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Abstract:

This paper presents a practical three-dimensional mathematical model of circulation and heat trans-

fer in generator of glass melting furnaces. The model was based on the heat transfer between the smoke flow
and the lattice units, and between the air flow and the lattice units. This model not only bypassed the difficulty
of complicated computation of the heat transfer process in the regenerator of glass furnacess but also avoided
the irrationality of fixing the temperature distribution on the surfaces.

Use of the model yielded very important data and alsc the method for the design of the regenerator of glass

furnaces in practical production.
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INTRODUCTION

mathematical simulation
modeling has gained much attention because of
its accuracy and general applicability and has
been widely used in the glass melting industry to
calculate the temperature field of the regenerator,
etc. (Hu» 1995; Sun et al.» 1988; Wu et al. >
1987). As for the gas fields the physical model
is usually adopted(Qu»> 1990;1994) . There is no
serious research completed on the gas flow and
temperature field of the regenerator up to now to
simulate well the performance of the real regen-
erator. So we will present a reasonable method
for estabilishing a three-dimensional mathemati-
cal model for the gas flow and temperature field.
It must first be assumed that the regenerator gas
is distributed homogenecusly or distributed ac-
cording to certain governing rules for each hori-
zontal section. We are usually limited by the
model and the medium materials when the gas
flow field is set up by a physical model, which
results in imperfect simulation for the regenera-
tor.

After the construction of the regenerator, a
three-dimensional mathematical model of the gas
flow field in the regenerator was established to
research the gas flow field. Ancther three-di-

In recent years,

CI1.C number:

mensiocnal model of temperature field was then

established.

MODELING FOR GAS FLOW FIELD IN RE-
GENERATOR

In the regenerator, cheek bricks are regularly
piled intoc cheek bodies to serve as the heat trans-
fer medium. The smoke and air, with different
periods run through the holes among the cheek
bodies and exchange heat with the cheek bricks.
In each pericd of time, the temperature in the
regenerator changes rapidly in unsteady state.
On the other hand, the changes of the smoke
distribution and of the combustion-supporting air
are very small except during their reversing di-
rection> and so can be considered as steady state.
To do the general fluid calculation by the bound-
ary layer and wind-flow theory » the shape of ev-
ery cheek brick need to be divided into meticulous
grids and it is difficult for a microcomputer to
calculate enormous arrays.

To set up this paper’ s model, we regarded
the cheek bricks as resistance regularly distribut-
ed in the cheek bodies and opposite in direction to
that of the gas flow in the three-dimensional di-
rections. We considered the existence of cheek
bricks by using the factor of porosity in the
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mathematical equations( Fan et al, 1992). Thus
the calculation area can be taken as single gas
phase spheres dividable evenly into grids without
considering the real geometric shape of each
cheek brick. The model disregards the gas leak-
age and the chemical reaction between gas and
cheek bodies. 1o simplify the research, the as-
sumptions for the gas flow in the regenerator
are:

1. The gas flows steadily in the regenerator
i.e. the gas flow and temperature at inlet and
outlet are stable. The transient gas flow field
formed during gas reversing-direction may be
disregarded.

The cheek bricks can be regarded as the
resistance whose value is determined by empirical
resistance coefficients and the gas velocities.

The empirical and evaluated temperature
field can be used to calculate the gas heat physical
parameters. The gas temperatures are homoge-
neous both in the upper and bottom part of the
regenerators while the gas temperatures in the
cheek body area are linearly distributed.

The gas physical parameters are given by
empirical equations or real-time measurement.

5. The gas is evenly distributed in the single
calculating grid.

The gas flow is viscous and turbulent.

Thus, the mathematical model can be de-
scribed by the following equations.

Continuity equation:
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where P;s PP;s Pj are the area porosity in three
directions. In the Siemens cheek body areas they
are 0.559, 0.559 and 0. 717 respectively. In the
upper and bottom pat of the regenerator they
are all 1.0.

Momentum conservation equation:
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where j is the subscript s 2 or 3. V» V5, V;
are the velocity components of u» v, w and a»
a2» a3 are the coordinate components of x> vy

and z. o, is effective turbulent viscosity coeffi-
cient.
=pt s e =0.090k /¢

e is layer flow viscosity coefficient. P,, is volume
porosity. Sy,.» Sp.r Sp . are the source terms
which include the resistance.

Turbulent k-e equation with buoyancy cor-
rection:
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Where £ is turbulent kinetic energy» e is turbu-
lent kinetic energy dissipation rate, &, is the el-
fective P, of ks 8. is the effective P, of e, Sk
and S, are buoyancy correction equation source
terms.

Compared with the general {luid flowing cal-
culation equation, porosity terms as coefficients
are put in all these equations and the resistance
terms are added into the source terms of the mo-
mentum equation.

Fig. | can be used to explain the necessity and
reasonability of the additional porosity. In the
figures the dotted frame is a side of a three-di-
mensional control body, the shade is the area of
cheek bricks and the blank is the area where gas
flows. The value of area 7 porosity is the ratio of
blank area to dotted frame area, Consider the
continuity equation in which porosity is exclud-
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Fig.1 Calculation schematic

where u» vs w represent only the gas flow
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velocities through all the sides of a control body
not the velocities through the holes among cheek
bricks. In the calculating grids of the cheek body
area> the gas flow areas of all sides are different.
It is erronecus to calculate by Equation (4) as it
is. So porosity was also added into the other e-
quations. Volume porosity, referring to gas flow
area in unit grid> plus the filling ratioc of cheek
brick in unit volume of cheek body makes up 1.

The cheek body resists the gas flow, which
can be considered by viscosity coefficients of gas
or> in this paper> by adding a resistance term in-
to the momentum source equation.

The resistance forces in three directions of
the cheek body are different and different kinds
of cheek bodies have different resistance forces.
An example that uses not-overlapping Siemens
cheek body is shown below.

Being similar to the condition that gas flows
across the batch pile; the velocity of the cheek
boedy gas in horizontal direction is very low.
From the empirical data, we assume that the dy-
namic head decreases to | Pa when the gas flows |
meter. In the perpendicular direction, the gas
flow velocity is high and the influence of it on the
resistance is great. So the gas flow resistance co-
efficient in perpendicular direction is:

£=1.14H/4d%% (3

where & is synthetic resistance coefficient: H is
the height(m) of cheek bodys . is the equiva-
lent diameter(m> of the cheek hole. The gas
flow with velocity w» flowing through the cheek
body with height dH and equivalent hole diame-
ter d,» will overcome the following resistance

_1.14
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where p is the average density of gas flow
through the height dH.

The convection heat transfer includes buoy-
ancy existing in the flowing system with uneven
fluid density usually caused by difference of tem-
peratures or ingredients. The buoyancy correc-
tion source term must be used in momentum
equation and turbulent ke equation.

ODELING FOR TEMPERATURE FIELD IN
REGENERATO!

Before modeling, we assume that:

l. The influence of the remaining gas from
the last period in the regenerator can be ignored.

2. The volume of flow and the temperature
of smoke and combustion-supporting gas are con-
stant. The gas temperatures in the upper and
lower part of the regenerator distribute homoge-
neously.

3. The mass flow of gas at every section of
the regenerator remains constant. The velocity is
determined by both mass flow and temperature.

4. In the cheek body area. the temperature
calculation grids are divided> where both the gas
velocity and temperature are even. The gas
which flows through a given grid transfers the
heat only with the cheek bricks in this grid. On-
ly the outermost grids transfer heat with the out-
er environment.

5. In the perpendicular direction, the tem-
perature of the gas which flows cut from the pre-
ceding grid is equal to the temperature of that gas
which flows intc the next grid.

6. The outer wall temperature of regenerator
distributes linearly along the height direction and
keeps steady.

7. The convection, conduction and radiation
are combined intc an integrated heat transfer co-
efficient. Based on the theory of thermal bal-
ance> when smoke flows through the grid with
height dH, we have the following equation:

Thermal decrement of s

fer of smoke to cheek bricks + dissipation heat

oke — heat trans-

to external envircnments 1. e. :

W, C,AT,dO = a, ACT, — £,)d6 + Q.d6
7

where W, is the mass flow of smoke(kg/s), C,
is the capacity of smoke which can be calculated
by empirical equation(J/kg *CJ, AT, is the
temperature change of smocke when it flows
through this grid> «, , is the integrated coeffi-
cient of heat transfer between smoke and cheek
bricks(J/m?*C *s)» A is the heat transfer area
of the grid(n?), T, is the smoke average tem-
perature of the grid(°C ), ¢, is the cheek brick
average temperature of the grnd('C ), Q, is the
dissipation heat quantity of the grid during unit
time(J]/s).

The heat transfer between smoke and cheek
bricks = the heat-absorbing of check bricks
when their temperature rises, i.e. :
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a, ACT, — t)d0 = M, (8)

‘96

where M, is the mass of cheek bricks in the grid
(kg), C, is the heat absorbing capacity of cheek
bricks(J/kg*'C )

During the passing combustion-supporting air
circulating, when the air flows through the grid
with height dH> we have the following equa-
tions:

1. Thermal increment of combustion-sup-
porting air — its heat transfer to cheek bricks -
the dissipation of heat to external environment,
i.e.:

W, CAT,d0 = a, ACT, — £, )d8 + Q,dO
9
where W, is the mass flow of combustion-sup-

porting air(kg/s), C, is the air’ s combustion-
supporting capacity calculatble by empirical equa-
tion(J/kg. C D, AT, is the temperature change
of the combustion-supporting air flowing through
this grid, a,_, is the integrated coefficient of heat
transfer between combustion-supporting air and
check bricks(J/n? *C *S), T, is the average
temperature of combustion-supporting air in this
grid(C ).

2. The heat transfer between combustion-
supporting air and cheek bricks = the heat re-
leased by the cheek bricks with the temperature
decreasing, i.e.:

ao»

a, ACT, — t,)d6 = ‘9@

The regenerator’ s temperature field can be calcu-

lated by the above four heat balance equations.

CONCLUSIONS

The real conditions of the regenerator cheek
bodies are fully studied in the above mathematical
model of regenerator gas flow field. The way o
modeling is similar to the analysis method o
combustion bed. The porosity coefficient and the
source terms are corrected by adding resistance
and buoyancy into the relevant equations for cal-
culating the three dimensional mathematical dis-
tribution of the gas flowing in the regenerator.
Three dimensicnal gas distribution data can be
used in establishing the three-dimensional tem-
perature field model for simulation of three di-

mensicnal heat transfer.
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