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IN A DRY-FED CYLINDR

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 gplied to existing data
from both PNL and SRL melters. In general, the theory
predicts the performance of each melter quite well, thus
providing a unified approach to future melter design and

al1ia+d A
evaiuation.
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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 1lid 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-C 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 Sclid Feed

Consider a cylindrical, joule-heated melter in which solid,
incoming feed piles up on the glass surface with an angle

of repcse 6 (Fig. 1). 1If the density of the feed is p., then
the downward gravitational force Fj acting on the feed™
material above the meltline is

Fq = 1/3WR% X Rf tandx pfg/go (1-1)

where

f n plLie [LLIT]

R. = radius of the feed pile [ft]
g = local gravity [ft/sec?]

go = standard gravitational constant [32.14 1bm—ft/1bf—sec2].

This must be balanced by an upward buoyant force F_, which by
Archimedes principle, is equal to the weight of thé displaced
fluid. Thus, if the density of the molten glass is p_, and

the geometry of the displaced glass is alsc conical, Then

Fy=F, (1-2)

3 2
g"Rcpg tan® = grRg dfbpgL (1-3)
3go 3go

or

dfb = R pftanB (1-4)

P
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where

dg, = depth of the feed pile befow the meltline [ft].

The surface area available for heat transfer from the glass
to the feed is the lateral surface area of the submerged cone
Ay where

1

- 2 2
Ay =TRg _\\ Re + dfy . (1-5)
Using (1-4) in (1-5) gives

- 2 2 2 1,2
Ab —wa 1 + pg-tan 3] / (1-6)
2

Pg

The maximum depth of the submerged feed pile occurs when

the radius of the feedpile equals the radius of the melter

Rﬁ- To prevent unmelted feed material from being swept into

the throat, it is suggested that the melter be designed such that

dt>dfb = Rmpftane (1_7)

g

max

where

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

For frit 211 + TDS waste, (1-7) gives¥
‘it > 0.457 R - (1-8)

The height of the feed pile above the melt surface is
(Fig. 1)

hey = thane . (1-9)

If the feed pile extends to the melter sidewall, then the
desired freeboard above the meltline Hfb (Fig. 1) 1is

03

pe = 1.28 g/ce, pg = 2.8 g/ce, 6 = 45°
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Fig. 1 - Solid Feeding of a Cylindrical, Joule-Heated Melter
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A mass balance for the feedpile requires that
G (0¥ =+ 1-11
where
t = time [hrs],
Ve = volume of the feedpile [£t],
w; = feedrate [1bs/hr], and
W, = meltrate [lbs/hr]
The volume of the feedpile is given by
= 1 2 -
Vf % an (hfa+dfb) . (1-12)
Using (1-9) and (1-4) in (1-12), gives
= L R.2 | R 8+ R
Vf = 73 mRg ftan + fpftane
L 8 i
1 3
= 3 TRgitan® | L 4og (1-13)
g
Thus, (1-11) becomes
2 an - = 1 - 7 (71 -14%
wprf (9f+pg)t“"e dr i W, (1-14)
Pe dec

If w, and w_ are time independent, integration of (1-14)

yields ©

1980
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or

Rg (t2) - Rp(t1) = 3p, (wy-w ) (£2 - t1) (1-16)

ﬂpf(pf+pg) tan$

which predicts the radius of the melt pile as a function of
time.

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

rA
h%a(tz) - h%a(tl) = 3pg(wi-wo)(tz- t,) tand (1-17)

meg(ogtog)

Now suppose that feed to an idling melter begins when
t

1= O
- (1-18)
then (1-17) becomes
bR SN [_"o_ £ N Lo 2 oA 1/3 £1 TN
neg (t) = .Jpg wi-w, )t tan® (1-19)
moelogto )

and the rate of change in height of the feedpile is

1
-]/3 _2/3
dhe () = 1/3 30 (w.-w_) tan®® X t
fa i o

g (1-20)

mog(ogto,)

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 w; such that the melt rate w, is given by

W, = EWy, 0< e <1 (1-21)

and assuming that the maximum permissible height of the
feedpile above the meltline is the available freeboard H
(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
57, 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 change in height
of the feedpile is proportional to t ?/°. Hence, 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._, = &4 inches, and then the feed rate
is reduced in an attempt £8 reach a steady state feed rate,

a 5% error in overfeeding will require 7 hours to increase

h a from & to 5 inches:; a 10% error will require 3.4 hours,
egc. (Fig. 2). Considerable care in the interpretation of
melt rate data appears warranted.

An energy balance for the feedpile requires that

pgeeVe dT¢ = Qo + @ + Qg (1-22)
dt
where
Cof = specific heat of the feed [BTU/hr -°F],
Tf = average temperature of the feedpile [°F],
Q. = heat conducted into the feedpile from the glass
¢ [BTU/hr],
Qr = radiant heat transmitted to the feedpile from
above the meltline [BTU/hr],
Q; = 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 (1-6) gives
(Fig. 1) ‘

1/2

v
- 2 2 2 - -
Qc = kgﬂRf 1 + pgitan 8 (Tg T ) (1-23)

2
Po Sy
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where

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

5t = thickness of the boundary layer in the glass
beneath the feedpile [ftﬁ

Tg = bulk glass temperature [°F],

T = melt temperature of the feed [°F].

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

— L 4 -
Q. = o[AWwaWTW Aaeafa’l‘a ] (1-24)
g = Stefan-Boltzmann constant
= 0.1713x107®BTU/hr-£t2-°R"
AW = melter wall (and 1lid) area above the melt line [ft2],
€g = emissivity of the wall (assume 1.0),
f = view factor for radiant transmission from wall
w :
the feedpile,
T, = wall temperature [OR],
Aa = lateral surface area of the feedpile above the
meltline [ft?],
£ = emissivity of uhe feedpile (assume 1.0),
a 7 by /3
fa = view factor for radiant transmission from the feedpile
to the wall,
Ta = surface temperature of the feedpile [°R].

If the melter 1lid is well insulated so that the lid temperature
T, is approx1mnfn1v equal to the wall temperature T then

t%ere is no radiant transmission from one melter waYl to another,
and the 1id acts like a plane source directly above the

feedpile, radiating to it.

Thus,

A (1-25)
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and (1-24) is approximately
Q. =oA_[T * - T *] . (1-26)

The area of the feedpile above the melt surface is

]
Aa = ﬂRfﬂq sz + hf; . (1-27)

Using (1-9) in (1-27) gives

A= ﬂRf{“- 1+ tanzej

-
a

= anzsece
= ﬂRf2 |
cosf ' (1-28)
Thus, (1-26) becomes
Q = omRe® [T - T,°1 | (1-29)
cosp

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

Q; = wicpiTi - wocpon (1-30)
where
cpi = specific heat of the incoming feed [BTU/1b-°F],
T; = temperature of the incoming feed [°F],
c_ = specific heat of the feed as it leaves the feedpile
po and melts into the glass (BTU/1lb-°F),
T = temperature of the feed as it melts into the

glass [°F].
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For continuous feeding of the melter, let

3
i
3

|
e

g ' m a m i . (1-31)

The energy balance for the feedpile (1-22) can now be written

1 1773
as \'uSl‘ﬁé L-LJ3})

3 —
pfcpfﬂRf tane(pg+pf) *E<Tm + Ti) =

6 dt
e

1 2
kgwaz l_l + pfztanze] / (T_ - T.)

2 R.C [ 2 I
Lii” T L L 4 J -
l\ p 2 J

A g 6t cos8

Tog f(pf + p ) tané de + W c_.T. - T (1-32)

g dt

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

2 The steady state melt rate occurs when
d (T, + T3) = dRe =0 (1-33)
dt dt

p”

* Assuming that T T > and T, are held constant in time, (1-33) can be
easily 'Lntegrated t5 pr'gdv,ct meZtrate as a function of E’g tf desired.

.p. Ideally, Rf should be made equal to Rm when the melter 1% being fed.
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in which case (1-32) yields
w_ = k _mR/? 1 + p-2tan?s a (T -T) onR2[T - T."]
o} g f P g m’ + f " w i
2
Dg Gt cosB
Cpon - cpiTi (1-34)

It is convenient when comparing the melt rate of different
melters to express (1-34) in terms of a mass flux ¢[1b/hr-ft?],

where
1/ 2
- - 2 2 4
¢ = W, = kg [l +pf tan é] (Tg—Tm) + O[TW —Ti“]
TR L pg2 .J 8, cosB
Cpon - cpl ; (1-35)

where it is assumed that the feedpile is maintained at its

maximum size,

Re = Ry

i.e.,

(1-36)

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 1 - Typical Data for Defense Waste Glass

v

2.55 BTU/hr-ft -°F& (from TDS - frit 21 + composite)
79.9 1bs/ft? (frit 211 + TDS waste)¥
175 1lbs/ft3® (frit 211 + TDS waste)*

45° (estimated)

1-4 inches (computer simulation and physical model studies)
.333 BTU/1b-°F (from TDS - frit 21 + composite)

.186 BTU /1b-°F (from TDS - frit 21 + composite)
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. (Table 1 - Continued...)

. Tg = 1150°C
l‘ Tm = 800-850°C (computer simulation)
. T; = 25°C (higher if melter is coupled to a calciner)
i T = 200-1000°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

o transfer from the walls (lid) becomes the dominant source of
energy transfer to the feedpile (Fig. 4). Indeed, for

. T > 1000°C, heat transfer from the melt to the feedpile

R (for 3 < &_ < 4 inches) is relatively small, and the mass
flux ¢ of 5 joule-heated melter should be comparable to that

of an in-can melter. TFurthermore, equatlon (1-34) shows that

the melt rate w_ is directly proportional to the square of
the radius of tBe feedpile Re.

This suggests the following additional melter design criteria:

e High thermal conductivity material should be used
above the melter freeboard H., to enhance the transfer
of joule heat up the 31dewal£s 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 1lid is desirable.

e Some means of distributing the feedpile over the melt
surface should give a substantial boost in meltrate.

.id heaters should boost the melt rate tremendously,
rov vided that foam formation does not become the
imiting mechanism.

l-—"‘U t“

See for example Carbofrax A, D and M made by the Carborundum Company.,
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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-
1050°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 (V1007 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.

Provided foam formation ie not Llimiting.

KRR:dj
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| .ABLE 2 = COMPARISON OF THEORET|CAL AND EXPERIMEN. MELT RATES

- T 5 Measured Measured % of Surface| Theoretical ¢ { Max. Theoretica! ¢
. g W t Nominal ¢ Max. ¢ Surface Covered by from Fig, 3 from Fig, 3
Equipment Reference {(°C) | (°C) | (inches) [(Ib/hr=1%%) | (Ib/hr—f12) | Area (f+2)[ Glass Feedpile {Ib/hr-f+2) (Ib/hr=1<)
20 Computer ! 1150} e I~1.5 | 5-20 % ——— 12.6 Frit 21 + 100 ——— ———
Simutation composite
of 675G
Meiter
3D Physical 2 (150 | —-mm | 34 $7.3° ——— 3,14 Frit 2% + 100 e et
Model of composite
6756 Melter
CTD Meiter 3 1150 | A700 |~2,57? _—— 4.74 .67 Frit 21 + 25
at 773-A compos] te
3 1150 { A700 1~2.57 ——— 7.90 167 Frit 411 + 25 8.8-13.3 35-53
f Simulated
Waste
4 1150 | 700 1~2.57? m——— la,1 . 167 Frit 211 + 25
high Fe
|
Smaitl Rectant 5 {170 500+ .5 14,2 ——— .90t Frit 41t + 33
gular Melter composite 10.0+ 30+
at TNX
5 1170 | 500+ | ~1.5 5.0 ——-- .901 Frit 211 +] <33
DS
. I130-| 1000- .
Small Cylin- 6 |;go 1050 4~5 -——- 13-17 l.28 Frit 241 + 15-27 [2.8-23.8 85-88
drical ; TDS
Mel ter at
. | 130~ (600~
TNX 6 1180 1lsoor | 4°5 S 4.9-6.5 1.28 Frit 211 +|  15-27 5.0-11.% 20-42

TOS

— e



65LE 2= COMPARIZON OF THEORETICAL ALD EXPEEIJ‘-‘E%JT‘L’.‘EU‘ iaiea{Cont'd)

T T 5 Meazured Maasured % of Surface | Thaoretical ¢ Max. Theoretical ¢
G W t Nominal ¢ Max, ¢ Surface Covered by from Fig.OB from Fig. 3
fauipment Refererce | (°C) ! (°C) | Ginches)| (Ib/hr=£12) | (b/hr-£1%) | Area (£+%)] Glass Feedpile (1b/hr=£12) (1b/nr=F5%)
CFCM Melter
at PNL = _
. . | 100~ 650~ < .
- CFCM5 7-9 1256 | 750 3-5 [0.3=11,1 12,9 8,56 Frit 411 +
composite
i 150-] 650- .
- —-57
CFCM6 10,11 1230 | 7007 3-57 (6.7 20.6 8,56 igéf 41t + 3T 9.6-13.% 26-36
Frit 211 +
' DS
- CFoM/ .12 t260-4 650- 1 < o, 14.6 18.0 8.56 Frit 211 +
1340 | 7007
TOS
- Sodium '
Siticate i3 :828 '3887 3-57? 12.8-15,4 -—— 8.56 Frit 211-55
) + TDS
DLF Meiter 14 1290 | 300 4.3 12.7-20.0 20.0 11.33 | Frit + Han-| ~i100 9.0 3.0
at PNL
, ford Waste
15 1179 i500- -—— 8.09 9.93 [1.33 Batch 411 +
7007 composi te
15 1213 | 500~ ——— ——— 17.7 J1.33 Frit 411 +
7007 composite
L
I6 1210 |}500- 97 7.65 0.3 .33 Frit 211 +
2007 oS 49 7.8-15,2 16-3]
17 1190 |!1500- 4 ——— 17,7 11,33 Frit 211 +
’700? T0S

Y O T g Trtns 1\/\-71;['.}
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