the angle (γ) irrespective of eccentricity and wobble 
a n d o the r dimensions. This Statement is confirmed by 
no t ing the widely different values used for the exper
imenta l a n d calculated values (table 2) of R^, Rh, AV 
a n d Ε t o cons t ruc t the curves shown in figure 10, while 
the same values were re ta ined for r p m a n d gpm. 

9. Nomenclature 

9.1 Symbols 
b appropriate constant 
Cb, Cii, Cw centers for bushing, hummock and wobble, 

respectively (figure 2) 
Ε eccentricity, offset distance (figure 2) 
< ^ ( ^ ) M I N minimum gap at angle θ (figure 2) 
GAV average gap size 
^MAX maximum gap size 
G M I N minimum gap size 
Gn size of minimum gap independent of angle 
Go, Ge gaps (figure 3) 
Go gap (figure 4) 
Gl, G2, G3, G4 gaps (figures 6a to d) 
Gl, G2, G3, G4 gaps (figures Sa to d) 
GM gob number 
m appropriate constant 
A ÎNT integral number of turns 
«g number of gobs 
ris number of turns of the stirrer 
Rb, Rh, Rw radii for bushing, hummock and wobble, 

respectively 
T time 
TG time for gob 
TS time for the stirrer in min 
WS rotational speed of the stirrer 
W gob weight 
Zq, Zq reference points (figure 3) 
Ζό, Ζ'Θ reference points (figure 4) 
Zi , Z2 , Z3, Z4 reference points (figures 8a to d) 



δ 
ε 
θ 

angle at which a gob is cut for the theoretical 
and experimental weight runs 
arbitrary size angle 
arbitrarily chosen number 
angular position of stirrer as gob is cut 
angle for "throw of the gob" 

9.2 Subscripts 
Β bushing 
g gob 
Η hummock 
/, η, m index numbers 
W wobble 
0 reference point at start 

9.3 Abbreviations 

AV average 
gpm gobs per minute 
rpm rotation per minute 
Var Variation (equation (29b)) 
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11 . Appendix: Theoretical evaluation of GAV 

Theoretically, this average is defmed as 

Gay - 7 0(θ) de]/J άθ = (1/(2π)) J 0(6) άθ ν ο / ο ο 
(33) 

With equation (14), equation (33) yields 

< ^ A V = Rb- Rh- (1/2 π) J Jr^ + -^2ERy^cos0 άθ . 

(34) 

For a numerical example, Rb, Rh, Rw and Ε were arbitrarily 
set equal to 0.1524, 0.066675, 0.0508 and 0.03175 m, respec
tively, and substituted into equation (34) yielding 

GAV = 0.085725 - 0.0095343 / Vi + 0.898877 cos(9 d^ . (35) 
0 

Integrals of the type found in equation (35) are known [6]. After 
various transformations letting θ = 2x, άθ = 2άχ and then 
with the identity cos(2x) = l -2s in^(x) , the integral became 

J Vi + 0.898877 cosö άθ = 2.7559949 
0 

(36) 

•/Vi-0.9467457 sm^(x) ax. 
0 

This last integral is an elliptic integral of the second kind and 
its values are tabulated in [7]. Thus, equadon (35) may be solved 
in this manner or very easily using a Computer. With equation 
(36) equation (35) becomes 

GAV = 0.085725 - 0.0262765 / Vi - 0.9467457 sin2(x) ax 

and after evaluation of the integral 

GAV = 0.0298 . 

(37) 

(38) 
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