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* Introduction & motivation
+ Discussion of constraints as seen in a zero-dimensional model
* How to practically distinguish between a thermal and

a chemical constraint?

(Zero-dimensional analysis of real furnaces)

* Industrial experience with a fast conversion batch

+ An extended conclusion: Quo vadis glass melting process?




* Introduction & motivation

Glass Production World 124MM t/a (Germany 7MM t/a)
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energy benchmark analysis for > 100 container glass tanks
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analysis in terms of a log-normal distribution
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typical measures:

+ combustion space
- increasing flame emmissivity
- new burner concepts (top burners, FLOX burners)
- staged combustion
- larger combustion space
* heat recovery
- regeneratio, recuperation; thermochemical recuperator (CH, + H,0 — CO +4 H, at T > 900 °C)
- batch pre-heating
- pinch analysis of all heat flows
* new furnace concepts
- larger furnaces
- submerged combustion
- segmented melters
- all-electric melters
+ chemical boosting
- low-enthalpy batches
- tailored fast conversion batches
- in-flight technology
* indirect measures
- light weight containers
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staged combustion
 a. b.

100 2150

Tin°C

secondary gas:

a. none (rererence case)

b. burner side

c. flue gas side

d. both sides

e. undershooting

s

13000

NO, distribution

ppm NO,

secondary gas:

a. none (rererence case)
b. burner side

c. flue gas side

d. both sides

e. undershooting




CO distribution

190000

ppm NO,

secondary gas:

a. none (rererence case)
b. burner side

c. flue gas side

d. both sides

e. undershooting

air fuel float glass furnace Ford Nashville; tinted glass 0.6 wt. % Fe,0,; 50 % culllet;
boost and top burners: oxy-fuel (by A. Richardson, BOC, Karlovivary 2005)




case 1 (reference):

production L(hot spot) kg NOy/per t

int/d inm
case 1 (reference) 455 14.00 7.34
case2%) 500 14.00 6.57
case 3 500 14.00 6.42
case 4 550 14.15
*) glas quality not maintained

refractory wall
-—'-—'/_- ry

J—— offgas conventional flame
/ recuperator

fuel
pre-heated air

pre-heated air  FLOX® technology
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degree of recirculation

thermochemical recuperator

flue gas

= = =

© T CH#HO
CH, +20, = CO, + 2H,0 - 8.99 kWh/m3
CH, +H,0 > CO + 3H, +2.31 kWh/m?
CO+1/20, > CO, - 3.17 kWh/m3

- 11.30 kWh/m3

3H,+3/20,> 3H,0 - 8.13 kWh/m3
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BATCH PREHEATER
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SCM Process

submerged combustion

soure: M. Lindig, Sorg Co.

advantages: high pull, high flexibility, melting of high liquidus glasses
disadvantages: relatively high energy demand, no established demonstrators yet
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concept of the ,,Flex Melter”: segmented melting

internal
batch

pre-heater fossile fuel melter

flames
deep refiner

shallow finer

2150? °C )

electrode electrodes pull
bubbl
bubblers ubbers
batch batch melting quarz  primary fining  refining conditioning
pre-heating dissolution

Glass Melting Time/ Temperature History of the Fastest Particle

all-electric melting 1o

—e—regular melting
1.600 T, |~ fast melting

source: M. Lindig, Sorg Co. 1400 | “"\__ -
1.200 - f/"""—d
o 1.000
'O: 800

5‘0 100 1g0 200 250 300)
t/min
+ suitable for all glasse except E, ECR
* pull up to 2.7 t/(m?- d)
« production up to 220 t.d
+ 700 to 1100 kWhit
* low investment
+ short tank lifetime
+ short dwell times
« difficult quartz dissolution and fining
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power station and heat exchanger chemical reactor
heat recovery batch 25 °C
wall losses I combustion space ‘
fuel hot stream throug combustion space E;a_s>
air l
batch cold steam through tank el
wall losses ltank
radiative heat exchange
crown G4~ O3 crown
t= radiation Eﬂi El%ﬂi i!i ’_ —
ﬂ= reflection E---QT-EEQZ E transferred I“"_:E E batch flame
TN Boo T
// // V/// clear melt
kW 10000
e float glass tank,
8000 melter 1.2 x 10 x 30 m?,
) 600 - 650 t/d
6000 8 burner pairs,
air-gas fired,

W1 ORE @ ®®¢d

2000 —

regenerative heat recovery,

chambers not separated
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burner no. 1:

1001 m3/h (9000 kW)
+ boosting;

batch melting &
carry-over

burner no. 2:
1040 m3/h (9350 kW)

batch melting &
carry-over

burner no. 3:
1080 m3/h (9710 kw)

carry-over

burner no. 4:
{1080 m3, 9710 kW}

burner no. 5:
1103 m3/h (9917 kW)

clear melt surface

burner no. 6:
{815 m3, 7330 kW}

clear melt surface

burner no. 7:
{723m3, 6500 kW}

clear melt surface

burner no. 8:
101 m3/h (980 kw)

clear melt surface,
perspirating chamber

kW 10000 —

8000

6000

4000 —

2000 —

power distribution
along the furnace axis
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isotherms (average between hot and cold cycle):
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+ Discussion of constraints as seen in a zero-dimensional model (a)

MELTER
If ________________________________________ |
|

: transferred P, exploited P, |
| 55 35 |
| input P setfree Py | fire Pg, N |
1100 140 70 B |
| ) |
| |
| |
: offgas P g I
. 70 15 20 :
| |
[ Y ey ——— L
i N T
: Zreocovered Pre } wall losses,
! | tank, Py,
: : wall losses,

|

REGENERATOR

SIEMENS TYPE ""1‘0(‘

20

upper structure, P,

loss to stack Py,

wall losses, regenerator, P,
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MELTER

|
: transferred P, exploited P,
| 55 35
l fire P, ~N
: 70 ™~
| N
|
|
|
l 15 20
I N O O A
= =
| |
: } wall losses,
! | tank, Py,
: : wall losses,
|

upper structure, P,

loss to stack Py,
wall losses, regenerator, P,

SIEMENS TYPE 10
REGENERATOR

MELTER

exploited P,
35

20
Zreocovered Pre wall losses,
tank, Py,
wall losses,
______________________ L 11 upper structure, P,
SIEMENS TYPE 10 20| 10ss to stack [

REGENERATOR wall losses, regenerator, P,
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MELTER

exploited P,
35

wall losses,
tank, P

Powl
wall losses,
upper structure, P,

loss to stack Py,

SIEMENS TYPE 10

REGENERATOR wall losses, regenerator, P,
MELTER
transferred P, exploited P,
55
set free P fire Pp,
140 7 ’

recovered P,

40 wall losses,

tank, P

Powl
wall losses,
upper structure, P,

loss to stack Py,
wall losses, regenerator, P,

SIEMENS TYPE 10
REGENERATOR




MELTER

transferred P, exploited P,
55 35

fire P
70

set free P
140 7

fire

recovered P, wall losses
40 tank, Py, |
wall losses,
e Enie upper structure, P,
SIEMENS TYPE loss to stack P
stack
REGENERATOR wall losses, regenerator, P, *
MELTER REFINER
& FEEDER
T T T T T T T T T T T T T T T T T T T T T T T T T I
batch
gases _
_ 200 batch melting & N N
batch input quartz dissolution fining refining
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MELTER REFINER
& FEEDER

200 batch melting & N
batch input quar’[z dissolution fining

MELTER REFINER
& FEEDER

gases .
t 200J batch melting &

batch inpu quartz dissolution fining
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MELTER

es
batch melting &
J quartz dissolution

as
batch input 200

fining
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2o | batch melting &
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fining

REFINER
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real

min

HIimit.

HCARNOT

H

ex

N\

real installation; market driven pull
optimal technical realization; optimal pull

chemical . .
“eo‘e\'\ca\ glass quality requires
thermal ‘\0 o i P longer residence times;
. hence, higher wall losses
finite time heat transfer

Carnot type availability (reversibl; co slow)

made available at pull temperature:

Hmelt(Tex) - Hglass(TO)

chemical conversion: (1 -yc)- AH? ;.0

melting behavior
= furnace performance
heat demand =
@ heat transfer
quartz dissolution rate ®
&) dwell time characteristics

gas release rate

the success of optimization strategies essentially depends on
the nature of the constraint which has to be overcome
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n

spezific heat demand H_in kWh per t glass

furnace A

-
1600 o
a
0 =
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1400 o g0 o
u} o o o
DEE:DD DDL_ED
1200+ g%%j B o5
@D a E?:E:‘
1000 o
1600
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14004 °
a
E a
1200 o
1000

15 20 25 30 35

specific pull rate r in t/(mz-d)

amount of glass to pack

N
o ° @
o o O ©
2 o [e¥e]
© . .
. %Q g |' limit determined
fba 2 by turnover rate
%o
[e}ye))
(e}
o]
o

fuel consumption

green containers

* Discussion of constraints as seen in a zero-dimensional model (b)
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hot stream  m,-c,

$A0o—|;
cold stream m,_-c,

ex

boundary conditions:
e m, and m, can be selected independently
e the cold stream has to reach a fixed temperature T,

problems: Mo -C
e an imbalance of heat capacity flows, given by the ratio i cH
L
A :
e a thermal constraint: (_]“‘ =1 puts an upper limit to m,
m_-C,

e chemical constraint is an intrinsic limit of the cold stream: m_<m,

hot stream  m,-c,
Toff

40— ;
cold stream m,_-c,

in the glass furnace itself: /

Pex = I'hL 'CL : ATex = Hex p! |:kVtV_h:| |:%:| :[kW]

Ty =Ty

ex

Hex = (1 - yC) : Athem + AH(Tex)

define the “ideal furnace™:
» perfect match between heat capacity flows: m,, -c,,=m, -c,
e infinitely fast heat transition; o, — oo;
e no chemical constraints.

i, -y - AT,, =P, +P, =1, = : :%-(Hf*)m%
ad

Voff/ Vfuel’ MNres -

in

27



hot stream  m,-c,

A.q ——————
T N T
cold stream m,_-c,

ex

What is an im-
balance of heat
capacity flows?

boundary conditions:
e m, and m, can be selected independently
e the cold stream has to reach a fixed ter

problems: Mo -C
e an imbalance of heat capacity flows, given by the ratio i cH
L VL
A :
e a thermal constraint: (_]“t =1 puts an upper limit to m,
m_-C,

e chemical constraint is an intrinsic limit of the cold stream: m_<m,

20 Min  s—

o VoGain) ) ( Co | AT,
VF (Oﬁ) CP,off AToff
<08- AT,

’HI

‘
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hot stream  m,-c,

A.q ——————
T N i T
cold stream m,_-c,

ex

boundary conditions:
e m, and m, can be selected independently
e the cold stream has to reach a fixed temperature T,

problems:

m, -C
» a mismatch of heat capacity flows, given by the ratio mH—cH
L L
A :
e a thermal constraint: (_]“‘ =1 puts an upper limit to m,
m_-C,

e chemical constraint is an intrinsic limit of the cold stream: m_<m,

hot stream  m,-c,
TH = Tad Toff

A .q, , ————
T, A, T
cold stream m,_-c,

/ Hex :(1_yC)
in the glass furnace itself: KWh

Pex = I'hL G- ATex = Hex P |:T:| |:l

ex

How to derive
a realistic value
for o, ?

define the “ideal furnace™:
« perfect match between heat capazity flows: m,, -c,,=m, -c,
e infinitely fast heat transition; o, — oo; Vo /v
* no chemical constraints. off Vivel Trer -+

i, -y - AT,, =P, +P, =1, = : :%-(Hf*)m%
ad

in
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g, = flux from glass
g, = flux to glass
Q3 = flux from crown
g, = flux to crown

= (, — 04 = q, = flux transferred

[a,
e

AR R S
q +q- q3 v 9
3 | 0!
%= radiation \\\\\\ \ \ L~ H
= reflection &

approach by M. Lindig adopted

g, = flux from glass
g, = flux to glass

g3 = flux from crown
a4 = flux to crown

= (, — 04 = qy, = flux transferred

e

O
R=CommT, (-tw) & g gt ot
p=CosnTl, -(-to) o TEIE |9, hig
ge=CotemTs +(1—tw) g LRI meln\ R

*) first term: radiation; second term: reflection; reflectivity = 1 — emissivity
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g, = flux from glass
q, = flux to glass
d; = flux from crown
g, = flux to crown

= (, — 04 = q, = flux transferred

o

qi= Cs ‘€glass T glass * (1 Eglass) E ﬂ E E l;lfL E E ‘q'; E
Q2= Cs Egas +(1 Ggas) :- -—q-1‘ -:I : 4 i o J : E
qS—CSEon4 +(1 Eo) :ﬂt I..,: | : '

G =Cotan Ty, +(1- sgas) « SR
J+B{T Ty )

Cg =57.7 kW/m?; T in 1000 K;
A, B = dimensionless functions of ¢

gr=Cq-|A{TE, -T2

gas glass

€

gas’ Sglass’ wo*

g, = flux from glass
q, = flux to glass
d; = flux from crown
g, = flux to crown

= (, — 04 = qy, = flux transferred

o

G=Cse This may constitute | Ly g 0 Gy
g2 =Cs¢ athermal constraint ; 4 i 4, i SIS ! ! E
4 =Cst for glass melting. T '3 ! | E :
Qs = Cs ‘€gas 'T;as +(1 — Egas) Q1 M\m \\
EXAMPLE:

as = 029, €gjaes = 0.8, €, = 05; } Gy = 106 KW/m2
Tgas = 1690 °C, Ty = 1500 °C, T, = 1580 °C;

glass v Two

Compare to: H,, =590 kWh/t,r=3t/m2-d) = q,, = H,,r=74kW/m?
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hot stream  m,-c,

What is a “chemical constraint™?

o the cold stream has to reach a fixed temperature T,
o for a given temperature, the conversion reactions cannot

support any pull p > pg
e inspite of many known details, it is not well understood yet

melting behavior
= furnace performance
heat demand =
@ heat transfer

quartz dissolution rate @
@ dwell time characteristics
gas release rate
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* How to practically distinguish between a thermal and

a chemical constraint?
(Zero-dimensional analysis of real furnaces)

time
d

0.00
0.25
0.50
0.75
1.00
1.25
1.50
1.75
2.00
2.25
2.50
2.75
3.00
3.25
3.50
3.75
4.00
4.25
4.50
4.75

p
kg

5855.2
5510.8
5855.2
6199.7
5855.2
6199.7
55108
5855.2
6199.7
6199.7
5855.2
6199.7
5855.2
5855.2
5855.2
5855.2
5855.2
5855.2
6199.7
5510.8

TO1
°C

1444
1445
1441
1442
1443
1448
1447
1442
1441
1443
1443
1442
1446
1450
1455
1450
1446
1445
1442
1442

T03
°C

1586
1586
1581
1580
1580
1590
1585
1584
1578
1581
1581
1578
1586
1596
1598
1589
1585
1587
1584
1581

T05

B1

B2

B3

°C Nm3/h Nm3/h Nm3/h

1629
1624
1619
1619
1619
1625
1624
1621
1619
1618
1618
1618
1622
1629
1632
1624
1621
1621
1618
1617

261.6
260.8
260.3
260.5
261.7
261.6
261.2
260.2
260.2
260.7
261.7
261.8
265.5
266.5
263.9
259.7
258.1
256.6
2554
2553

65.2
65.2
65.3
65.2
65.1
64.9
65.3
65.1
65.1
65.2
65.5
65.4
66.3
66.6
66.1
65.0
64.5
64.1
63.9
63.9

225.0
2244
2238
2241
225.0
225.0
2247
2238
2238
2243
2251
2252
2282
2292
227.0
2233
2220
2206
2196
2196
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Furnace data, collected over 6 weeks; melting area = 40 m?

no. date
1 1
2 2
) 3
4 4
5 5
6 6
7 7
8 8
9 9
10 10
11 1
12 12
13 13
14 14
15 15
16 16
17 17
18 18
19 19
20 20
21 21
22 22
23 23
24 24
25 25
production p in t/d
120.0
115.0
1100
3 1050
k=
o
2 1000
o
3
S 950
90.0
85.0
80.0

0 5 10 15 20 25 30 35 40 45
tin days

34



gas consumption in m3 per h

gas consumption in m? per h

[, NS S BN S I S ) B« B « ) N =2}
= W g N ©o =2 @ g
o © © o ©o o o o

490
470

450
0 5 10 15 20 25 30

tin days

H(in) in 1000 KWhit

energy input H(in) in kWh per t of glass

1.300
1.250
1.200
1.150
1.100
1.050

1.000

o
o

10 15 20 25 30
tin days
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1.300

1.250

1.200

1.150

H(in) in 1000 kWh/t

1.100

1.050

1.000

gas consumption in m3 per h

o

10

15 20 25 30 35 40 45
tin days

g(in) in 1000 kW/m?

0.135

0.130

0.125

0.120

0.115

0.110

0.105

0.100
0.0750

0.0800

0.0850

0.0900

H(in)-r=q(in) oc r

0.0950 0.1000 0.1050 0.1100 0.1150 0.1200
pull rate in t/m?-h

0.1250
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Pin kW

180 days,
70 data sets

Even without any model
scenario, the liner relation-
ship between power and
pull is well substantiated.

A retrospective long-term
evaluation of furnace data
yields a most valuable basis

for optimization.
—————
1.5 2.0
180 days,
70 data sets
=
=
'E ex = Hex ' p
o
Hex =
847+5 kWh/t
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180 days,
70 data sets

; \oss_Pin'Pex=a+(b_Hex)'p
E ex = Hex' p
o
Hy, = |
1 8475 kWhit |
500 |
E %pmax
0 K  —
0.0 0.5 1.0 1.5 2.0
pinth
180 days,
70 data sets
; \oss_Pin'Pex=a+(b_Hex)'p
E ex = Hex' p
o
Hy, = |
1 847+5KWhit ~ = 58125 kWh
500 |
E %pmax
0 T ™1 T l T T
0.0 0.5 1.0 1.5 2.0
pinth
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180 days,
70 data sets

; 2\ 2 \osszP\n'Pex=a+(b_Hex)'p
= ¥ A B
= 4 y
o

] Hex = _i_ =

1 847+5 kWh/t | 7 =581+£5kWh

500 Lo
] R
71 p1: ipmax l pZ
O T |‘ ‘ v|

00 05 10 15 20

By statistical evaluation of furnace data over an extended period of time:
Pn=a+ b-p
By thermodynamic calculation *) from the batch; by evaluation T, data:
Pex = Hex - P; Heo =(1- yC)'AH(?hem+CP,melt ATy
By difference, the cumulative loss is obtained:
Poss = Pin — Pex :a+(b_Hex)' p>0
=P + Puo + Pux + Prtack

—
independent of p L has the same slope as P: slope = (b - H,,)
Evaluating P,, according to the heat balance yields:
P = Pex + Puw + Puo + Pax + Pitack = Pin = Pt = Plossfire
— - L
Pht PIoss»fire same slope as PIoss

What is left to do is to derive a threshold of Py .y, to determine the slope of P, - Py yax:

and to compare it to the slope of P,.
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In order to assess Py, let us introduce the following abbreviations:

mH * CH . .
fo=——" the imbalance ratio between hot and cold stream,
mL ° CL
VIV . . .
7. — Ci Vi IV fuel a reciprocal ref. temperature for j = off, oxy-off, and air
J
Hev
?g = j= ¢ in VilViuer in zjin
01 -~

161 -~ Wh m? A
T 14] m'y Cy, air-fuelx_,x"’ m3 K m3 103K
= g - off 049 | 106 | 052
= 10] f‘-’ off-oxy 0.65 9.6 0.20
s o8 -~ air 043 31 0.41
s gl
= = '

82 i m'. ¢ = H"/AT%OO

gg 1 m'y Cy, oxy-fuel

500 1000 1500 2000 2500
H;, in kWh/t

In order to assess Py, let us introduce the following abbreviations:

oL = M the imbalance ratio between hot and cold stream,
m_-C.
Zj=—"——2 reciprocal ref. temperature for j = off, oxy-off, and air
Hev

According to the theory of heat exchangers (co-current mode), the maximum transferred
power at infinitely high oy, is given by
1

ht—-MAX — 'Zoff'ATad'PinOCX'b'p
1+ fu
-

<Y ~1 = factorx <%

A thermal constraint is reached if the slope of the losses P, (b - H,,) exceeds (1-x)- b = b, ,,.

Aslong as 0 < (b - H,,) < b, the only constraint is due to the imbalance of cold and
hot stream heat capacity flows.
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case | threshold of slope |principal constraint involved
8P|oss/8p

A |[b-H«=0 Pstack independent of pull p (does not
increase with increasing power input Pi);
heat transferred to the tank just follows
the pull; no thermal constraint involved;
chemical constraint

B |0<b-Hex<bm |Pstacincreases with Pi,; an increasing

portion of Pi, cannot be transferred to the
tank due to flow imbalance only;

ot Not constrained; at prevailing flow
imbalance: chemical constraint

b- Hex > bimb

Pstack increases with Pi; an increasing
portion of Pi, cannot be transferred to the
tank due to a constrained ot

thermal constraint

Pin kW

180 days,
70 data sets

P o

05 10 15 20
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Pin kW

two “practically identical” horseshoe flame container glassfurnaces

40 m2, large regenerator

40.5 m2, medium size regenerator

6000
5000
4000

3000 +

energy consumption in kWh per kg glass

two “practically identical” horseshoe flame container glassfurnaces

40 m2, large regenerator

1.150

N

N
\
1.100 N dolomite—
AN
N\
AN

1.050 A

1 half-burnt dolomite
1.000

24 26 28 30
pull rate rin t/(m?d)

40.5 m2, medium size regenerator

1.250

1.200 + dc\)lomitei
T
AN
1.150 % N

S
1half-burnt dolomite

1.100 —
24 2.6 2.8 3.0
pull rate rin t/(m?d)
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case study: tank 5

kw
3800 2100
3700 2000
3600 = 1900
3500 1800
Z
£ 34004 = 1700
g
8 3300 , - 1600
the combustion space
32004 P responds very well; all L 1500
heat required can be
3100 4 actually made available L1400
to the basin (lines converge)
3000 T T T T T T T T T T T T 1100
6400 6500 6600 6700 6800 6900 7000
power P_in kW
case study: tank 5
2000
1900
1800
1700
= |
= 1600
o ]
1500 P
1 too much of the heat
1400 conveyed to the basin
1 is lost through the peri-
1300 phery
T T T T T T T
6300 6400 6500 6600 6700 6800 6900 7000 7100

P in kW
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P in kW

furnace A furnace B furnace C

20000
18000 -
16000 -
140001
12000 -
10000 -
8000 1
60001
4000-
20001

before
after cold repair

cold repair

0 5 10

Pin kW




2000 o
1500 +

1000 -

specific energy demand H;, in kWh/t

* Industrial experience with a fast conversion batch
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specific heat consumption H;, in kWh/t

Due to the manager's impatience, no significant difference was found ...

3200 +

3000 +

2800

(@]

I

normal batch

pre-conditioned batch

normal batch

© ®
1 o
wl I 5ot 1l
© e L ')
J O OO(@% - ’ l ( © O
2400 l W e =C
© [ | 4.\ ® ’ ao o)
© ot © |l |
o d. ©
2200 —MﬂQL | ' (|) ’ |“ ’
] || o © ® ® ) I O(DD
© O
2000 T T T T T
0 100 200 300 400 500

time in documentation units

specific heat consumption H;, in kWh/t

3400

... although the new batch quickly makes the furnace more stable.

3200

3000

2800

2600

2400

2200 +

2000

1800

normal batch:

r =0.899
+5 =57
fast conversion batch: r? =0.926
+5=44

0.6

0.8

1.0

pull rate r in t/(m2.d)

1.4
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Same type of batches in a different factory.

900 _750 normal batch  fast conversion batch
? This time, an energy savings effect was found,
880 1 however, statistically blurred. The furnace
seems to run in a less stable way.

860
=
S 840+
£
T 820-

800

780

T T T T T T
0 30 60 90

time in days

120

Evaluating the mass and power pulled from the furnace speaks a different language!

170

165 0@

160
155 '

150 o®

power output Qr in kW

1254

145 S

1404 i The new batch yielded a yet
| unreached production ...
1354

130 o©°

QT :AH(Tex)'p )#

T T T T T T T T T T T T T T T T T T T
320 330 340 350 360 370 380 390 400 410
production p in kg/h
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temperature Te, in °C

1295

1290
12851
1280-
1275
1270
12651
1260
1255
1250

1245 -

@
... ° % .1 (]

... ‘.O... [ ]

O [}
o) O&: o
£ s
coe ©OF o ... but nobody noticed that

Q
o g% T, was unneccessarily high.
s . So the energy savings effect
was much smaller than it
8
0O could have been.

O

T T T T T T T T T T T T T T T T T T T
320 330 340 350 360 370 380 390 400 410
production p in kg/h

Intermediate conclusion:

Enhancing glass melting by overcoming
chemical constraints (i.e., by speeding up

the conversion processes) seems to have
an especially high and widely unexploited
potential for optimization.
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+ An extended conclusion: Quo vadis glass melting process?

power station and heat exchanger

heat recovery

wall losses t combustion space

fuel
air

batch

chemical reactor
batch 25 °C

hot stream throug combustion space E—
l offgas
cold steam through tank ™
melt
wall losses ltank
radiative heat exchange
cown W 9:-Cs crown
A'= radiation :ﬂi :l ﬂ: : E &
pomeee I: ! PGB G fl
ﬂ: reflection : q :qu ! 1ransferred """" P batch ame
: QZ 91 Eﬁi
/
me“ clear melt
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melting behavior

heat demand

quartz dissolution rate
@
gas release rate

@ —

furnace performance

heat transfer
@
dwell time characteristics

100
80
60
40

% abundance

20

7 limestone;

/ ite |
7 dolomite

L+ _—]
//

40 63 125 180 250 355500 700 1000 2000
pm

80 /|light soda ash™ 24~ /1
60 / /]
T
40 7 dense soda ash,
different qualitiesH
20 o i
o—=="1 |
40 63 125 180 250 355 500 700 1000 2000
pm

Start 880 °C

i 1090 °C

degree of turnover

release of

release of dolomite

limestone silicate

physical water ~ chemical water decomposition ~ decomposition  formation

N/ f

A

1.0

0.8

0.6

0.4+

0.2

0.0

I T
0 200 400

T
600

T
800 1000 1200 1400
Tin°C
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Na,CO, +Si0, —> Na,Si0, +CO,
Toq = 287 °C; Ay = 185 kWhit
Na,CO, + 25i0, — Na,Si,05 + CO,
Toq = 256 °C, A = 127 KWhit
2Na,CO, + CaCO, + 38i0, > N,CS, +3CO0,
Toq = 281 °C, A = 191 KWt
Na,CO, + 3CaCO, +6Si0, > NC,S;, +4CO,
Toq =152 °C, Ao = 128 KWhit

Na,CO, +Si0, — Na,Si0, +CO,
Toq = 287 °C; Ay = 185 kWhit
Na,CO;, + 25i0, — Na,Si,05 + CO,
Toq =256 °C, AHpgn = 127 kWhit
2Na,CO, + CaCO; + 38i0, > N,CS, +3CO0,
Toq = 281 °C, A = 191 KWt
Na,CO, + 3CaCO, +6Si0, > NC,S; +4CO,
Toq =152 °C, Ao = 128 KWhit

00 60 %
-0.51860 °C [ T™ of Na,CO,
-1.04
151
201 eutectic Na,-Ca-CO,
25 <0.4%
301 eutectic S-NC3S4-NS, | 760 °C

—

-35 - - - - - ;
086 088 090 092 094 09 098
1T in 1000/K Krdger 1957




Na,CO, +Si0, —> Na,Si0, +CO,
Toq = 287 °C; Ay = 185 kWhit
Na,CO, + 25i0, — Na,Si,05 + CO,
Toq = 256 °C, A = 127 KWhit
2Na,CO, + CaCO, + 38i0, > N,CS, +3CO0,
Toq = 281 °C, A = 191 KWt
Na,CO, + 3CaCO, +6Si0, > NC,S;, +4CO,
Toq =152 °C, Ao = 128 KWhit

00 60 %
-0.51860 °C [ T™ of Na,CO,
-1.04
-1.51 <2%
201 eutectic Na,-Ca-CO,|785 °C

25
-3.04

<0.4%

eutectic S-NC3S4-NS, | 760 °C

—

-35 - - - ~ + ;
086 088 090 0982 094 096 098

AT in 1000/K

Kroger 1957

Na,CO, +Si0, — Na,Si0, +CO,
Toq = 287 °C; Ay = 185 kWhit
Na,CO;, + 25i0, — Na,Si,05 + CO,

Teq =256 °C, AHger =

127 kWhit

atomic mobility

solid,
thermal
branch

sat.
<
aqueous

1 molll

solid,
impurity
branch

reaction turnover =

2 3
1/T in 1000/K

contact area

distance

x atomic mobility

sat.
<

solid,
thermal
branch

aqueous

1 molll

atomic mobility

2Na,CO; + CaC0; + 38i0, > N,CS, + 3CO,
Toq =281 °C, AHyep = 191 kWit isn‘:gﬂ'rity
Na,CO; + 3CaCO; + 6Si0, — NC;S, +4CO, branch
Toq = 152 °C, AHgpgn = 128 KWhIE

1 2 3
1/T in 1000/K

00 60 %
-0.51860 °C [ T™ of Na,CO,
-1.04
-1.51 <2%
201 eutectic Na,-Ca-CO,|785 °C

contact area
distance

reaction turnover = x atomic mobility

25 <0.4%
301 eutectic S-NC3S4-NS, | 760 °C

—

-35 - - - ~ + ;
086 088 090 0982 094 096 098
AT in 1000/K

Kroger 1957




Na,CO, +Si0, —> Na,Si0, +CO,

Toq = 287 °C; AHgq, = 185 kWhIL
Na,CO, + 2510, — NaySi,05 + CO,

Toq = 256 °C, AHqpr = 127 KWhIL
2Na,CO, + CaCO, + 38i0, > N,CS, +3CO0,

Toq = 281 °C, AHgqn = 191 kWhIL
Na,CO, + 3CaC0, + 6Si0, - NC,S; + 4CO,

Teq =152 °C, AHgper = 128 kWhit

chem ~

log c(COy)

0.0

051
1.0

151
-2.04
25
-3.01

60 %
860 °C | T™ of Na,CO,4

<2%
eutectic Na,-Ca-CO,|785 °C

<04%
eutectic S-NC;S¢-NS, [760 °C

086 088 090 092 094 0% 098

1T in 1000/K Krt')ger 1957

g hanal  2aueous
Z g 21 branch
s s 1 moll
S £ 4
E
£ v solid,
2 64 impurity
< 6 branch
-8 r r r
1

2 3
1/T in 1000/K

contact area

- x atomic mobility
distance

reaction turnover =

+ the optimization potential of the steps taking
place prior to the high-T melting process is
widely unexploited

+ option 1: developing ,.instant coffee* batches

+ option 2: developing a prototype of a combined
mixer & grider & pre-heater reactor unit
working under hydrothermal conditions and
exploiting heat at T levels < 300 °C

thumb movie:

limestone + soda ash + sand
(not activated)
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sand © lime- soda sand ime- ash ‘sand cullet

| 25- 650 °C

25-800°C so08

A stone 2 iash a stone

834°C |

844 °C

g

905 °C
910°C

1085 °C
3 1025 °C

-

-

1350 °C 1350 °C

sand sand limestone

— il

sand limestone sodaash sand limestone
Sand Kalkstein Soda Sand Kalkstein

Temperatur:4DO°C
Rufheizrate: 10 K/min
25.04.2008 12:04:29 h
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. |
sand limestone soda ash sand

Temperatur:700°C
Rufheizrate: 10 K/min
25.049 . 2008 12:34: 15 h

limestone

sand limestone soda ash sand

Temperatur :800°C
Rufheizrate: 10 K/min
25.04. 2008 12:44: 25 h

limestone
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A |
sand limestone soda ash sand

Temperatur:834°C
RAufheizrate: 10 K/min
25.04.2008 12:47:41 h

limestone

=

sand limestone soda ash sand

Temperatur :8905°C
RAufheizrate: 10 K/min
25.04. 2008 12:54:57 h

limestone
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sand limestone soda ash sand

Temperatur:1085°C
RAufheizrate: 10 K/min
25.049.2Z2008 13:12:51 h

sand limestone soda ash sand

limestone

limestone

e ¥ E s
tﬁﬁﬂﬁeﬁ»umo IBF-D | 2] 4 Micro... ~| & Microsoft ...| Bl _100% | & [«F3lH 18:56
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sand

soda ash

limestone

sand limestone

DTA signal in pVv

90

sample 1
medium temperature range (25-1200 °C) DTA-TG, calibrated against CuSO,- 53H,0

sample 2

03%

onset 399 °C

peak height:
3.47 pVimg

473°C

25.8 %

1.1% J

onset: 399 °C

peak height:
4.08 pvimg

0,
481°C 8%

0

T T T T T T T T T
00 400 600 8OO 1000 0

temperature in °C

T T T T T T T T T
00 400 600 8OO 1000

temperature in °C

0.0

TG signal in mg

6.0

58



modified
Batch-Free-Time test

1400 °C 1400 °C

experimental parameters:

T et = 1400 °C

thoid = 10 und 15 min
Tanneal = 550°C

Qoool = -2 K/min

batch-free time
experiments




no. 1 no. 2

no. 4 ) 1 . no.5 no. 6

no. 7

batch-free time tests
black-white contrast;
black = clear melt

re-evaluation of free surface by black-white contrast image analysis;

calibration area = 100 %
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2000 mm

h=

),

— =757 mm —

| T=const. or
| L=const.

'l heating mode

Sensors

E DO,

batch heap (4 kg) }

5cm

glass melt (7 kg)

_J

AA\/\AﬂAAAAA

1+ 0,2 ci

¢« ~d o

AR ==

5

AWHAA AV p—

J\U\J AV

|

lcm
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step 1: retrospective analysis:
heat & power balance;
casting into a model

. data acquisition

(T, T, . T,
o momy o,
% Coi Cpa - Cpp
o HDHS H?
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step 2: retrospective analysis:
reactor (dwell time) behavior;
on-line actualization of model

actuali-
i data bank Zation %
f— | step 3: in-factory analysis of heat and mass flows;
iab data acquisition and formatting
| batch |
| house “_'3
tank J
.| hotstream |
tank, |
| coldstream

,,,,,,,,,,,,,,,,,,,,,,,,




-

model

step 4: comprehension and linking of data

lab
batch
house
tank
hotstream
tank,
coldstream

step 5: realization: structuring of the processes

lab
batch
house
tank
hotstream
tank,
coldstream

step 6: factory test and evaluation
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Thank you

for your kind attention!
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