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Notation:

α – convection heat-transfer coefficient to air, W/(m2⋅K)

αg – heat-transfer coefficient of furnace gas, W/(m2⋅K)

ca – heat capacity of air, kJ/(m3⋅K)

cg – heat capacity of furnace gas, kJ/(m3⋅K)

Co – constant of radiation, W/(m2⋅K4)

D, d – diameter, m

ε – emissivity

F – heating surface area, m2

ϕ – surface area factor

k – over-all heat-transfer coefficient, W/(m2⋅K)

λ – thermal conductivity, W/(m⋅K)

s – thickness of wall, m

Δp – pressure drop, Pa

T, t – temperature, K, °C

Q – heat transfer rate, kW

V – volumetric rate of fluid flow, m3/h, m3/s
ξ – number of heat losses
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Furnace gases coming from glass melting furnaces contain a high amount of thermal
energy. In high-efficiency glass melting furnaces there are 50% of total fuel consumption.
The furnace gases are polluted by melted glass components. Temperatures of furnaces gas
come up to 1200oC÷1500oC. For heat recovery of waste gas flow from glass melting fur-
naces metal recuperators, ceramic recuperators and regenerators [2, 3] are used. Preheating
in exchangers air is used directly in combustion of fuel. Thermal efficiency and service life
of heat exchangers are major importance of optimization for this furnaces.

Achieving the energy saving is determined by the heat recovery system. New heat ex-
changers to glass melting furnaces are from 15% to 25% more efficient than of the conven-
tional heat exchangers used in furnaces some years ago.

Hot air temperatures can be achieved:
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The conventional ceramic recuperators comprise the following designs: Lambot [6]
Hermansen [6], Chapman – Stein [5] made of chamotte, sillimanite or carborundum shapes.
Improvement the recuperator’s designs with higher air temperature, higher thermal effi-
ciency, smaller weight and smaller over-all dimensions makes possible manufacture of new
generation of fusion cast alumina-mullite-zirconia materials [7] and izostaticly pressed
magnesia materials [7].
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ZM Ropczyce for many years has specialized in the manufacture of basic refractory
materials, including the ones for the glass-making industry.

In 2002 izostaticly pressed magnesia shapes Glasmag M98G was developed and im-
plemented. This materials to ceramic recuperators for glass melting furnaces are used. Mag-
nesia shapes have the following major parameters:
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Similar class of materials used to ceramic recuperators are fusion cast alumina-mullite-
zirconia shapes.

The cast shapes have the following major parameters:
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New generation of shapes has the following quality:
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The function thermal conductivity temperature [4, 7] for shapes are given in Table 1.
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The advantage of fusion cast heat exchangers shapes is that they may be combined
with conventional burning refractories. It makes possible to install the fusion cast elements
only in the most severally stressed areas. For example: in top layers of conventional ceramic
recuperator checkers or before the metal recuperator to avoid burning through. These areas
are exposed to flue gases and dust. For temperature ranges in glass melting furnaces do not
evaporated melted glass components: silica, compound of aluminum, calcium and magne-
sium. The alcalies have the high volatilaty. Fusion cast shapes will practically do not de-
crease on account corrosion. Magnesia shapes will not react with alcalies. On account of
material costs the ceramic recuperator should be calculated by mathematical model to
achieve required construction and service characteristic for minimal number of shapes.
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To calculate the heat of ceramic recuperators universal balance method is used. Addi-
tionally, the mathematical model has to be taken into account: untight furnace gas side,
untight air side, heating surface area ratio and thermal resistance of the shape wall.

Ceramic recuperators work in different arrangement of cross-flow air and furnace gas.
Typical arrangements of fluid flow in ceramic recuperators illustrates Figure 1.

Temperature 
°C 

Alumina-mullite-
zircona shapes 

W/(m⋅K) 

Magnesia shapes 
W/(m⋅K) 

Chamotte shapes 
W/(m⋅K) 

  400 5.0 4.5 1.2 

  600 4.1 3.9 1.3 

  800 4.0 3.5 1.4 

1000 4.2 3.2 1.5 

1200 5.1 3.0 1.6 

1400 6.0 – – 
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The heat calculates are separate for upper and lower row of recuperator checkers. The
volumetric rate of air inlet to recuperator is given by equations:

,
1

a
a a a a

V
V V V V

n
′ ′= Δ = −

−
(1)

where:
n – number of air untight,

ΔVa – absolute air losses.

���������������	�

������	��	�����	����	��	�
����	
���
���
��	��	��
	�
���������	��	��
���	���

�
��������

The volumetric rate of furnace gas outlet recuperator is

g g aV V V′′ ′= + Δ (2)

The heat transfer rate of recuperator equals

( )
2

a a
a a a a

V V
Q c t t

′ + ′= − (3)

where:

aV ′ – volumetric rate of air with untight taken into account,

Va – volumetric rate of air,

ca – heat capacity of air,

at′ – outlet air temperature,

ta – inlet air temperature.
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The heat transfer rate of furnace gas inlet to recuperator is

g g g gQ V c t′ ′ ′ ′= ξ (4)

where:
ξ – number of heat losses,

gV ′ – volumetric rate of furnace gas inlet to recuperator,

gc′ – heat capacity of furnace gas,

gt′ – inlet furnace gas temperature.

The outlet furnace gas temperature is given by formula

a a
g

g g

Q Q
t

V c

′ξ −′′ =
′′ ′′

(5)

where gc′′  – inlet heat capacity of furnace gas.

The logarithmic mean temperature equals

ln
m

t t
t

t

t

′ ′′Δ − ΔΔ = ′Δ
′′Δ

(6)

The calculations of over-all heat coefficient are performed to upper row and lower row
of recuperator checkers.

The convection heat transfer coefficient to air is given by equation to counter-flow
across inline banks of tubes [4]

( )
0.65

0.35
5.04 0.00382 a

a
w

t
D

α = + (7)

where:
ta – inlet or outlet air temperature,

wa – velocity of air,
D – outer diameter of tube.

The heat-transfer coefficient of furnace gas is given by equation to flow inside tube [4]

( )
0.8

0.2
3.51 0.00311 g

g g

w
t

d
α = + (8)

where:
tg – inlet or outlet furnace gas temperature,

wg – velocity of furnace gas,
d – diameter of tube.
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The emissivity of furnace gas [4, 6] is described by equation

2 2 2 2CO CO H O H Og gε = β ε + β ε − Δε (9)

where:

2COε – emissivity of carbon dioxide,

2H Oε – emissivity of water wapour,

2 2CO H O, , gβ β Δε – correction factors.

The effective emissivity of wall is [4]

1

2
w

w
ε +′ε = (10)

The radiation heat-transfer coefficient of furnace gas is given by system of equations

( )

4 4

100 100
g w

g w o

r
g w

w a g a

T T
C

T T

k
T T T T

⎧ ⎫⎡ ⎤⎛ ⎞ ⎛ ⎞⎪ ⎪⎢ ⎥′ε ε −⎜ ⎟ ⎜ ⎟⎪ ⎪⎢ ⎥⎝ ⎠⎝ ⎠⎣ ⎦⎪ ⎪α =⎨ ⎬−
⎪ ⎪
⎪ ⎪
⎪ ⎪= + −

α⎩ ⎭

(11)

where:
Co – constant of radiation,
Tg – furnace gas temperature,
Tw – wall temperature,
Ta – air temperature.

The heat-transfer coefficient of furnace gas is

αg = αr + αc (12)

The ratio s/λ is the thermal resistance of the tube wall.
The surface area factor is [1]

1

1

a

g

F

F
ϕ = (13)

where:

1aF – heat surface area of shape to air side,

1gF – heat surface area of shape to furnace gas side.
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The over-all heat-transfer coefficient to inlet or outlet of recuperator equals

1
1

g

k
s

=
ϕ ϕ+ +

α λ α

(14)

The mean heat-transfer coefficient is

2

k k
k

′ ′′+
= (15)

The heat surface area of recuperator is given by equation

a

m

Q
F

k t
=

Δ
(16)

The number of shapes in recuperator is

1a

F
N

F
= (17)

The number of rows in height of recuperator is given by equation

{ }
N

Z
x y

=
⋅

(18)

where { }x y⋅  – arrangement of tubes in recuperator layer.

Mathematical model is applied to calculations of the ceramic recuperator made of mag-
nesia shapes.
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The ceramic recuperator uses a heat of waste gas from glass tank. Preheating in recu-
perator air is used directly in combustion of fuel.

The recuperator works in cross-flow (Fig. 1a) and has the following parameters:

– volumetric rate of air Va = 1000 m3/h (0.278 m3/s),

– inlet air temperature ta = 20oC,

– outlet air temperature at′  = 600oC,

– volumetric rate of furnace gas inlet to recuperator gV ′  = 1200 m3/h (0.33 m3/s),

– inlet furnace gas temperature to recuperator gt′  = 1300oC,

– chemical composition of furnace gas CO2 – 10%, H2O – 18=,

– number of heat losses ξ = 0.95.
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The recuperator made of magnesia shapes by Figure 2, with the following dimensions:

– outer diameter of tube D = 0.187 m,

– inner diameter of tube d = 0.145 m,

– thickness of tube wall s = 0.021 m,

– total height h = 0.312 m,

– height of heat element h1 = 0.232 m,

– pitch of shapes p = 0.11 m.
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The volumetric rate of air inlet to recuperator is

1000
1176

1 1 0.15
a

a
V

V
n

′ = = =
− −

 m3/h = 0.327 m3/s,

– untight of air channel n = 15=.

The absolute untight of air equals

1176 1000 176a a aV V V′Δ = − = − =  m3/h.
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The volumetric rate of furnace gas outlet from recuperator is

1200 176 1376gV ′′ = + =  m3/h = 0.382 m3/s.

Substituting the values into equation (3) we obtain heat transfer rate of recuperator

( ) ( )0.278 0.327
1.34 600 20 235.1

2 2
a a

a a a a
V V

Q c t t
′+ +′′= − = ⋅ − =  kW.

The heat transfer rate of furnace gas inlet to recuperator is

0.33 1.65 1300 707.9 kW.g g g gQ V c t′ ′ ′ ′= ⋅ = ⋅ ⋅ =

Substituting the values into equation (5) we obtain outlet furnace gas temperature

o0.95 707.9 235.1
761 C.

0.383 1.5
g a

g
g g

Q Q
t

V c

′ξ − ⋅ −′′ = = =
′′ ′′ ⋅

The logarithmic mean temperature equals

741 700
721 K,

741
ln ln

700

m
t t

t
t

t

′′ ′Δ − Δ −Δ = = =′′Δ
′Δ

– inlet t′Δ  = 1300 – 600 = 700oC,

– outlet t ′′Δ  = 761 – 20 = 741oC.

The recuperator row of shapes in layer is

{ } { }8 7 .x y⋅ = ⋅

The calculations of over-all heat-transfer coefficient – upper row

The convection heat-transfer coefficient to air is

( ) ( )
0.650.65

0.35 0.35

0.78
5.04 0.00382 5.04 0.00382 600 11.1

0.187
a

a
w

t
D

′α = + = + ⋅ =  W/(m2⋅K),

where:

at′ – air temperature,  at′  = 600oC,

aw – velocity of air
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1

0.278
0.78

2 7 14 0.11 0.232
a a

a
a

V V
w

f p h
= = = =

⋅ ⋅ ⋅ ⋅
 m/s,

D – outer diameter of tube, D = 0.187 m.

The convection heat-transfer coefficient of furnace gas equals

( ) ( )
0.8 0.8

0.2 0.2

0.36
3.51 0.00311 3.51 0.00311 1300 4.9

0.145

g
c g

w
t

d
′α = + = + ⋅ =  W/(m2⋅K),

where:

gt′ – temperature of furnace gas gt′  = 1300oC,

gw – velocity of furnace gas

            
2 2

0.33
0.36

0.145
5656

44

g g
g

g i

V V
w

f d

′ ′
= = = =

Π Π ⋅
 m/s,

di – diameter of tube di = 0.145 m.

The emissivity of furnace gas by formula (9) is:

1 "<9�$	���	������������	���
�1�80=�
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�1�84=�

1 ���	��������	

���C�0������C�0��D0�8�/�C�0�86�

1 	#�

�+����������-��� ��A� 	;� ( )
2COp s⋅ �C�0�80D0�86D�4�8�C�8�6���D#

gt ′ �C�8600�"&��
2COε �C�0�0�&

1 	#�

�+����������	��+�$���;� ( )
2H Op s⋅ �C�0�84D0�86D�4�8�C�9�6���D#

gt �C�8600�"&�
2H Oε �C��0�09/&

1 ����	������������
;�
2 2CO H O1.0, 1.05, 0,gβ = β = Δε =

2 2 2 2CO CO H O H Og gε = β ε + β ε − Δε �C�0�0��E�8�0/D0�09/�C�0�022�
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The effective emissivity of wall is

0.8 1
0.9.

2w
+′ε = =

The radiation factor is

g w oC′ε ⋅ε ⋅  = 0.066 ⋅ 0.9 ⋅ 5.67 = 0.34 W/(m2⋅K4).

The radiation heat-transfer coefficient of furnace gas is given by system of equations:

( )

( )

4 4

100 100

,

8.0
873 1573 873 1378K,

11.1

g w
g w o

r
g w

w a g a

w

T T
C

T T

k
T T T T

T

⎧ ⎫⎡ ⎤′⎛ ⎞ ′⎛ ⎞⎪ ⎪⎢ ⎥′ε ε −⎜ ⎟ ⎜ ⎟⎪ ⎪⎢ ⎥⎝ ⎠⎝ ⎠⎣ ⎦⎪ ⎪α =⎪ ⎪′ ′−⎨ ⎬
⎪ ⎪
⎪ ⎪
⎪ ⎪′ ′ ′ ′= + −⎪ ⎪α⎩ ⎭

′ = + − =

where:

gT ′  – furnace gas temperature, gT ′  = 1573 K (1300oC),

aT ′  – air temperature, aT ′  = 873 K (600oC),

wT ′  – wall temperature, wT ′  = 1378 K (1105oC),

( )4 40.34 15.73 13.78
43.9

1573 1378r

−
α = =

−
 W/(m2⋅K).

The heat-transfer coefficient of furnace gas is

αg = αc + αr = 4.9 + 43.9 = 48.8 W/(m2⋅K).

The thermal resistance of the tube wall equals

0.021
0.007

3.1

s = =
λ

 (m2⋅K)/W,
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where:
thickness of the wall s = 0.021 m,
thermal conductivity of magnesia shapes λ1088 = 3.1 W/(m⋅K).

The heat surface area of shape is:

1 ����
� 	

1 1 0.187 0.232 0.136a nF d h= π = π⋅ ⋅ = �#9�

1 ������	���
�
� 	

1 1 0.145 0.232 0.106g iF d h= π = π⋅ ⋅ = �#9�

1 
�����	���	��������

1

1

0.136
1.28.

0.106

a

g

F

F
ϕ = = =

,�	��+	�F�����	��F����
�	����	�����	����


1 1
8.0

1 1.28 1
1.28 0.007

48.8 11.1g

k
s

′ = = =
ϕ ϕ⋅+ + + ⋅ +

α λ α

 W/(m2⋅K).

The calculations of over-all heat-transfer coefficient – lower row

The convection heat-transfer coefficient to air is

( ) ( )
0.650.65

0.35 0.35

1.8
5.04 0.00382 5.04 0.00382 20 13.4

0.187
a

a
w

t
D

α = + = + ⋅ =  W/(m2⋅K),

where:
ta – air temperature, ta = 20oC,
wa – velocity of air

          
1

0.327
1.8

7 7 0.11 0.232
a a

a
a

V V
w

f p h

′ ′
= = = =

⋅ ⋅ ⋅
 m/s,

D – hydraulic diameter D = 0.187 m.

The convection heat-transfer coefficient of furnace gas is

( ) ( )
0.8 0.8

0.2 0.2

0.42
3.51 0.00311 3.51 0.00311 761 4.3

0.145

g
c g

w
t

d
′′α = + = + ⋅ =  W/(m2⋅K),
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where:

gt ′′ – furnace gas temperature, gt ′′  = 761oC,

wg – velocity of furnace gas

          
2 2

0.382
0.42

56 56 0.145
44

g g
g

g i

V V
w

f d

′′ ′′
= = = =

π ⋅ π⋅
 m/s,

di – diameter of tube di = 0.145 m.

The emissivity of furnace gas to formula (9) equals:

� �����������	���� 	����	!���"

( )
2COp s⋅ �#��$��%&��'�� gt ′′ �#����	(�'�� 2COε �#��$��)

� �����������	�����������	
��

( )
2H O

p s⋅ ������������� gt ′′ ������	���� 2H Oε �������

� �	������	������	���

2 2CO H O1.0, 1.05, 0;gβ = β = Δε =

2 2 2 2CO CO H O H Og gε = β ε + β ε − Δε ������ �!���� �G�������������

The effective emissivity of wall is

0.8 1
0.9.

2w
+′ε = =

The radiation factor is

g w oC′ε ⋅ε ⋅  = 0.092 ⋅ 0.9 ⋅ 5.67 = 0.47 W/(m2⋅K4).

The radiation heat-transfer coefficient of furnace gas is:

( )

( )

4 4

100 100

,

6.3
293 1034 293 641 K,

13.4

g w
g w o

r
g w

w a g a

w

T T
C

T T

k
T T T T

T

⎧ ⎫⎡ ⎤′′⎛ ⎞ ′′⎛ ⎞⎪ ⎪⎢ ⎥′ε ε −⎜ ⎟ ⎜ ⎟⎪ ⎪⎢ ⎥⎝ ⎠⎝ ⎠⎣ ⎦⎪ ⎪α =⎪ ⎪′′ ′′−⎨ ⎬
⎪ ⎪
⎪ ⎪
⎪ ⎪′′ ′′= + −⎪ ⎪α⎩ ⎭

′′ = + − =
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where:

gT ′′  – furnace gas temperature, gT ′′  = 1034 K (761oC),

aT  – air temperature, aT  = 293 K (20oC),

wT ′′  – wall temperature, wT ′′  = 641 K (369oC),

( )4 40.47 10.34 6.41
11.7

1034 641r

−
α = =

−
 W/(m2⋅K).

The heat-transfer coefficient of furnace gas is

αg = αc + αr = 4.3 + 11.7 = 16 W/(m2⋅K).

The thermal resistance of the tube wall equals

0.021
0.005

4.6

s = =
λ

 (m2⋅K)/W,

where thermal conductivity of magnesia shape λ343 = 4.6 W/(m⋅K).

The over-all heat-transfer coefficient is

1 1
6.3

1 1.28 1
1.28 0.005

16 13.4g

k
s

′′ = = =
ϕ ϕ+ + + ⋅ +

α λ α

 W/(m2⋅K).

The mean heat-transfer coefficient is

8.0 6.3
7.2

2 2

k k
k

′ ′′+ +
= = =  W/(m2⋅K).

The heat surface area of recuperator is given by equation (16)

235100
45.3

7.2 721
a

m

Q
F

k t
= = =

⋅Δ
 m2.
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The number of shapes in recuperator equals

1

43.5
333,

0.136a

F
N

F
= = =  admited 336.

The number of rows on height of recuperator is given by equation (18)

336
6.

56
Z = =

The heat exanger chamber over-all dimensions are the following:
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The heat and geometric parameters of recuperator are given in Table 2. The ceramic
recuperator to glass tank using Glasmag M98G materials illustrates Figure 3.
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Parameter Upper row Lower row 

Furnace gas temperature, °C 1300 763 

Air temperature, °C 600 20 

Volumetric rate of furnace gas, m3/h 1200 1376 

Volumetric rate of air, m3/h 1000 1176 

Velocity of furnace gas, m/s 0.36 0.42 

Velocity of air, m/s 0.77 1.8 

Convection heat-transfer coefficient to air, W/(m2⋅K) 11.1 13.4 

Heat-transfer coefficient of furnace gas, W/(m2⋅K) 48.8 16.0 

Thermal resistance, m2 K/W 0.007 0.005 

Over-all heat-transfer coefficient, W/(m2⋅K) 8.0 6.3 

Wall temperature, °C 1105 369 

Heat transfer rate, kW 235.1 

Logarithmic mean temperature, K 721 

Mean heat-transfer coefficient, W/(m2⋅K) 7.2 

Surface heat area, m2 45.3 

Recuperator checkers {8 ⋅ 7 ⋅ 6} 

Number shapes 336 
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