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COMPUTER MODELING OF THE CONTINUOUS ANNEALING
FURNACE
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A computer program to calculate the strip temperature heated in the continuous annealing furnace was developed, using the zone
method for radiative heat transfer analysis with the measured gas temperature in the furnace. Using the F: Operator, the present
study considered the effects of soot and transient species in addition to the H,0-CO, gas mixture on the gas radiative heat transfer.
The predicted strip temperature distribution for Fz=1.05 represented well the measured data. The maximum difference in the heat
flux transfered to the strip from the combustion gas for Fe=1.0(without soot and transient species gas radiation) and 1.05(with
soot and transient species gas radiation) was about 15%. The present study also investigated the effects of line speed and thickness
variations on the strip temperature, establishing the bases for the on-line computer model.
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NOMENCLATURE

a»sa: . Weighting factor, dimensionless

A . Area, m?

b, b Coefficients for temperature polynomial Egs. (2)
and (4)

cp . Specific heat, W-s/kg-K

D : Strip thickness, m

Fe . Fr Operator, dimensionless

gs : Direct gas to surface exchange area, m°®

GS . Total gas to surface exchange area, m?

h . Heat transfer coefficient, W/m*K

k . Thermal Conductivity, W/m-K

K; . Absorption coefficient, m™!

L . Mean beam length, m

LS . Line speed, m/min

M . Number of gray gas component, dimensionless
N

> Maximum temperature polynomial degree, dimen-

sionless
NG . Total number of gas volume zones, dimensionless
NS . Total number of surface zones, dimensionless
N, . Nusselt number, dimensionless
P, : Prandt!] numnber, dimensionless
Yii . Distance between the ith and jth zone, m
R. . Reynolds number, dimensionless
s . Direct surface to surface exchange area, m?

SS . Total surface to surface exchange area, m?
T : Temperature, K

U : Overall heat transfer coefficient, W/m?-K
v . Strip velocity, m/s

Vv . Volume of a gas volume zone, m?®

x : Moving direction of the strip, m

a . Total absorptivity, dimensionless
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€ : Total emissivity, dimensionless

c : Stefan Boltzmann constant, 5.6696 X 10*W/m?- K*
Subseripts

a . Atmosphere

n . Entry

f > Furnace

g > Gas

out . Exit

3 . Surface

st : Strip

c+w :CO;—H;0 gas mixture

t : CO;— H,O-transient species-soot gas mixture

w ! Furnace wall

1. INTRODUCTION

A heating process in the continuous annealing furnace
(CAF) is very crucial in order to obtain a stainless strip
satisfying the required specifications (anti-corrosion,
manufacturing ability, etc.) (Shimada et al., 1980). Thus, it is
very important to control the strip temperature in the proper
range in the furnace. The gas temperature in the furnace is
set automatically according to the strip conditions heated in
the furnace. Thermocouples are located in the longitudinal
direction of the furnace and measure gas temperature contin-
uously. If the measured gas temperature in a zone is lower
than the set value, the supplied fuel and air are increased,
whereas, if the gas temperature is higher than the set value,
it is reversed. This results in establishing the stable gas
temperature in the furnace. Based on the characteristics of
the CAF in the POSCO (Pohang Steel Co.), the main purpose
of the present study is to calculate the strip temperature
according to the working conditions (line speed, strip thick-
ness, etc.) and to establish an on-line computer model to
controt the strip temperature.

In order to achieve this purpose, the simplified model using
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the zone method (Hottel and Sarofim, 1967, Larsen and
Howell, 1986 and Li et al., 1986) is employed in the present
study to calculate the heat balance in the furnace. Since the
gas temperature in the furnace is very high, the dominant
mode of heat transfer is radiative one which is more than
909 of total heat transfer (Li et al.,, 1986). The values of
exchange areas and the radiation properties of combustion
gas are very crucial to the overall accuracy of the results
using the zone method. The smoothing techniques of Larsen
and Howell (1986) were used to improve the accuracy of
direct exchange areas. The total emissivity and absorptivity
of combustion gas were expressed with the weighted sum of
gray gases (Farag and Allam, 1981, Felske and Charalam
Populos, 1982, Ha and Hur, 1986, Nakara and Smith, 1977 and
Sarofim et al., 1978). The major components for gas radiation
are CO, and H,0. However, it was reported that the heat flux
to be absorbed through the surface was lower than the
measured one when only two components CO, and H,O were
used for gas radiation, due to the contribution of soot and
transient species of combustion gas (Bueters, 1974 and
Bueters et al., 1974). In order to consider the contribution of
soot and transient species for gas radiation, the Combustion
Engineering (Bueters, 1974 and Bueters et al., 1974) employed
the Fr Operator in the furnace design of industrial or utility
boilers. Ha and Yoon (1990) also applied the F;: Operator for
heat transfer analysis of the large size rotor in the furnace,
with good results. The present study calculates the strip
temperature along the distance of the CAF and compares the
predicted results with the measured data. The effects of
different Fy Operator on the strip temperature distribution is
also investigated.

2. CAF SIMULATION MODEL

2.1 Furnace Modeling

A CAF is consisted of (convective and radiative) pre-
heating sections and heating and equalizing section as shown
in a schematic diagram of Fig. 1. Combustion gas formed in
the heating and equalizing section heats the strip, passing
through the pre-heating sections in order to pre-heat the strip.
This results in saving energy and reducing the heat load in
the heating and equalizing section. The heat balance equa-
tions in the heating and equalizing section is solved using the
zone method with the following assumptions :

(1) The heating and equalizing section is divided by the
equal eight gas and surface zones in the longitudinal direc-
tion, as shown in Fig. 2. Only the top part above the strip is
solved using the symrmetry condition. The roof and both side
walls located at the same distance from the furnace entry are
considered as a single surface zone (see Fig. 2). The entry
location is modeled as an imaginary surface with ¢=1. The
gap between the strip and the side walls is modeled as an
adiabatic wall with e=0(see Fig. 2). Thus eight gas volume
and thirty four surface zones are used to model the heating
and equalizing section for the zone method.

(2) The gas temperature distribution in the furnace is
assumed to be known. Measured data are used for gas
temperature at each gas zone and the temperature in a gas
zone is assumed to be uniform.

(3) Since the thickness of the strip is very small (about
2~8 mm), the lumped model is used, giving the uniform
temperature in the thickness direction.

(4) The convective heat transfer coefficients in each zone
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Fig. 2 Indexing of the CAF for the zone method

are expressed as a function of the gas velocity which is
uniform at each volume zone using the plug flow assumption.

2.2 Modeling of Combustion Gas Radiation Proper-
ties
If the fossil fuel is fired and ideally converted into CO, and
H,0 gas mixture, the total emissivity e.., and absorptivity
aerw for CO,—H,0 gas mixture can be expressed with the
weighted sum of those of gray gases as follows : (Farag anc
Allam, 1981, Felske and Charalam Populos, 1982, Ha anc
Hur, 1986, Nakara and Smith, 1977 and Sarofim et al., 1978),

cern( T = Z (@ v (1— ") D
where

(@) crw= 2, (63 cswTE™, (@)
and

Gera(T9) = 3 (@) cow (1) 3)
where

(@) esw= 3, (b erwTE™, @

K;in Eq.(1) and (3) means the absorption coefficients ; (g}
c+w and (a;) ..» represent the weighting factors correspond-
ing to the absorption coefficient K; for CO,-H,0 mixture ; M
and N represent the total number of gray gases and max-
imum polynomial degree to show the functional relationship
with temperature, respectively ; 7y and 7T, are the temper-
ature of combustion gas and surface surrounding the combus-
tion gas.

However, the contribution of transient species and soot in
addition to CO,-H,0O gas mixture should be considered in
order to calculate the total emissivity of real combustion gas
to be produced in the furnace or combustor as shown by
Bueters (1974) and Bueters et al. (1974). The total emissivity
€:(Tg) and absorptivity a(7s) of CO.-H,O-transient
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species-soot gas mixture can be expressed as follows using
the F: Operator which implies the influence of transient
species and soot (Ha and Hur, 1986 and Bueters, 1974) :

e (T =Frtdeee 1opco ®)
a(T)=Fe=lttee 1o pco ®)

Fe=1.0 in Eq.(5) and (6) corresponds to the case of gas
radiation of CO,-H,0 gas mixture (Hottel radiator) without
considering the contribution of transient species and soot,
whereas Fr — co represents the black-body radiation where
emissivity is independent of beam length, temperature, and
pressure. Thus, the behavior of Fy is physically that we can
obtain the gas radiation properties of CO,-H,O-transient
species-soot mixture for a transition region from a Hottel
radiator to the black-body limit. Using Eqgs.(5) and (6) and
the procedures given by Ha and Hur (1986), the total emis-
sivity ¢,(7) and absorptivity «.(7s) can be expressed as
follows :

el T) =% (a) (1— ") @
where
(@) o=, (blu) TE, ®)
and
M+l
@(T) =3 (@) (1= ") ©)
(@) =33 (bu) T4 a0

Here, the weighting factors (a?). and (a;). and absorption
coefficient K, are the values calculated according to the
solution procedure by Ha and Hur (1986).

2.3 Energy Balance Equation

The heat transfered to the strip and the furnace wall from
the combustion gas is governed by the following energy
balance equation :

NSM+1 NGM+1
Qi:g "go a: (S_,Sz) nO‘T.:,j+? Eoﬂ;(GjSi) nUTg‘,j
—&Ai0T i+ WA (Ten— Ts) (11)

The (major) heat Q. transfered to the strip by radiative
and convective heat transfer is used to heat the strip, and
temperature distribution of the strip along the moving direc-
tion is determined form the following equation :

mCotrLE= Qu 12

where v and x represent the line speed and the moving
direction of the strip, respectively. The temperature variation
in the thickness direction is neglected since the thickness is
very small (~2.0~8.0mm). The heat loss Q,au.; through the
furnace wall is expressed as

Qwau.i= UAi(Ts,i— Ta) (13)
where U represents the overall heat transfer coeffcient

through the furnace wall which is composed of glass wool,
insulation fire brick and stainless steel plate. The heat trans-

fer coefficient %, in Eq.(11) is obtained from the following
correlation given by Afgan and Beer (1974),

Nu:0.069Re0'sPro" (14)

Weighting factors a; and a, in Eq.(11) are given in Eqs.(8)
and (10). SS and GS in Eqgs.(11) represent the total surface-
to-surface and gas-to-surface exchange areas, respectively,
which are obtained using the wall reflectivity and the direct
exchange areas (corresponding to the absorption coefficient
K,) expressed by :

_ e *"c0os 608 85 s 4 A
ss=[ [ 57 0 44 aa, (15)
~Knr .
as= ) [ Bt by gy, 16)

The direct exchange areas obtained using numerical inte-
gration are difficult to satisfy the following criterion :

NS NG
jglsjsi+ glgjsizAi (17)

Thus, the least-square smoothing techniques by Larsen and
Howell (1986) are used to improve the accuracy of the
calculated exchange area.

3. RESULTS AND DISCUSSION

The fuel used in the CAF is a COG (coke oven gas) in
which H, and CH, is about 85%. The burners are located at
the both side walls in the heating and equalizing section. The
capacity of the burners in the heating section is larger than
that in the equalizing section. As shown in Fig. 1, the strip
moves from the entry (heating section) to the exit (equaliz-
ing section) of the CAF. However the combustion gas of COG
flows from the exit to the entry, resulting in different mass
flow rates and heat transfer coefficients [governed by Eq.
(14)] at each zone. The calculated overall heat transfer
coefficient U given in Eq.(13) is 1.0 W/m?2-K for the
structure of the furnace wall shown in Fig. 3. Since the
surface of the strip is oxidized under the surrounding condi-
tions of high temperature combustion gas, 0.7 was used as a
value of the strip surface emissivity. 0.9 was taken as a value
of furnace wall emissivity. The total emissivity ¢, and absor-
ptivity @, of combustion gas were expressed as a weighted
sum of gray gases. The values of F; operator were varied
between 1.0 and 1.06 to consider the effects of soot and
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Fig. 3 Furnace wall structure
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Table 1 Values of the coefficients of Ky and byx to express the
total emissivity and absorptivity of combustion gas ; Fr

=1.05
M Ku b bu2x107% | bys X 107° | buyax 107°
1 0 0.84192 | —1.69196| 1.29807 | —0.27362
2 | 0.01572 | —0.99390| 2.33352| 1.52632 0.31716
€| 3 0.12774| 1.06659| —1.22448| 0.76387 | —0.16889
4 1.08408 | —0.31015 0.97043| 0.70246 0.15297
5 | 7.30485 0.35344| —0.30290 | 0.10194 | —0.01395
6 o 0.04762 0 0 0
1 0 1.37277 | —3.62977 | 2.91931| —0.64970
2 0.01572 | —2.35068 5.80293 | —4.07017 0.87561
a | 3 | 0.12774 1.85630 | —2.68254 | 1.64165| —0.34418
4 1.08408 | —0.27852 1.00280 | —0.76817 0.17373
5 | 7.30485 0.33150| —0.31193| 0.13142| —0.02297
6 © 0.04762 0 0 0
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Fig. 4 Strip temperature as a function of the distance from the
entry side along the moving direction and the F; Oper-
ator (case 1)

transient species. Table 1 shows the absortion coefficients
and their weighting factors for Fg=1.05. The third order
expression as shown in Table 1 was used for temperature
polynomial of weighting factors given in Eq.(8) and (10).
The calculated direct exchange areas ss and gs using the
numerical integration and the least-square smoothing techni-
ques satisfy well the constraint Eq.(17), and correct total
exchange areas SS and GS can be evaluated for the energy
balance Eq.(11).

Figures 4, 5 and 6 represent the surrounding gas temper-
ature and the strip temperature along the distance of the CAF
corresponding to the cases 1, 2 and 3 of Table 2, respecti-
vely. The gas temperature is the measured value in the
prototype CAF operated in the POSCO. The solid lines for the
strip temperatures represent the predicted results while the
circles being the measured value. The bar around the measur-
ed values show the data range. As shown in these figures, the
strip temperature increases rapidly at the heating section due
to the large temperature difference between the gas and the
strip. As the strip approaches to the exit of the CAF, the
increasing rate reduces since the strip temperature is getting
close to the gas temperature. The strip temperature with Fg
=1.0 is lower than the measured data since this corresponds
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Fig. 5 Strip temperature as a function of the distance from the
entry side along the moving direction and the Fy Oper-
ator (case 2)
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Fig. 6 Strip temperature as a function of the distance from the
entry side along the moving direction and the F; Oper-
ator (case 3)

Table 2 Simulation conditions used in Figs. 4, 5 and 6

Case 1 Case 2 Case 3

Strip thickness(mm) 3.2 4.0 3.0

Line speed(m/min) 26.2 19.3 30,3
971 976 992 zone 1
986 982 1015 zone 2
1037 1016 1064 zone 3
Gas 1128 1094 1152 zone 4
temperature (°C ) 1128 1110 1156 zone 5
1160 1145 1165 zone 6
1176 1160 1168 zone 7
1176 1159 1167 zone 8

to the case with the mixture of CO, and H,O only. When the
F value increases to 1.03 and 1.05, the strip temperature
increases since the heat flux to the strip by the gas radiation
increased due to the formation of the soot and transient
species and agrees with the measured data well. When Fx
increases further to 1.06, the strip temperature at the exit of
the CAF rises up to the gas temperature. Thus 1.06 is the
upper limit value for the Fr Operator to compensate the
effects of the soot and transient gas species in addition to the
CO,-H,0O gas radiation. From these results we can deduce
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Fig. 7 Net heat flux transfered to the strip as a function of the
distance from the entry side along the moving direction
and the F; Operator
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Fig. 8 Strip temperature as a function of the distance from the
entry side along the moving direction and the line speed

that Fz==1.05~1.06 is the value to represents the gas radia-
tion of CO,-H,O-soot-transient species gas mixture for the
CAF of the POSCO.

Figure 7 represents the distribution of the net heat flux
transfered to the strip surface along the moving direction for
different Fz Operator values for the case 1 in Table 2. As
Fr increases, the net heat flux increases due to the increases
of soot and transient species, and results in the different strip
temperature gradient as shown in Figures 4.5.6. The max-
imum difference in the net heat flux between Frz=1.0 and
1,05 is about 15 % at the fourth strip surface zone (around
the center of the furnace). When the strip approaches to the
exit of the CAF, the strip temperature is getting close to the
gas temperature and differences in the net heat flux with
different Fr Operator values decrease, such as about 3%
difference for Fr=1.0 and 1.05,

Figures 8 and 9 show the effects of the line speed and
thickness on the strip temperature distribution along the
moving direction of the CAF. With the increases of the line
speed and the thickness of the strip, the heating load of the
furnace increases, resulting in the lower strip temperature.
The strip temperature difference with the both effects in-
creases as the strip approaches to the exit of the CAF.

The on-line computer model used in the industrial furnace
should consider the variations of the line speed, strip thick-
ness, gas temperature and inlet strip temperature in order to
obtain the targetted strip temperature at the exit of the
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Fig. 9 Strip temperature as a function of the distance from the
entry side along the moving direction and the strip thick-
ness

furnace. Another requirement for on-line computer models is
the quick response to the changes of the governing variables.
Thus the above results obtained from the off-line computer
model should be expressed as a simplified equation as fol-
lows :

T;=155.5240.7Tou +11.36 LSX D
+0.00071LS X DX Tou+2.0LSX DX Tou/ Tin (18)

The definition of variables in Eq.(18) is given in the nomen-
clature. This simplified equation can be applied to the on-line
computer model with modifications obtained from the learn-
ing control of the CAF.

4. CONCLUSIONS

The followings are the main conclusions obtained numer-
ically on the strip temperature along the longitudinal direc-
tion of the CAF operated in the POSCO :

(1) The zone method was used to calculate radiative heat
transfer in the furnace and the F; Operator was employed in
order to represent the total emissivity and absorptivity of CO
o~H;O-soot-transient species gas mixtures. The calculated
strip temperature using F:=1.05 agrees well with the
measured data obtained from the CAF in POSCO. The net
heat transfer to the strip for Fx=1.05 was 15% larger than
that for Fr=1.0, at the center of the CAF.

(2) As the line speed and the thickness of the strip in-
creases, the heating load of the furnace increases, resulting in
the lower strip temperature at the exit of the CAF.

(3) A simple correlation to express the set value of the
furnace temperature as functions of line speed, strip thickness
and the strip exit temperature was suggested. This correla-
tion can be applied to the on-line computer model with
modifications using the learning control.
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