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THEORETICAL PREDICTIONS OF MELTING RATE
IN A DRY-FED CYLINDRICAL GLASS MELTER

INTRODUCTION AND SUMMARY

Many tests involving the feeding of solid materials to joule-
heated melters have been conducted both at PNL and SRL. In
general, there has been considerable variation in melter design
and performance, making it difficult to evaluate and predict
the melting rate of any given melter.

The question of melt rate is approached herein from a theo-
retical basis, involving a force, mass, and energy balance

on a feedpile floating on the melt surface. A melt rate
equation is developed which is then ~plied to existing data
from both PNL and SRL melters. In general the theory
predicts the performance of each melter qu;te well, thus
providing a unified approach to future melter design and
evaluation.
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The theory suggests criteria for selecting melt depth, free-
board above the melt line, and the run time required to
determine accurate melt rate. A factor of 2-4 increase in melt
rate of most existing melters is predicted if the feedpile can
be distributed such that most of the melt surface is covered.
An additional factor of 2-3 increase in melt rate is predicted
if the wall and lid temperature above the melt line can be
increased from 600-800”C to 1000”C. The melt rate equation
is expressed in graphical form (Fig. 3) as a function of wall
temperature above the meltline and glass boundary layer thick-
ness. This curve should provide a simple means of predicting
melt rate for future melters, e.g. 675-G melter.

The basic theory and inferences developed here are applicable
to in-can melters. A similar approach will be applied to
slurry-fed melters when more phenomenological information is
available. The presence of foam is not accounted for in this
analysis and is probably the largest single limitation.

Melt Rate for Solid Feed.— —— —

Consider a cylindrical, joule-heated melter in which solid,
incoming feed piles up on the glass surface with an angle
of repose 13(Fig. 1). If the density of the feed is Pf, then
the downward gravitational force Fd acting on the feed
material above the meltline is

Fd = l/31rR~x Rf tanOx pfgfgo (1-1)

where

Rf = radius of the feed pile [ft]

g = local gravity [ft/sec21

go = standard gravitational constant [32.14 lbm-ft/lbf-sec2].

This must be balanced by an upward buoyant force F , which by
Archimedes principle, is equal to the weight of th~ displaced
fluid. Thus , if the density of the molten glass is p , and
the geometry of the displaced glass is also conical, ~hen

‘d
= Fu (l-2)

gmRf3pf tane = gnRf2dfbp (l-3) I

3go 3go

or
~

‘fb = R pftan~ (l-4)

‘g I
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of the feed pile befow the meltline [ft].

available for heat transfer from the glass
to the feed is the lateral surface area of
Ab , where

Using (l-4) in (l-5) gives

Ab =ITRf2

[1+”2?2’1 “2 “

the submerged

(l-5)

(l-6)

cone

The maximum depth of the submerged feed pile occurs when
the radius of the feedpile equals the radius of the melter

h; &:t.
revent unmelted feed material from being swept into

it is sux~ested that the melter be desixned such

=“ (l-7)

where

For

The

dt = distance from the melt line to the top of
the throat [ft].

frit 211 + TDS waste, (l-7) gives>’<

e5ti
heixht o~the feed pile

(Fig. 17

hfa = Rftan8 .

If the feed pile extends to
desired freeboard above the

=1”

(l-8)

above the melt surface

(l-9:

is

the melter sidewall, then the
meltline Hfb (Fig. 1) is

(l-lo)

?<
Pf = 1.2P ~/CC, P = 2.8 g/cc, 8 ~ 45°

g

that
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Fig. 1 - SolidFeedtigof a Cylindrical,Joule-HeatedMelter
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A mass balance for the feedpile requires that

* ‘Pfvf) = ‘i - ‘o (1-11)

where

t=

Vf =

Wi =

‘o =

The volume

‘f =

time [hrs],

volume of the feedpile [ft],

feedrate [lbs/hr], and

meltrate [lbs/hr] .

of the feedpile is given by

: nRf2(hfa+dfb) (1-12)

Using (l-9) and (l-4) in (1-12), gives

VU ~R<~tan+Rf;fan@~

= ~ nRf3tan0

[1

1 +Pf , (1-13)

g
Thus, (1-11) becomes

&“ ‘1-14)

If w. and W. are time independent, integration of (1-14)
yielis

‘[

Rf(tz)

~

t2
~Pf(of+P ) tane R; dRf = (Wi - wo)dt (1-15)

‘g Rf(t,) tl

.
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‘rE-(116)
which predicts the radius of the melt pile as a function of
time.

Alternatively, (1-16) can be used to predict the height of
the feedpile as a function of time by using (l-9), that is

L

—. ————. —. ——. .... . .. ...—.

h;a(tz) - h;a(tl)

1

= 3p (wi-wo)(tz- t,) tanz9 (1-17)

TPf(Pf+Pg)

—.—_. .—.—.-.—._

Now suppose that feed to an idling melter begins when

t,= o
(1-18)

hfa (t,) = O

then (1-17) becomes

and the rate of change in height of the feedpile is

‘t ‘1’3[3”:::T21”(1-2dhfa(t)

Equation (1-19) can be used to estimate the accuracy of
melt rate measurements as will now be demonstrated for the
small cylindrical melter at TNX. Postulating an error in
feedrate wi such that the melt rate W. is given by

‘o
= Ewi, o < E < 1 (1-21)

and assuming that the maximum permissible height of the
feedpile above the meltline is the available freeboard Hfb
(6” for this melter) results in the curves of hfa versus
time shown in Fig. 2.

.
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Note that if the feedrate exceeds the meltrate by only
5%, 23.8 hours are required for the feedpile to reach its
maximum permissible height. Furthermore, overfeeding by
20% requires 5.95 hours for the feedpile to reach the same
height.

Equation (1-20) indicates that the rate of than e in height
of the feedpile is proportional to t ‘2/3. &once
the feedpile is established it becomes increasingly more
difficult to detect its growth or recession as time progresses

In general, a melter is usually initially overfed to establish
a cap of some desired height in order to reduce radiant losses
from the melt. In the above example, if the melter is overfed
to establish the cap at h~e ~ 4 inches , and then the feed rate
is reduced in an attempt each a steady state feed rate,
a 5% error in overfeeding will require 7 hours to increase

:;:. ‘?::g4 ;?.
5 inches; a 10% error will require 3.4 hours,

Considerable care in the interpretation of
melt rate data appears warranted.

An energy balance for the feedpile requires that

dt

V dTf
Pfcpf f _

=Qc+Qr+Qi

where

(l-22)

Cpf =

‘f =

Qc =

Qr =

Qi =

specific heat of the feed [BTU/hr -“F],

average temperature of the feedpile [“F],

heat conducted into the feedpile from the glass
[BTU/hr],

radiant heat transmitted to the feedpile from
above the meltline [BTU/hr],

net internal energy added to the feedpile by
the addition of fresh feed and the melting of
existing feed [BTU/hr].

Using Fourier’s law of heat conduction and (l-6) gives
(Fig.
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where

kg =

dt =

T=
g

Tm =

thermal conductivity of the glass [BTU/hr-ft-°F],

thickness of the boundar la er in the glass
beneath the feedpile [ftl, y

bulk glass temperature [“F],

melt temperature of the feed [“F].

Radiant energy transmission to that portion of the feedpile
above the melt surface is given by Stefan-Boltzmann’s law

Qr = u[A E f T “ - AasafaTa’]
Wwww (l-24)

where

G = Stefan-Boltzmann constant

= 0.1713x10-8BTU/hr-ft2-OR’

Aw =

E=
w

fw =

Tw =

Aa =

E=
a

fa =

Ta =

melter wall (and lid) area above the melt line [ftz],

emissivity of the wall (assume 1.0),

view factor for radiant transmission from wall
the feedpile,

wall temperature [“R],

lateral surface area of
meltline [ftz],

emissivity of the feedp:

view factor for radiant
to the wall,

the feedpile above the

le (assume 1.0),

transmission from the feedpile

surface temperature of the feedpile [“RI.

If the melter lid is well insulated so that the lid temperature
T is approximately equal to the wall temperature T , then
t~ere is no radiant transmission from one melter wa~l to another,
and the lid acts like a plane source directly above the
feedpile, radiating to it.

Thus ,

(l-25)Aw~wfw 2 Aaeafa 2 Aa
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and (l-24) is approximately

Q= ‘uAa[Tw4 -,Ta’] .

The area of the feedpile above

T-
—-–-

Aa = nRf Rf’ + hf:

Using (l-9) in (l-27) gives

= nR~*sec6

= ~Rf2

COS9

Thus, (l-26) becomes

ET

(l-26)

the melt surface is

(l-27)

(l-28)

(l-29)
●

The net internal energy transfer to the feedpile is (Fig. 1)

E- ‘ocpoy (1-30)

where

Cpi =

Ti =

Cpo =

Tm =

specific heat of the incoming feed [BTU/lb-°F],

temperature of the incoming feed [°F] ,

specific heat of the feed as it leaves the feedpile
and melts into the glass (BTU/lb-°F),

temperature of the feed as it melts into the
glass [“F].
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For continuous feeding of the melter, let

.,
Ta = Ti

i ~Tm+Ta=Tm+Ti
? .—

2 2

(1-31)

The energy balance for the feedpile (l-22) can now be written
as (using 1-13)

PfcpfmRf3tanB(pg+pf) d(Tm + Ti) =
—

6pg dt

kvR2 [1’1+pfztanze 1/2 (T
gf

&[w 11+‘Tm)+aITR2T 4-T,’

‘g’ 6t

[

TpfR;(pf + p ) tane dRf + ‘o

1cpiTi - ‘ocpoTm
(l-32)

‘g
dt

.-———

where the conservation of mass equation (1-14) has been used
to express Wi. Equation (l-32) is a general differential
equation for the prediction of meltrate W. versus time.*

..> The steady state melt rate occurs when

., d (Tm+ Ti) = dR
$

=0

dt

(l-33)

*

* Assming tht T , T;> T ,and T are heZd constant in the, (l-33)can be
easily integrat~d to p~d%ct me?trate as a function of R ifdesired.

“e
Ideally, Rf “~ being fed.should be made equal to Rm uhen the melter z
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in which case (l-32) yields
t

‘U’’”R+[1+PIY2’I”2‘TgiTm)+u”R
cpoTm - Cpi’i (l-34)

It is convenient when comparing the melt rate of different
melters to express (l-34) in terms of a mass flux @[lb/hr-ft2],
where

[ lg
112

0 = W. = kg 1 +pfztan’e (T -Tm) + o[Tw’-Tiq]

n’lnz ‘~2 6t Cose

Cpo’m - cpiTi (l-35)

where it is assumed that the feedDile is maintained at its
maximum size, i.e. ,

‘f=% ~ (l-36)

Using the data in Table 1, melt rate fluxes have been computed
and are shown in Figure 3. At low wall temperatures (Tw <400”C)

Table ~ - Typical Data for Defense Waste Glass

kg = 2.55 BTU/hr-ft -“i~ (from TDS - frit 21 + compos: te)

Pf = 79.9 lbs/ftt (frit 211 + TDS waste)*

P’ = 175 lbs/ft3 (frit 211 + TDS waste)*

e ~45° (estimated)

~t
= 1-4 inches (computer simulation and physical model studies)

Cpo = .333 BTU/lb-°F (from TDS - frit 21 + composite)

Cpi = .l~6BTU/lb-°F (from TDS - frit 21 + composite)
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~ (Tablel

T
g.,

Tm

Ti.,
. Tw —

Continued. .)

1150”C

800-850”C (computer simulation)

25°C (higher if melter is coupled to a calciner)

2OO-1OOO”C

—

Data courtesy of M. J. Plodinec

the melt rate is primarily determined by conduction through
the melt to the feedpile. Above about 800”c, radiant heat
transfer from the walls (lid) becomes the dominant source of
energy transfer to the feedpile (Fig. 4). Indeed, for
T ~ lI)I)()”c,heat transfer from the melt to the feedpile
(~or 3 f d < 4 inches) is relatively small, and the mass
flux $ of ~ joule-heated melter should be comparable to that
of an in-can melter. Furthermore, equation (l-34) shows that
the melt rate w is directly proportional to the square of
the radius of t~e feedpile Rf.

This suggests the following additional melter design criteria:

●

●

●

●
,T,

“*

High thermal conductivity material should be used
above the melter freeboard H b to enhance the transfer
of joule heat up the sidewalfs to the region above
the melt line. Possible candidate materials such as
SiC brick* or Inconel 690 plate are suggested. Top
entering Inconel 690 electrodes would also enhance
radiant heat transfer to the feedpile.

A highly insulated melter lid is desirable.

Some means of distributing the feedpile over the melt
surface should give a sub~tantial

Lid heaters should boost the melt
provided that foam formation does
limiting mechanism.

boost in meltrate.

rate tremendously,
not become the

‘y see for ezmnple Carbofr’mA,,D and.M made ~);jt~l~ca~’bo?und~GornP~nY.
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● Table 2 compares theoretical mass fluxes $ with observed
data from several sources. In every case, the maximum
theoretical flux $ (column 12), has been multiplied by the
actual fractional area of the melt surface occupied by the
feedpile (column 10) to obtain the theoretical value of $

.. (column 11) for a given melter. This should be compared
with the experimental values given in columns 6 and 7. The

, data strongly suggest that failure to distribute the feed
over the melt surface is severely limiting melter throughput.

., This is particularly emphasized by comparing the mass flux
: of the small cylindrical melter at TNX with hot walls (1000-

105O”C) and poor feed distribution (15-27% coverage) to
the mass flux of the DLF melter with cold walls (300”C) and
excellent feed distribution (N1OO% coverage). Lid heat
plus full coverage of the melt surface should give the melter
performance shown in Fig. 3.~~

Unfortunately! in many cases, direct comparison of melter
performance with the theory is difficult because of insufficient
data. Estimated data values are indicated in Table 2 by
question marks. In general though, the theory and available
data agree quite well, and it appears that current joule-heated
melter designs could be significantly improved.

>k
Provided foum formationis not limiting.

.,
KRR:dj
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(“c)

----

}.!easured
h4ax. $

(lb/hr-ft2)

----

Measured
Vominal $
( lb/hr-ft2)

15-20 *

% of Surfac Theoretical $
from Fig. 3
(lb/hr-ft2)

At

(inches)

T

(“c;

1150

Surface
Area (ftz

12.6

Covered by
Feedp iIeEquipment Reference

1

Glass

2D Computer
Simulation
of 675G
Melter

1-1.5 Frit 21 +
compos ite

I00 ----

>7.3>’:
3D Physical
Model of
67W helter

2 Ilw 3-4 3.14 Frit 21 +
compos ite

I00----

i700

-

$700
I

W706

500+

---- ----

CTD hleIter
at 773-A

3 1150 1-2.5? 4.74 .167 Frit 21 +
compos ite

25

3 1150 1-2.5? 7.90 .167 Frit 411 +
Simulated
Vlaste

25 8.8-13.3 35-53----

1150

1170

I-2.5?

~1.5

14.1 .167

.901

Frit 211 +
high Fe

254

5

----

14.2 335ma II Rectan
gular Melter
~t TNX

Frit 411 +
composite

----

10.0+ 30+

5 1170 500+ 15.0 .901 Frit 211 +
TDS

<33

15-27

----

13-17 12.8 -23.8
II30-
1180

Iooo-
1050

jmall Cyl in-
~rical
4elter at
rwi

6 ‘rit 211 +
ros

4-5 1.28

1.28

85-88
----

II30-
1180

5oo-
500?

6 4-5 4.9-6.5-,-- ‘rit 211 +
10s

15-27 3.0- 11.3 20-42

.
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T (T

(“c? (“;)— —

I Lax.Thenretica I @
from Fi . 3

9:lb/7r-f7 )

14easured
Nominal $
( lb/hr-ft2 )

Measured
Max. $

(lb/hr-ft2)

12.9

g of Surface
;overed b),
‘eedpi Ie

~t

(iriches

L
Surface

Area (ftz) Glass

8.56 Frit 411 +
compos i+e

[:IJipmerlt

;FCM Me Iter
jt PNL

- CFCk15

Refererice

I

1’
I!00- 650-
1250 750

3-5 10.5-11.17-9

TII50- 650-
1230 700?

8.56 Frit 411 +
TDS ,

- CFC146 10,11 3-5? 16.7 20.6
%37 9.6-13.3 26-36

I

I Frit 211 +
TDS

+

1260- 650-
1340 700 ?

11,12

!3

14

- CFCM7 I
8.56 I Frit 211 +

TDS

3-5?

3-57

14.6

12.8 -15.4

18.0

I

- Sod ium
Si Iicate

1050- 650-
1070 700?

8.56 I Frit 211-SS
+ TOS I----

i

1

1290 1’300
)LF Melter
[t PNL

4.3 12.7-20.0 20.0 %100 >9.0 >9.0

T1179 5oo-
700 ?

15 8.09 9.93----

15 1213 :500-
700?

17.7 11.33 IFrit 411 +
compos ite

----

*

11.33 Frit 21[ +
TOS

11.33 Frit 211 +
TDS

16 9? 7.65 10.3
%49 7.8-15.2 16-31

!7 4 17,7

.1
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