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Notation:

ca – heat capacity of air, kJ/(m3⋅K),

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

D, d – diameter, m,

ε ' ��
�� �������)�����#

F – heating surface area, m2,

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

N – Number of Heat Transfer Units,

T,  t – temperature, K, �C,

V – volumetric rate of fluid flow, m3/h, m3/s,

Wa – water equivalent of air, W/K,

Wg – water equivalent of furnace gas, W/K.
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Ceramic recuperators are used for the recovery of heat from waste gases with industrial
heat furnaces and glass tanks [1, 2, 3, 5]. In ZM Ropczyce [10] production of new gene-
ration magnesia shapes to ceramic recuperators was developed and included to glass furna-
ces. On account of material costs the ceramic recuperator are calculated by mathematical
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method to achieve required construction and service characteristic for minimal number of
shapes. For calculation of ceramic recuperator made of new generation shapes the balance
method were elaborated [5]. In calculation of heat exchangers the water equivalents method
is very important [7, 8, 9]. This method is more universal than balance method. The aim of
this paper is presentation of mathematic model and calculation algorithm by water equiva-
lents method the ceramic recuperator made of magnesia shapes.
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Ceramic recuperators belong to cross-flow heat exchangers group. The water equiva-
lent method enables to calculate the construction parameters of heat exchangers. In recupe-
rators recovered furnace gas from industrial furnaces water equivalent of furnace gas is:

Wg = Vg cg (1)

where:
Vg – volumetric rate of furnace gas flow,
cg – heat capacity of furnace gas.

Water equivalent of air is:

Wa = Va ca (2)

where:
Va – volumetric rate of air,
ca – heat capacity of air.

Water equivalent of furnace gas is bigger than air water equivalent:

Wg > Wa (3)

The similarity function (Fig. 1) used in cross-flow heat exchangers is [4, 9] expressed
by equation:

, N
g

a

W
f

W

⎛ ⎞
ε = ⎜ ⎟⎜ ⎟⎝ ⎠

(4)

a a

g a

t t

t t

′′ ′−
ε =

′ ′−
(5)

where:

at ′′ – air preheated temperature outlet,

at ′ – air temperature inlet to recuperator,

gt′ – furnace gas temperature inlet to recuperator,

N – Number of Heat Transfer Units.
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The Number of Heat Transfer Units is the measure of heat surface area and is ex-
pressed by equation:

N
a

kF

W
= (6)

where:
k – over-all heat transfer coefficient,
F – heat transfer surface area,

Wa – water equivalent of air.
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The proposed algorithm of calculation of ceramic recuperator consists equation.
The volumetric rate of air outlet from recuperator is

1
a

a
V

V
n

′ =
− (7)

where n – untight of air channel.

The arithmetic mean of volumetric rate of air

2
a a

a
V V

V
′ +

= (8)

The absolute untight of air equals

a a aV V V′Δ = − (9)

The volumetric rate of furnace gas outlet from recuperator is

g g aV V V′′ ′= + Δ (10)

The air water equivalent is

a a aW V c= (11)

where ca – heat capacity of air.

The arithmetic mean of volumetric rate of furnace gas is

2
g g

g

V V
V

′ ′′+
= (12)

The furnace gas water equivalent equals

g g gW V c= (13)

where cg – heat capacity of furnace gas.

The microfinned surface area of ceramic recuperator is

N aW
F

k
= (14)

where:
N – Number of Heat Transfer Units,

Wa – water equivalent of air,
k – over-all heat transfer coefficient.
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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 and
has the following parameters:
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The recuperator made of magnesia shapes illustrates Figure 2 with the following di-
mensions:
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The volumetric rate of air inlet to recuperator is:

3 31000
1176 m /h (0.327 m /s),

1 1 0.15
a

a
V

V
n

′ = = =
− −

where n – untight of air channel.

The arithmetic mean of volumetric rate of air is:

30.278 0.327
0.303 m /s.

2 2
a a

a
V V

V
′+ += = =

The absolute untight of air equals:

31176 1000 176 m /h.a a aV V V′Δ = − = − =

The volumetric rate of furnace gas outlet from recuperator is:

3 31200 176 1376 m /h = 0.382 m /s.g g aV V V′′ ′= + Δ = + =

The air water equivalent is:

0.303 1350 409.1 W/K,a a aW V c= = ⋅ =

where heat capacity of air ca = 1350 J/(m3·K).

The arithmetic mean of volumetric rate of furnace gas equals:

30.333 0.382
0.358 m /s.

2 2
g g

g

V V
V

′ ′′+ += = =

The furnace gas water equivalent is:

0.358 1640 587.1 W/K,g g gW V c= = ⋅ =

where heat capacity of furnace gas cg = 1640 J/(m3·K).

The simplex of water equivalent is:

587.1
1.44.

409.1
g

a

W

W
= =
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The heat effectiveness of recuperator is expressed by equation:

600 20
0.45.

1300 20
a a

g a

t t

t t

′′ ′− −ε = = =
′ ′− −

The Number of Heat Transfer Units by Figure 1b is N = 0.8.
The over-all heat-transfer coefficient is k = 7.5 W/(m2⋅K).
The surface area of recuperator is

2N 0.8 409.1
43.6 /m .

7.5
aW

F
k

⋅= = =

The number of shapes in recuperator equals:

1

43.6
321, admitted 336.

0.136

F
L

f
= = =

The heat surface area [10] of ceramic shape is f1 = 0.136 m2.
The recuperator row of shapes in lager is:

x ? y = 8 · 7 = 56.

The number of rows on height of recuperator equals:

336
6.

56 56

L
z = = =

The ceramic heat exchanger chambers over-all dimensions are the following:

' �������'�3�?� ��3��@�3�?� ����!����� #
' .�����'���?� ��3��@���?� ����!����� #
' �������'�"�?� �����@� �#��!����� �

The heat surface areas calculated by balance method [6] is 45.3 m2.
The heat surface area calculated by water equivalents method is 43.6 m2.
The differences of surface is:

45.3 43.6
100% 3.8%.

45.3

−Δ = ⋅ =

The ceramic recuperator to glass tank using Glasmag M98G materials illustrates Fi-
gure 3.
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