
Original Paper 

Phasors for fluid conductors and vertical electric glass melters 
Paul F. ΒρΓθΓΤΊυΙΙΙ"") 
Furnace Development Department, Corning, Inc., Corning, NY (USA) 

Phasors are useful in electrical engineering bu t they are even more useful when used to display and /o r explain p h e n o m e n a assoc ia ted 
with fluid conductors . Phasor d iagrams include no t only the applied vol tages bu t all the voltages found in the fluid. Th i s h a s been 
illustrated by const ruct ing and discussing phaso r d iagrams for a variety of circuits used in vertical glass melters. I t h a s been s h o w n 
that these d iagrams can disclose wiring errors and /o r undesirable vol tage dis t r ibut ions . In m a n y cases they can lead t o des ign ing 
improved circuits and /o r al ternate circuits which may have equivalent vol tage dis t r ibut ions . P h a s o r d i ag rams have also been used as 
an aid in designing new circuitry with symmetr ical electrical dis t r ibut ions. S imul t aneous c o n s i d e r a d o n of cur ren t a n d vol tage p h a s o r s 
yields correct phase angles and equat ions to calculate power. 

Zeigerdiagramme für flüssige elektrische Leiter sowie elektrische Glasschmelzöfen mit vertikalem Schmelzvedauf 
Zeigerdarstel lungen sind nützliche Hilfsmittel in der Elektrotechnik, aber noch hilfreicher, wenn sie z u m Aufzeigen u n d / o d e r z u r 
Erk lä rung von P h ä n o m e n e n in flüssigen elektrischen Leitern eingesetzt werden. Ze ige rd i ag ramme berücks icht igen n icht n u r die 
angelegten, sondern auch alle in der Flüssigkeit vorhandenen S p a n n u n g e n . Dies wird an einer Reihe von Schal tkre isen für G l a s ­
schmelzöfen mit ver t ikalem Schmelzverlauf durch das Erstellen u n d Disku t ie ren von Ze ige rd i ag rammen illustriert . Es wird gezeigt , 
d a ß diese D i a g r a m m e Verdrahtungsfehler und /ode r unerwünschte Spannungsver läufe aufdecken können . In zahlre ichen Fäl len füh­
ren sie zur Entwicklung verbesserter und /oder per iodischer Schaltkreise mi t äqu iva len tem Spannungsve r l au f Z e i g e r d i a g r a m m e wer­
den auch als Hilfsmittel beim Aufbau neuer Schaltkreise mit symmet r i schem Spannungsver i au f genutzt . D ie gleichzeitige Berücks ich ­
t igung von Strom- u n d Spannungsvektoren resultiert in korrekten Phasenwinke ln u n d Gle ichungen zur Bes t immung der e lekt r i ­
schen Leistung. 

1. Introduction 
Phasors (section 10.) are useful in electrical engineering. 
They are even more useful for fluid electrical conductors 
and may be used not only to display voltages and cur­
rents but also to predict or estimate other voltages and 
phase distr ibutions occurring th roughout the fluid. This 
may improve unders tanding of what is occurring in the 
melter and to characterize its electrical circuits. Conse­
quently, one may choose an alternate circuit which may 
give preferred results. It is emphasized that the phasor 
approach is strictly applicable only if the applied volt-
age(s) is sinusoidal. However, sinusoidal voltages may be 
assumed for design purposes and for trouble-shooting. 
The phasors resulting with this approach often lead to 
useful results. 

The voltage from a secondary of a power supply is 
called a "phase voltage" and the current associated or 
caused by it is known as the "phase current" . The volt­
age from a power supply measured at the terminals of a 
circuit is the "line voltage" and the current associated 
with it is called the "line current" . When the line voltage 
results from a single secondary, the line and phase voh-
ages are the same as are the line and phase currents. 
When the voltages from more than one secondary are 
applied to a circuit's terminals, the line voltage is the 
phasor sum of the phase voltages and the same is t rue 
for the line and phase currents. 
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W h e n each phase voltage or line voltage is appl ied 
to diametrically located electrodes, the mel ter is said t o 
be cross-fired. W h e n the circuits are connec ted t o adja­
cent electrodes, the firing is said to be per iphera l . W h e n 
two secondaries furnish currents to an electrode, thei r 
phase currents combine to form a line current . 

Occasionally for simplicity and to be definite a nega­
tive sign ( - ) may be used to indicate the tail end of a 
phaso r and the relative polar i ty of the associated vol t­
age. Α positive ( + ) sign may be pu t at its head for the 
same reason. T h e inclusion of relative polar i t ies a n d 
electrode number s often makes it easier to cons t ruc t a n d 
explain phaso r diagrams. 

In vertical electric melters batch or raw mate r ia l is 
fed over a large pa r t of the t o p surface, mel ted a n d re-
fined in the uppe r and lower zones a n d then r emoved 
via an outlet near or on the b o t t o m [1]. For vert ical fur­
naces the out let or delivery System is always hea ted elec­
trically. Phaso r s for electrical delivery Systems will be 
covered in a future repor t . 

2. Cross-fired, vertical electric melters with 
in-line electrodes 
2.1 Phasors for physically symnnetrical, cross-
fired, vertical melters 
Figure l a represents an adjustable 3-phase {3-φ) p o w e r 
supply connected to a tier of cross-fired electrodes in a 
Symmetrically built a n d opera ted Vertical Elect r ic 
Mel ter (S -VEM) . F igure I b is a p lan view of the mel te r 
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Figures l a to c. Cross-fired, vert ical , electric mel te r ( V E M ) with 
in-line electrodes, a) th ree-phase power supply; b) hor izonta l 
cross-sect ion of a cross-fired S - V E M ; c) vert ical cross-section 
of a S - V E M showing electrodes a n d centra l o u d e t . 

F igure 2. Di rec t ions for the power supply p h a s o r s used 
t h r o u g h o u t this paper . 
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Figure 3. Appl ied (hne) vol tage p h a s o r s ( sohd lines) for the 
physically symmetr ica l , ve rdca l mel ter ( S - V E M ) . D a s h e d lines 
a r o u n d the per imete r are the resul tan t (per iphera l ) voltage 
p h a s o r s between adjacent electrodes. 

a n d shows the electrode number s and connect ions for 
each of three tiers. It also shows the central out let . Fig­
ure Ic is a vertical cross-section th rough a centra l plane 
including the out let a n d the m a i n in-line electrodes. The 
three sets of electrodes are called the U p p e r (U) , Middle 
(M) and Lower (L) a n d are clearly cross-fired. 

To cons t ruc t its phaso r d iag ram consider the three 
power supplies to be disconnected from the melter. Now 
adjust all three voltages (KAU, UBU and Ucu) for the up­
per level to V u . T h e phase angles between these voltages 

are 120° as determined by the Standard 3-φ connect ions 
(not shown) in the primaries of the power supplies. Arbi­
trarily assuming a hor izonta l direction for phasor Α 
fixes the directions for phasors Β and C as each makes 
an angle of 120° relative to the others. At this stage these 
phasors have the correct directions and magnitudes but 
are not connected together or spaced in any manne r (fig­
ure 2). N o w connect phase Α ( - to + ) to electrodes no. 
4 and 1. This puts electrode no. 4 at the tail-end of 
phasor Α and electrode no. 1 at its head^ \ As the melter 
is Symmetrie its centerline must be indicated at the center 
point (CP) of phasor Α (figure 3). N o w wire phase Β ( -
to H-) to electrodes no. 6 and 3. This puts electrode no. 
6 at the tail and no. 3 at head of phasor B. These connec­
t ion can no t change the magni tudes or directions of 
phasors Α or Β as these quanti t ies are determined by 
the power supply. They can only move phasors Α or Β 
vertically and horizontally. As the melter is physically 
symmetrical , electrodes no. 3 and 4 influence one an­
other in exactly the same way as electrodes no. 1 and 6. 
Therefore, phasors Α and Β must bisect each other (fig­
ure 3). Similar reasoning requires that phasor C also bi-
sects the others. 

The directed dashed lines along the perimeter of this 
figure show the magni tudes and directions of the volt­
ages existing between the adjacent electrodes of the up­
per level and thus are phasors . While phasors 3-2, 4-CP, 
CP-1 and 5-6 have the same value and direction, they 
are not equal or the same. Each is distinct and localized 
and has a different meaning as each refers to different 
electrodes or the center point . In a similar manner note 
that all the other peripheral lines are also phasors. 

Figure 3 shows that all the voltages between the cen­
terline and each electrode as well as those between adja­
cent electrodes are equal to 1/2 Vjj. In addit ion, the volt­
age differences between alternate adjacent electrodes are 
equal and may be calculated using the cosine law from 
trigonometry. Thus, for example 

[Vil-3)f = [K(CP.3)f+ [ U ( C P - l ) p - 2 F(CP.3) F (CP-l)COS^. (1) 

For this case θ = 120°, so 

[K(l-3)f = [V2 V ^ f + [V2 Uuf - 2(V2 Uu) C/2 Ku) ( -V2) . 

Thus 

V( i -3) = [V2y3] F u . (2) 

(Equat ions (1 and 2) were verified by experiment; da ta 
no t shown.) 

In a properly designed and opera ted t ransformer the internal 
impedance d rop may be ignored. This means that for all prac­
tical purposes the open circuit Output voltage phasor for its 
secondary is equal to its te rminal voltage phaso r under load. 
Of course, the 3-ψ secondary voltages could be adjusted under 
loads so that the terminal voltages for all three would be equal 
and could be used for this discussion. 



F r o m Figure 3 it is seen that C P must correlate with 
the centerhne of the melter. Thus, the centerline is a 
p h a n t o m or Virtual ground. If the centerline is connected 
to the centers of the secondaries, no current will flow 
between them. (This will remain t rue even when the 
other sets of electrodes are connected in a similar 
fashion). 

N o w adjust all the voltages for the middle set to KM 
and connect the middle set electrodes no. 4 M and I M to 
phase A M ( - to + ) . Electrodes no. 4 M and I M have ex­
actly the same influence on all the others. Consequently, 
the resultant phasor for electrodes no. 4 M to I M has to 
be collinear with phasor 

^ (4u- iu ) and bisect all the 
other phasors (figure 4). Therefore, the voltage difFer­
ence between an upper and a middle in-line electrode is 
1/2 ( F u - F M ) . A cont inuat ion of this reasoning com­
pletes the phasors for the middle set and may be used to 
construct the phasors for the lower set. Voltages between 
all the electrodes may be found in the manne r already 
described or if the phasor diagram has been drawn to 
scale, voltage differences may be obta ined directly from 
it. 

The phasor d iagram may also be used to help esti­
mate the voltage at any point in the fluid. Suppose a 
thermocouple shall be placed at the upper tier elevation 
halfway between electrodes no. l u and 2 ^ . The voltage 
phasor at that point will have a 3 0 ° phase angle and its 
magni tude must necessarily be somewhat less than 
1/2 Vu relative to the centerline. 

In a S-VEM when a line current enters the glass, it 
may be thought to divide into symmetrical components 
going to each electrode (figure 5). The side-way compo­
nents cancel, so that each line current must be in-phase 
with its line voltage. This means that the power for any 
tier of electrodes is given by 

Ρ - 3 ^Line ^Line ( 3 ) 

Experiments have verified that each line current and its 
line voltage is in-phase for symmetrical , cross-fired 
melters and that equat ion ( 3 ) is valid; da ta not shown. 

2.2 Geometrically symmetrical VEM with the 
magnitude of one line voltage changed 

As an example, start with the previous melter and let the 
line voltage for phase Α on the upper electrodes no. 4 ^ 
and lu be increased. As these two electrodes influence 
their neighbors in the same way, their old phasor can 
not be moved, must remain centered and can only have 
its length increased. Figure 6 shows the new phasor dia­
gram from which all the voltages may be determined. 

It is clear that while this melter retains its physical 
(structural) symmetry, it no longer has complete electri­
cal symmetry. Thus, the peripheral temperature distri­
but ions must vary. 

Figure 4. Upper , midd le a n d lower circuit p h a s o r s for the cross-
fired S -VEM wi th decreas ing voUages t o p to b o t t o m . 

F igure 5. Line cur ren t p h a s o r s a n d c o m p o n e n t s . I4 is for a 
cross-fired S - V E M (no scale). 

F igu re 6. P h a s o r d i ag ram for a symmetr ical ly buil t , cross-fired 
V E M with an increased vohage ( K t y - i u ) in p h a s e Α of the t o p 
der, t hus m a k i n g the electrical d is t r ibut ion a symmet r i c . N o t e 
tha t p h a s o r A ( 4 y _ i u ) is longer t h a n the others . 

2.3 Phase reversal at one pair of electrodes 

Occasional ly by accident or misunde r s t and ing the p h a s ­
ing for a pai r of electrodes may be reversed. Th i s reversal 
may occur because two wires have been in te rchanged at 



Figure 7. Pl iasors for a 3-tier, cross-fired V E M wi th leads to 
electrodes no . l y a n d 4 ^ reversed. N o t e in te rchange of elec­
t rode n u m b e r s l u a n d 4 y o n p h a s o r A . 

F igure 8. Elec t rode pos i t ions a n d vol tage connec t ions for a 
V E M with an u p p e r (U) a n d a midd le (M) tier of electrodes 
off-set by 30°. Let te rs A , Β a n d C indicate relative connecdons 
a n d will co r r e spond to the heads of the respective applied 
vol tage phasors . 

the electrodes, at a secondary or in the p r ima ry of the 
3-φ power supply. 

Us ing phase Α as an example, in terchange the leads 
to electrodes no. 4 u a n d lu- This move interchanges the 
electrode number s on p h a s o r Au. It pu t s electrode no. 
4 u at the head of p h a s o r A u a n d electrode no . l u at its 
tail. This move can n o t change the direct ion of any 
p h a s o r including phaso r Α as the direct ions are set by 
the power supply. These two uppe r electrodes now still 
influence their ne ighbors similarly even t h o u g h their in­
fluence has changed . Thus , p h a s o r A u mus t retain its 
pos i t ion in the p h a s o r d iag ram but the identifying elec­
t rode number s on it have been in te rchanged (figure 7). 
This seemingly mino r change in wiring m a k e s a major 
change in the voltage dis t r ibut ion m a k i n g it qui te asym­
metr ic . Fo r example, the voltage between the upper level 
electrodes no . 1 to 2 using the cos law (equa t ion 1) has 
changed from 1/2 Vu to 

while that between electrodes no. l u a n d 3u is (by in­
spection) 

^ ( 1 U - 3 U ) - · (5) 

In addi t ion the voltage between upper electrode no. 1 
and middle electrode no. 1 which is jus t below it has 
changed. It now is 

K ( i u - i M ) = V 2 [ U u + U M ] (6) 

instead of its former value ^/ziVu ~ ^ Μ ] · 

Clearly including electrode numbers in the phasor 
d iagram discloses this type of wiring error quite easily. 

3. Angular and spatial displacement of tiers 
3.1 Cross-fired VEM with tiers of six electrodes 
off-set by 30° 

For simplicity consider a cross-fired V E M with an upper 
and a middle tier and ignore electrodes at other ele-
vations. Each level has a set of six electrodes but the sets 
are rotated 30° relative to each other. Figure 8 depicts 
the layout and also includes the phasing and relative po­
larities. For example, the Identification for upper elec­
trode no. 1 includes l u and Au- This nota t ion empha­
sizes that the head of phasor Α is associated with the 
electrode no. 1 of the upper tier. Clearly if the melter 
had only one tier, figure 3 could represent its phasor dia­
gram. 

N o w consider the middle set which has been rotated 
by 30°. Nevertheless, each of its electrodes influences all 
the other electrodes in the same way. This means that 
figure 3 can represent its phasor diagram. At this stage 
one might be tempted to assume, erroneously, that the 
phasors for the middle set would have the same orien­
tat ion as the electrodes. This is impossible. As empha­
sized previously, directions of phasors are fixed by the 
power supply so the two phasor diagrams must have the 
same orientat ion. Consider electrodes no. I M and 4 M . 
For a symmetrically built and operated unit , they must 
influence their neighbors in the same way. This requires 
that the two phasor diagrams have a c o m m o n center and 
orientat ion (figure 9). 

Α casual look at this figure suggests that this V E M 
with its off-set electrodes is electrically symmetrical. 
Examinat ion of the voltages contradicts this. For ex­
ample, voltage difference between electrodes no. I M and 
l u (see figure 9) is 

Viw-iM) = 'liiVu - VMI (7) 

and that between electrodes no. 2u and I M may be found 
from equat ion (1) with ^ = 60°. So 

V(IU-2V) = [ V 2 V 3 I U U (4) 

[ ^ ( 2 U - 1 M ) P = [V2UU]^ + [ V 2 F M ] ^ -

- 2 [ V 2 F u ] [V2FM] cos 60° . 
(8) 



As a concrete example let Vjj = 200 V and KM = 100 V. 
With these values equat ion (7) yields K( IU-IM) ^ 50 V 
and equat ion (8) yields K(2U-IM) = 86.6 V These num­
bers are typical, repeat a round the melter, and may be 
confirmed from figure 9 drawn to scale. 

Many of t h e Statements made for t h e earlier VEM's 
are also t rue for this configuration. In addit ion, note 
that changing t h e elevation or Separation of t h e tiers 
does no t c h a n g e t h e phasor diagrams. As t h e S e p a r a t i o n 
is changed the distance between any two electrodes in 
different tiers is changed. The voltage between two elec­
trodes divided by the distance between them is the volt­
age gradient between them. As the electrodes get closer, 
the voltage gradient increases and the l o c a l heating be­
comes more intense. The voltage gradient for t h i s V E M 
with its off-set electrodes h a s its max imum when all 12 
electrodes are at the same elevation but heating between 
the electrodes is not the same. 

3.2 S-VEM's with two tiers of electrodes located 
at different diameters 
To generalize cross-fired V E M ' s consider the melter just 
discussed but let the six electrodes of the middle set be 
located at a smaller diameter than those of the upper 
set. Thus, there is a jog in the walls of this melter be­
tween the two sets of electrodes and a resultant shelf at 
that elevation. In addit ion, to be even more general, let 
the electrodes of the middle set be flat while those of the 
upper set are hemispherical (figure 10). Α repetition of 
the argument just concluded would again result in a 
voltage phasor diagram similar to that of figure 9. This 
must be true as the applied voltage phasors depend only 
on the line voltages at the electrodes and not on their 
shapes, immersions or locations as long as the meher is 
built and operated to retain physical symmetry. 

Α 3-dimensional salt water model was used to obtain 
representative data. Figure 10 is a part ial plan view of 
the model showing its inside wall contours and the shape 
of the electrodes and their locations. For this case the 
model was adjusted arbitrarily to operate at a current 
ratio whose average was 2.13. Table 1 includes the actual 
da ta and average values. For an average value of 27.23 V 
applied to the upper set of electrodes, the peripheral 
voltage difference between the upper adjacent electrodes 
should have been VJ2 = 27.23/2 = 13.62 V This calcu­
lated value compares well with the Κ value of 13.88 V. 
In a similar way the average peripheral voltage difference 
between the electrodes of the middle set should have 
been KM/2 = 15.97/2 = 7.99 V. Again this number com­
pares well with the observed Value of 7.88 V. F rom equa­
tion (7) an average voltage between an upper and 

a middle electrode should have been Κ (U-M) 
= (27.23-15.97) /2 = 5.63 V. This agrees well with the 
average experimental value of 5.65 V. The other average 
peripheral value between the two sets was from equation 
(8) equal to 11.85 V as shown by 

F i g u r e 9. P h a s o r d i ag ram for a cross-fired mel te r w i th level 1 
a n d 2 electrodes o f f s e t by 30°. D r a w n wi th VJVM = 2. 

3MB, 

^ " 30° 

Figure 10. Sketch, t o p view of a two-d iamete r Vertical Elec t r ic 
Me l t e r showing inside c o n t o u r a n d differently s h a p e d elec­
t rodes . 

- 2[V2 VJJ] [V2 KM] COS 60° = 1 1 . 9 0 V . 

This agrees well with the average measured value of 
11.80 V. 

Thus , values found using the voltage p h a s o r d i a g r a m 
(figure 9) as a guide agreed very well wi th the observed 
results. 

This mode l was also used to check o ther var ia t ions 
involved moving all the electrode connec t ions for the 
middle set relative to the upper set. In the first of these 
var ia t ions cor responding phases were wired to electrodes 
of the two sets which were 90° apa r t as viewed from the 
t o p of the figure. For example, electrodes no. l u a n d 2 M 
(figure 10) were connected to the same phase. In the next 
Variation corresponding phases were wired to electrodes 
150° apa r t again viewed from above. 

In all cases voltages predicted by the p h a s o r dia­
g rams were correct. Line currents were in-phase wi th 
their voltages and power for each tier could be found 
wi th equa t ion (3). 



Table 1. Voltage a n d cur ren t d a t a f r o m a two-d iame te r model with two sets o f electrodes staggered by 30° (figure 10) 

p h a s e vol tage in V electrode 

u p p e r circuit midd le circuit number U p p e r current in Α middle current in Α 

A - A ' 27.2 A - A ' 16.3 1 and 4 4.1 a n d 4.2 1.9 and 1.9 
B - B ' 27.2 B - B ' 16.0 3 and 6 4.1 and 4.1 2.0 and 1.9 
C - C 27.3 C - C 15.6 5 and 2 4.0 and 4.0 1.8 and 2.0 

average: 27.23 average: 15.97 average: 4.08 average: 1.92 

average (Ku /K M ) : 1.71 average ( / U / / M ) : 2.13 

per iphera l vol tage in V 

Upper circuit midd le circuit U p p e r to middle U p p e r to middle 

K(iu-2U) = 14.0 K(1M-2M) = 7.8 K(iu-iM) = 11.8 K(iu-6M) = 5.4 
K(2u-3U) = 13.8 K(2M-3M) = 8.0 K(2u-2M) = 1 1 . 8 K(2U-1M) = 6.0 
F(3u-4U) = 13.9 K(3M-4M) = 8.0 K(3U-3M) = 1 1 . 8 K(3U-2M) = 5.6 
K(4u-5U) = 14.0 K(4M-5M) = 7.7 K(4U-4M) = 1 1 . 8 K(4U-3M) = 5.5 
F(5u-6U) = 13.7 K(5M-6M) = 8.0 K(5U-5M) = 1 1 . 8 K(5U-4M) = 6.0 
K(6u-iu) = 13.9 K(6M-1M) = 7.8 K (6U-6M) = 1 1 . 8 K(6U-5M) = 5.4 

average: 13.88 average: 7.88 average: 11.80 average: 5.65 

4. Phasor diagram-aided design of a S-VEM 
4.1 12 electrodes and a symnnetric voltage 
distribution 

In all preceding sections phaso r d i ag rams were con-
st ructed for given electrode a r r angemen t s a n d connec­
tions. T h e reverse procedure will now be illustrated. Α 
p h a s o r d iagram which has the desired characteris t ic will 
be chosen and used to help design circuitry to match. 

Based on the discussion in section 3. , it seems desir­
able to consider 12 electrodes fired to give a Symmetrie 
vol tage dis t r ibut ion. The object is to design a symmetri­
cal mel ter with 12 electrodes spaced 30° apa r t and with 
a Symmetrie voltage dis t r ibut ion. In one of the designs 
all 12 electrodes can be at one elevation [2]. Of course 
more electrical equ ipment will have to be added for the 
required circuity. 

A s a Start, physical symmetry is assured by planning 
a "cyl indr ical" t ank with 12 symmetrical ly placed elec­
trodes. These could be at one elevation bu t , for now, two 
elevations will be used with the angu la r a r rangement 
shown in figure 8 bu t with the second set identified as 
the lower one and with different phas ing , i.e. electrical 
connec t ions for the lower set. F r o m the preceding mate­
rial a n d from pas t experience it is k n o w n tha t electrical 
symmet ry can be ob ta ined with six electrodes if a physi­
cally symmetr ical t ank is cross-fired (figure 3). 

N o w referring to figure 8 the miss ion would be ac­
compl ished if the phasors for one set cou ld be rotated by 
30° relative to the other. This can be d o n e wi th proper 
connec t ions in the power supply bu t n o t by jus t inter-
chang ing leads. It is preferred to retain the p h a s o r direc­
t ions shown in figure 2 and for the uppe r six electrodes 
figure 3 is still valid. 

4.2 Construction of figure 1 l a (as described in 
the following four paragraphs) 

First , imagine a convenient size reference circle (not 
shown) representing the outer wall of the melter and lo-
cate the six upper electrode numbers on it (figure I I a ) . 

Second, for the three applied upper voltage phasors 
let their lengths be equal to the diameter of this reference 
circle and draw them similar to those in figure 3 using 
the subscript U for the electrodes. 

Third, imagine a second arbitary (smaller) reference 
circle (not shown), locate and label the angular posit ion 
of its six electrodes with the subscript L as shown. 

Four th , draw arrows from posifion 3 L to 1L, from 1L 
to 5L and from 5L back to 3L. F rom geometry it is 
known these three arrows have the same length and form 
an equilateral triangle. N o t e that the top arrow of these 
three is parallel to phasor Α while the other two are 
parallel to phasors C and B, respectively. 

4.3 Construction of figure I I b 

Because of their directions and locations the last three 
arrows are labeled as phasors Au, C u and Bu, respec­
tively. The quest ion now is whether these three proposed 
phasors are real or a figment of one's Imagination and 
can equipment actually furnish them. Start ing with Au 
it is noted that it has a direction, a magni tude and a 
separate spatial location. All these quanti t ies can be ob­
tained from a separate secondary connected to phase Α 
of a power supply ( top transformer, figure I I b ) . How­
ever, at this stage the spatial location Au is not yet set. 
N o w complete the delta in figure I I b with two more 
identical t ransformers adjusted to the same voltage mag­
ni tude and show their secondary voltage phasors , C u 
and Bu. N o t e the clockwise rotation for these three 



phasors . This closed delta, with its electrode connec­
tions, fixes the location of the three subject phasors and 
ties them together. As similar electrical relations will be 
mainta ined for all the electrodes, this phasor triangle 
must be centered as shown (figure I I a ) . (The triangulär 
representation with the three transformers in figure I I b 
makes the required connect ions obvious.) Figure I I b is 
now complete. 

4.4 Construction of figure 11 c 
N o w draw directed arrows 4 L to 6L, 6L to 2L , and 2L 
back to 4L (figure I I a ) . Wi thou t repeating the previous 
argument , draw figure 11c and show the connections for 
the three remaining electrodes no. 4L, 6L and 2L . No te 
the counterclockwise rota t ion used for this triangle and 
again note that all the voltage for it were kept constant , 
i.e. their phasors also form an equilateral triangle. These 
three addit ional secondaries also form a closed delta. 

Normal ly a single pr imary will be used for each pair 
of (separate but identical) secondaries resulting in iden­
tical voltages for each double-delta. 

Figure I I a is now complete. It has one set with six 
cross-fired electrodes with a given voltage. It has a sec­
ond set of six electrodes connected to a double-delta 
which may be controlled to the same or a second voltage. 

As noted earlier in this report , the voltage phasor 
diagram will no t change even if the melter's size is 
changed, its diameter is different at each tier or if the 
Separation between the tiers is changed. Thus, the objec­
tive of a 12 electrode-tier melter with symmetrical elec­
trical distribution has been met. F r o m this work it is 
clear that addit ional tiers may be added. 

F rom figure 11 and its discussion, it is clear that the 
voltages for the cross-fired set and that for the double-
delta set may be changed independently. For any given 
voltage ratio between the sets the voltage difference be­
tween any two diametrically placed electrodes of a set is 
constant . Thus, in effect there can be a 12-electrode 
cross-fired tier which may have two different voltages. It 
is stated without proof that each line current is in-phase 
with the voltage difference between the corresponding 
diametrically opposed electrodes. As an example the line 
(not phase) currents measured at electrodes no. 2L and 
5L are equal and in-phase with the voltage between these 
two electrodes even though they are connected to differ­
ent deltas. 

4.5 Three/six-electrode units 
N o t e that a double-delta secondary can be used by itself 
to power a six-electrode melter and the phasor diagram 
for it is the star in figure I I a . Fur the r note that the three 
electrodes of a delta may be used independently or may 
be at a different elevations from those of the other deha. 
For these cases the applied voltages are peripheral and 
not cross-fired. It can be shown (as will be done with 
equat ions (10 to 14)) that power for a double-delta, with 
six electrodes at a single level is given by 

3uvB 
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Figures I I a to c. D i a g r a m s used as a ids in designing V E M ' s , 
a) p h a s o r d i ag ram cons t ruc ted while developing an electrically 
symmet r ica l mel ter wi th 12 electrodes. Solid lines a re the a p ­
plied cross-fired voltage p h a s o r s for the u p p e r set, d a s h e d l ines 
a re the appl ied delta-fired vol tage p h a s o r s for the lower set; 
b) de l ta -connec ted secondar ies for electrodes no . 1 ,3 a n d 5 of 
the lower set; c) de l ta -connec ted secondar ies for e lect rodes n o . 
2, 4 a n d 6 of the lower set. 

F igu re 12. P lan view of a S - V E M a n d a 3-φ circuit for per i ­
phe ra l hea t ing . 

P=2[j3]IuneV, Phase (9) 

5. Alternate circuits from phasor diagrams 
This was illustrated in section 4. by sett ing the p h a s o r s 
of the uppe r set to zero a n d examining the remain ing 
p h a s o r d iagram. Α second example will be developed 
using figure 3 as the base. In this figure the p h a s o r dia­
g r a m was drawn with the applied voltage ob ta ined from 
a k n o w n circuit. In this section, the reverse p rocedure 
will be followed. It will be recalled tha t the cross-fired 
applied voUage phaso r d iag ram of figure 3 consists of 
three mutual ly bisecting straight lines wi th 60° be tween 
them. This phaso r d iag ram resulted from the wir ing 
shown in figures l a to c. For specified 3-phase appl ied 
line voltages, specific 3-phase line currents resulted. Of 
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Figure 13. Appl ied per iphera l vohage p h a s o r s ( sohd hnes), 
resu l tan t cross-fired voltage phaso r s (dashed lines). 

N O . 4 J I O . l 
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Figure 14. C u r r e n t p h a s o r s for electrodes no . 4 a n d 1 of figure 
13 wi th appl ied per iphera l firing. 

course, the cor responding currents and voltages were in-
phase. For this symmetrically cons t ruc ted a n d operated 
melter, six per ipheral voltage phaso r s also resulted as 
shown by the dashed lines in figure 3. 

Α new circuit will now be designed to apply these 
six per iphera l , equal magn i tude voltages. It will need six 
separate secondaries with two secondaries connected to 
each of the three phases. As an aid to visualize the wir­
ing, each secondary will be drawn parallel to its phase 
direct ion. F igure 12 is a p lan view of a S - V E M and the 
p roposed electrical connect ions required for the elec­
t rodes at one elevation. In this sketch vol tage ( Α - Α ' ) is 
apphed to electrodes no. 3 and 2 ( instead of to no. 4 and 
1). Nex t the voltage ( Α - Α ' ) from a second secondary is 
applied to electrodes no. 5 and 6. Then the ( Β - Β ' ) volt­
ages from two separate secondaries are appl ied to elec­
t rodes no. 1 a n d 2 and to no. 5 a n d 4, resepctively The 
wiring is comple ted by using the o ther two separate sec­
ondar ies with voltages, ( C - C ) . After these six periph­
eral voltages have been adjusted to the same magnitude, 
their p h a s o r d iagram may be represented by the hexagon 
of figure 13. Solid lines in this figure represent the ap­
plied per iphera l voltage phasors while the dashed lines 

3 - phase power supply 

Figure 15. S-VEM with " p u r e " peripheral headng , i.e. with n o 
cross-fired componen t s . 
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Figures 16a and b. Cur ren t and voltage phasors for a S y m m e t r i e 

unit wired per figure 15, a) applied voltage and line current 
phasors showing " p u r e " peripheral firing, i.e. n o electric cur­
rents between diametrically placed electrodes; b) representative 
hne and phase current phasors . 

represent the resulting cross-fired phasors. This hexagon 
and the polygen in figure 3 are identical. Thus, a new 
equivalent circuit has been designed. 

Some comments are in order and refer only to S-
VEM's. Each secondary has a phase current which must 
be in-phase with its (phase) voltage as mol ten glass acts 
like an ohmic resistor. At each electrode two equal mag­
nitude phase currents combine into a line current and 
the opposing componen t s of the phase currents cancel. 
Thus, each line current has a current phasor which is the 
phasor sum of two phase currents. An example of these 
current phasors is shown in figure 14 which refers to 
electrodes no. 4 and 1. For each of these electrodes their 
phase currents are drawn parallel to their corresponding 



voltage phasors and make angles of 60° with the χ axis. 
As the voltage magni tudes are equal and for S-VEM's, 
these two phase currents have equal magni tudes and 
their lateral componen t s cancel. This leaves the line cur­
rent, / ( 4 - 1 ) , in-phase with V(4-\) and thus, represents the 
resulting cross-firing current between these two elec­
trodes. Thus, measur ing line currents and voltages at 
electrodes is not necessarily sufficient to distinguish be­
tween S-VEM's. 

For cross-fired S-VEM's line currents must be in-
phase with their respective applied voltage and these 
voltages may be adjusted independently. This will be true 
regardless of their magnitudes. On the other hand , this 
is not true with peripheral firing. With unequal voltages 
opposing lateral componen ts of the phase currents do 
not cancel and thus, line currents are no longer in-phase 
with the corresponding voltages. (This conclusion may 
be visualized by examining figure 14). In addit ion, as the 
polygen of figure 13 must remain closed, changing one 
applied peripheral voltage causes changes in at least the 
other corresponding phase voltage. In general, an ap-
preciable change in one phase voltage will cause signifi­
cant alterations in the others. 

6. Peripheral firing with no cross-firing 
components 
All the circuits discussed until now have electric currents 
between diametrically opposed electrodes and all the 
others. The electric current between diametrically op­
posed electrodes can be eliminated if they have identical 
voltages (phases and magnitudes) . This can be realized 
with a Single closed-delta 3-φ circuit whose secondaries 
are connected to al ternate electrodes while diametrically 
placed electrodes are connected in parallel [3] (figure 15). 
F rom this sketch it can be seen that electrodes no. 1 and 
4 are wired to one terminal of the power supply, while 
no. 2 and 5 are connected to another terminal and no. 3 
and 6 are connected to the remaining terminal . Thus, 
electrodes no. 1 ,3 and 5 are connected for delta-firing 
and electrodes no. 4, 2 and 6 are also delta-fired in ex­
actly the same way. Each of these deltas have the same 
applied voltage phasor diagram (figure 16a). This figure 
also shows the three line currents and these make 120° 
angles with the adjacent voltage phasors. F rom this dia­
gram it follows that the line currents are not in-phase 
with the applied voltages. Each line current has two 
phase currents (figure 16b) and each phase current is in-
phase with the appropr ia te phase voltage. F rom this it 
follows that the magni tudes of these currents are re­
lated by 

/Line = 2/phaseCOS30° 
or 

^Line ^ [yß] ^Phase · 

Power (P) for this circuit is 

(10) 

(11) 

180* 360 ' 
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Figures 17a and b. Rela t ions be tween two sinusoidal curves , 
a) curve Α lags curve Β by a phase angle β = 30°; b) p h a s o r 
represen ta t ion of the two sinusoids. N o t e tha t the p h a s o r for 
curve Α lies a long the χ axis so its y c o m p o n e n t is e q u a l t o 
zero: Βχ a n d Β γ are the χ a n d y c o m p o n e n t s of p h a s o r B. 

F igures 18a a n d b. C o n s t r u c t i o n of a s inusoidal wave us ing a 
phasor , a) angu la r pos i t ions of a p h a s o r (adjusted to the p e a k 
value of the sinusoid) used to cons t ruc t a sine curve; b ) sine 
curve generated by the coun t e r clockwise ro t a t ion of this 
phasor . 

Ρ = 6/ph..e V, Phase ^ Phase (12) 

So using equat ion (11), the power may be calcula ted 
from 

Ρ - 2(3) /L ine ^Phase · (13) 

7. Conclusions 
Symmetrical ly built and opera ted cross-fired V E M ' s 
with in-line electrodes have simple phaso r d i ag rams 
which show equal voltages between adjacent e lectrodes 
a n d between o ther similarly placed electrodes. Increas ing 
the voltage on a pai r of electrodes increases the length 
of the cor responding phaso r and the per iphera l vol tages 
now al ternate between two values. If there is a phase 
reversal for a pair of electrodes, the p h a s o r d i a g r a m a p ­
pears unchanged but the identifying electrode n u m b e r s 
are switched on that pair 's p h a s o r and the mel ter is n o w 



electrically asymmetr ic . Off-setting the electrodes be­
tween two tiers by 30° does no t change the voltage 
p h a s o r d i ag ram but the per ipheral voltage between tiers 
al ternates. In all cases symmetr ical changes in the size 
of a melter, in the radial or vertical locat ion or Sepa ­
ra t ion of the tiers leaves the voltage p h a s o r diagram un­
changed . 

Voltage p h a s o r d iagrams can be used to help esti­
ma t e the voltage at any po in t in the electrically con­
duc t ing fluid. It was also shown tha t phaso r s can help 
in t rouble-shoot ing . Lastly the m e t h o d of designing an 
electric circuit wi th the help of phaso r was exemplified. 

8. Nomenclature 

8.1 Symbols 

Α p h a s o r 
Α a m p l i t u d e of a sine wave 
Β p h a s o r 
Β a m p l i t u d e of a s inusoidal wave 
C p h a s o r 
C P center po in t 
grd g r o u n d 
/ cu r ren t in Α 
Ρ power in W 
V vol tage in V 

X ho r i zon ta l coord ina te 
y vert ical coo rd ina t e 

β phase angle 
θ angle 
φ phase 

8.2 Subscripts 

L lower 
Μ midd le 
Ρ p e a k value of a sinusoid 
U Upper 
X c o m p o n e n t 
y c o m p o n e n t 

T h e a u t h o r whishes t o t h a n k C o r n i n g Inc . for permiss ion to 
publ i sh this mate r ia l a n d to t h a n k Dr . R . W. Pa lmquis t , Mr. R. 
V. Shafer, Mr . R . A. M u r n a n e a n d o thers for the i r help. 
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10. Appendix [4] 

Alternat ing (ac) voltages are very carefully generated by electric 
power companies to have excellent sinusoidal wave forms which 
may be represent by the equa t ion 

V = FAsin(ö + ß) (14) 

where V is the ins tan taneous value of the sine wave, Vj^ is its 
peak or m a x i m u m value, θ is its angular posi t ion with respect 
to t ime and ß , its phase angle, refers to its posi t ion relative to 
a coordina te S y s t e m . F igure 17a shows two graphs of e q u a d o n 
(14). Curve Α S t a r t s at the origin and its β value is zero. Curve 
Β leads curve Α by the angle β which has been chosen equal to 
30°. The ta (θ) is shown a long the χ axis. Figure 17b has two 
directed hnes: Each has a fixed length value and a fixed angular 
Posit ion. T h e one a long the χ axis has β = 0 ° and a length 
equal to the root m e a n S q u a r e (rms) of the peak value of curve 
A. This is phaso r A. The o ther line with β = 30° lies above it 
and has a value equal to r m s of the peak value of curve B. This 
is phasor B. Phaso r B's (x) and (y) componen t s are also shown. 
These two phasors represent the two sinusoids of figure 17a. Α 
sinusoid plot ted with x-y coordinates as in figure 17a shows 
the ins tan taneous values as a funcdon of θ (or dme) . Α phaso r 
may represent only the magn i tude of rms and the phase angle 
and often only these two values are needed and wanted. Α 
phaso r may also be adjusted to represent the positive peak 
value of a sinusoid or its average value over a positive half cy­
cle value. 

Α phaso r does no t throw away any ac information as it can 
be used to generate its sinusoid. To d o this, a rms phasor is 
converted to its peak value by multiplying it by J l and rotat ing 
it (figure 18a). A t each angula r posi t ion, its θ value and its 
projection on the vertical axis are used to locate the correspond­
ing point in rectangular coordinates (figure 18b). 

Α phaso r d iagram may also be rotated as a whole to a new 
fixed angle wi thou t changing the magni tudes of the voltages or 
their relative phases (i.e. the angles between the phasors remain 
unchanged) . Similarly a p h a s o r or phasor d iagram may be 
t ranslated as a whole in the x-y p lane wi thout changing the 
relevant electrical values. P h a s o r d iagrams are always located in 
a S i n g l e p lane even when they refer to the voltages or electrical 
currents in a three-dimensional figure. The phasor sum (similar 
to vector sum) of the voltage phasors a round any complete pa th 
or circuit is always equal to zero. In addi t ion, the phasor sum 
of the current phasors meet ing at any point is always equal to 
zero. (No te that phaso r sums are no t the same as scalar sums.) 
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