Practical Thermal Model for a Radiant Tubes Annealing Furnace

Angel Garcia-Martino*, Maria Manuela Prieto

Angel Garcia-Martino

ArcelorMittal R&D Technological Centre, Avilés 33400, Asturias, Spain

E-mail: angel.garcia-martino@arcelormittal.com

Maria Manuela Prieto

Department of Energy, University of Oviedo, Campus de Viesques, Gijon 33204, Asturias,
Spain

Abstract

Modeling of vertical radiant tube annealing furnaces has proven to be one of the best tools to
improve the performance of a galvanizing line. However, there is a lack of a practical model
able to consider the temperature and status of the radiant tubes, which are key elements in the
capacity of the furnace. The model proposed divides the furnace in several segments and
compares the radiated heat, that is exchanged between the radiant tubes and the strip, and the
heat required to increase the temperature of the mass flow on the strip. This comparison is
represented as an implicit equation where the strip‘s temperature is obtained by iteration. The
model is validated calculating the final temperature of more than five hundred coils divided in
four different steel families. The 90% of the calculated temperatures are within a 2% deviation
range compared to the measured temperatures. This model combines good accuracy in the
results with low computational times, allowing the simulation of hundreds of coils in a few

minutes.
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1. Introduction

Galvanizing lines can process a wide range of strip formats from different steel families, each

one with its own thermal cycle requirements. Each combination of these parameters will



determine a maximum line speed, which is limited by the furnace capacity. For thinner strips,
the furnace can achieve the required annealing temperature without overheating the radiant
tubes, but when the entry thickness is higher than the critical thickness, the heating capacity of
the furnace is the limiting factor. The higher the target temperature of the strip is, the lower the
critical thickness. Due to the mentioned facts, characterization of annealing furnaces is vital in

determining the maximum performance of a galvanizing line.

The capacity of a radiant tube furnace is given by its number of radiant tubes and type of
burners. Depending on the type of burners, the efficiency of the combustion varies from 55 to
75% [, Most of the energy radiated by the tube is absorbed by the strip, but another part is lost
across the furnace insulation, removed by the cooling systems of pyrometers and other elements

within the furnace and employed to heat the furnace atmospherel?l.

The furnace capacity is affected by leaks or cracks on the surface of the tubes. Depending on
the size of the leak, it could cause various effects ranging from strip pollution due to combustion
byproducts to a total collapse of the radiant tube. For this reason, when a crack is detected, it is
necessary to close the tube resulting in the furnace losing of heating capacity. The causes of
cracks in the radiant tubes are several and interrelated 1, and the study of the root causes of
radiant tube failure have been addressed several times in the literature ¢, Some of them are
inherent to the material or the process requirements and cannot be avoided, but their combined
effect can be mitigated acting over certain process parameters. Failure can be prevented by
modifying the design or materials of the tube to improve its resistance to deformation “ or
acting over the maximum working temperature of the radiant tubes [°. Therefore, many of the
radiant tubes of the furnace are normally provided with a thermocouple placed at their hottest
point, to control the evolution of the temperature and to avoid going past the tube’s safe working

limit.



Modeling of annealing furnaces is one of the best tools to improve the performance of a
galvanizing line. There are several references in the literature about furnace models: some of
them require the use of FEM, which entails an increase in complexity and longer computational
time in case of 3D 61, but can be simplified to 2D and used online [l ; others ,based on neural
networks 41 are used to monitor the performance of the furnace over time; and finally, there
are some models including combustion [ that fulfill control purposes with a certain degree
of accuracy. There are some other examples of modelling of the complete furnace system,
including the furnace rolls and the combustion process [® 2% however, none of these different
approaches use the radiant tube temperatures or the status of the radiant tubes as is proposed in

the model presented in this paper.

2. Case study and objectives

Arcelormittal Galvanizing Line Avilés 2 (Spain) is a line oriented to automotive market
products. The line has a vertical radiant tube furnace divided in six sections: preheating, heating,
soaking, slow cooling, rapid cooling and overaging (Fig. 1). The heating and soaking sections
are provided with W shaped radiant tubes to heat up the strip by combustion of natural gas. The
line used to suffer an atypically high rate of radiant tube collapses per year (over 25 % of the
total), which was seriously affecting its productivity.

The mathematical model that controls the line sets a given thermal profile to the different zones
of the furnace depending on the speed, thickness and required target temperature. This thermal
profile implies differences in temperature between the different heating zones, which are

referred to as steps.

Table 1 may be interpreted as follows: for the process conditions (target temperature and strip
format), the actual temperatures in zones 1 to 8 must be within the range given respecting the

reference taken at furnace end (zones 9 and 10).



This model works using zone temperature, with the temperature of the tubes being only a
limitation that will switch off the zone in case the tubes work over their temperature limit over
a period of time. This condition is continuously checked by thermocouples installed in two
tubes per zone. If the temperature of any of these thermocouples stays over the safe limit during

a certain time, the control limits the injection of gas until the temperature of the tubes decreases.

To reduce the number of breakages of radiant tubes and minimize the impact on the
productivity, it is necessary to change the furnace’s thermal profile in order to reduce the peak
temperature of the tubes, while keeping the global heating capacity constant. To accomplish
this objective, it is necessary to perform simulations of the furnace thermal performance to
study different heating strategies, avoiding the cost of actual line trials that, in addition, could
cause rejections of the processed material. This situation led to the development of a new offline

heating model.

The new model must allow the calculation of the strip temperature profile based on the
temperatures of the radiant tubes, instead of the zone temperatures, to avoid the overheating of
the radiant tube which was identified as one of the root causes of tube failure. Also, it should
be easy to change the number of available radiant tubes for the calculations and this way
assessing the actual capacity of the line. In addition, it should be able to simulate different
scenarios and select the critical locations of the furnace where the replacement of a radiant tube
is required, as due to with the cost cutting affecting the maintenance budget it is necessary to
minimize the number of radiant tubes replaced and identify the ones in critical condition. Lastly,
the model might be used to study the furnace bottleneck through the simulation of different

furnace conditions.

3. Methodology



3.1 Model description

The key concept used in the development of this model was to use as input the data available
to the line operator at any moment. Another basic principle was the intention of keeping the
physical basis as simple as possible with the purpose of limiting calculation time and enabling

the evaluation of hundreds of cases in a very short time.

The first step was the analysis of the key parameters needed to calculate the strip’s temperature:
strip’s format, speed, type of steel and zone temperatures were identified as the main ones.
Afterwards, the physical modelling was addressed assuming the following simplification: as
the predominant heat exchange mechanism in the furnace is radiation [2%671 the model
calculates the temperature of the strip based only on the temperature of the radiant tubes. This
hypothesis limits the model capabilities, which can only study the furnace in steady conditions,

but this is still aligned with the model requirements.

The specific heat of steel is often used as a fixed value; this is valid for small temperature
changes but modelling the annealing process requires calculating temperature changes of

hundreds of degrees, so this approximation is no longer valid.

It was necessary to characterize the geometry of Avilés 2 furnace. In a vertical furnace with
radiant tubes, the strip is driven between the radiant tubes across the furnace passing around the
rolls located at the top and the bottom of the furnace. In the path between two consecutive rolls,
the strip moves across two furnace control zones. Each furnace zone is composed of a series of
radiant tubes managed by the same control loop. The Avilés 2 furnace has twelve zones, eight

in the heating and four in the soaking.

The minimum strip length used for the calculations has been named as segment (Fig. 2). Each
segment represents the length of strip that moves between the radiant tubes belonging to the

same zone. Between each two consecutive rolls, the strip moves through two segments.



The length of a segment S; is calculated on the base of the number of radiant tubes available in
the i-th section, (Fig. 2c). The model can be easily adapted to a radiant tube failure situation by

reducing this length S; at the corresponding furnace section.

Each segment uses the temperatures of the thermocouples placed in the selected radiant tubes
per zone as an input for the calculation, this way it is guaranteed that the tubes will be working

in the safe area.

The proposal of a 2-D model in Equation (1) simplifies the standard approach, and instead of
calculating the view factor in enclosures 81, the geometry consisting in infinite plane and row
of cylinders is used 2 in Equation (2), being d and D the distances (Fig. 2d), Ay, the area and

o the Bolzman constant.

Pr_g= O-AyzFl (T;"Lubes - T.étrip) (1)

F=1=[1- @)+ @ (55" @

Pstrip in Equation (3) is the power required to increase the temperature of the mass flow, being

v the strip speed, Axy the strip section, p the density and Ce (T) the specific heat.
Pstrip = VAxpre (T)detrip (3)

Areas in Equation (1) and (2) are in different planes: Ay; represents the length of the tubes in
the y-axis (B) and the strip movement in the z-axis, meanwhile in the strip section Ay the x-

axis is the strip thickness (e) and the y-axis corresponds to the strip width (b).

Taking differentials in Equation (1) and Equation (3), the heat transfer in both sides of the strip

is represented in Equation (4):

2Be0Fy (Tiypes — Torrip)dz = vebpCo(T)dT (4)



A piecewise polynomial approximation is used for describing Ce(T). The integration of
Equation (4) using this polynomial is too complex, so in a first step Ce(T) is taken as constant
to obtain the expression in Equation (5), that corresponds to an implicit equation where strip
temperature is obtained by iteration. The correction factor k is introduced to be used later during

the model adjustment to adjust the difference between calculated and observed temperatures.

7 = kvebpCe(T;) T; Ttubes;+Ti
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This equation is solved by iteration (Fig. 3) along the 38 segments in which the furnace is
divided. The final value of Ti is calculated by iteration, ending when the difference between
calculated lenght (Zi") and real lenght (Si) of the segment i is lower than a given value (0.1).
The values of Ti" are calculated using Regula-Falsi method, within a range given by the
temperature at the previous segment (Ti.1) and Ti.1 plus an increment proportional to the target
temperature at the end of the furnace. During the iterations the value of Ce(T) is calculated using
the estimated temperature Ti". The global iteration ends when the error at the exit pyrometer is

less than 2° C.
3.2 Model tuning

The source of data for the elaboration of the model was the line database which stores the
process data and the Ce(T) curves of the different steel families. The emissivity depends on the
temperature and strip’s surface conditions 18, but as there is no curve representing its evolution,
the set value in the pyrometers (0.3) is used. During model’s tuning process, a slight adjustment

may be performed.

The entry parameters of the model are: strip format, type of steel, initial temperature and speed
or strip target temperature. If the maximum speed for a target temperature is requested, the
outputs of the model are the speed, the strip thermal profile and the temperature of the tubes in

each zone. If both, speed and target temperature of the strip are given, the outputs will be the



thermal profile of the strip and the temperature of the tubes in each zone. By changing the
temperatures of the radiant tubes, it is possible to study the furnace bottlenecks through the
simulation of different furnace conditions, in some cases reaching a potential higher process

speed than the calculated by the provider

The process values required are mean coil values, so it was necessary to make a previous
filtering to remove outliers. From the final data set, the ranges of temperature of the tubes in
each zone for each steel family are defined (Fig. 4 left). These values, in combination with the
zone steps are used to limit the range of feasible temperatures of the tubes and therefore

reducing the time required in the model for the calculation.

The adjustment factor k and the temperature of radiant tubes are calculated in two iterations.
The aim of the first one is to define the specific range of temperatures for each format and an
initial value of k. The k is adjusted to minimize the difference between real and calculated
temperatures of the radiant tubes. Its value is 0.85 for most of steels, but for a few of them it is
slightly lower (0.75). The maximum and minimum values of the temperature of the radiant
tubes calculated for each zone and format will set the new limits (Fig. 4 right) used in the second
iteration, where the temperatures of the tubes are recalculated using a fix k which is the mode
of the values of k obtained during the first iteration. The accuracy of the simulation can be

calculated comparing the real temperature with the calculated temperature as follows:

Toar — T,
(%) = “”T—l”‘”wo (6)
rea

4. Testing of the model

The test data set was formed by 600 coils corresponding to ten days of line production. As the
model is oriented to simulate steady conditions, and during the production some events can

affect the speed as well as the final coil temperature, it was necessary to make a filtering of the



set of coils attending to stability criterion. The average speed, radiant tube and strip temperature
per coil were calculated using the time-based process signals, and the cases which did not fulfill
the following conditions were discarded: (1) standard deviation of the speed less than 2, and (2)
standard deviation of the coil temperature at the exit lower than 20. After the filtering was
performed, the remaining 569 coils were classified by steel families in four groups, as shown
in Table 2: Interstitial Free (IF, 200 coils), Low Carbon (LC, 216 coils), High Strength Low

Alloy (HSLA, 125 coils) and Dual Phase (DP, 28 coils).

Five different control points were established to evaluate the global accuracy of the model: two
at pyrometers P2 and P3 (Fig. 1) to evaluate the accuracy of the strip temperature calculations,
and three at zones 1-2, 5-6 and 9-10 to evaluate the accuracy of the temperatures calculated for
the radiant tubes. In the case of the radiant tubes, the Trea is, in each case, the average of

temperatures of four tubes provided with thermocouples.

The charts (Fig 5) show the results of the simulation for the different steel families studied: a)
and b) corresponds to IF, ¢) and d) to low carbon, €) and f) to HSLA and g) and h) to Dual
Phase. The size of the bars represents the number of cases classified by the temperature error

percentage, which is calculated as described in equation 6.

It is observed that better accuracy is obtained in the case of g and h. This is explained due to
two factors: the curve describing the specific heat is available and most of the formats simulated
are over the critical thickness limits, therefore, the adjustment factor k is calculated for a group
of coils which speed is directly limited by the heating capacity. In the other families, despite
that the general results are good, the accuracy is lower than in the case of the Dual Phase for
the same reasons, or the specific heat curve corresponding to this family (as in the case of Low
Carbon) is not available or the percentage of the coils below the corresponding critical thickness
is too high which affects the calculation of the adjustment factor k (case of IF where half of the

coils are below this limit). So, it can be concluded that the model is more accurate in the case



of thicker formats than thinner ones and that it is required to have the steel characterized.
Additional improvements in the accuracy of the calculations are expected if the convection

mechanism is included.

Despite this limitation, it is still completely valid to study the furnace bottlenecks, when the
power demand on the furnace can push the radiant tubes to work at temperatures that are too

high.

The model is also used to optimize the replacement of broken radiant tubes when, due to time
or budget constrictions, is not possible to replace all of them. The graph (Fig. 6) shows the
effect on the nominal speed of the position of the broken radiant tubes: cases A and C
correspond respectively to a failure of the 5% and 10% of the tubes homogeneously distributed
in the furnace, and in the cases B and D the 5% and 10% of failures are distributed only among

zones 5 to 8 of the furnace.

5. Conclusions

A mathematical model of an indirect fired furnace was derived. The objective of this research
was to obtain a model that could be used by the production line team as a simulation tool using
the production data as input, with the flexibility to be adapted to real furnace conditions and
considering the limitation on radiant tube temperatures needed to minimize the maintenance as
long as possible. This objective was successfully fulfilled, leading to a noticeable increase in

line productivity and maintenance savings.

The main advantage of this model with respect to previous models is that it considers the
temperature of the radiant tubes to prevent overheating problems that could lead to tube failure.
As mentioned throughout the text, the model combines good accuracy in the calculations with
low computational times, allowing the simulation of hundreds of coils in just a few minutes and

it can be easily adapted to the current conditions of the furnace. It also has an application to



maintenance works, prioritizing the replacement of damaged tubes as function of its effect on

the capacity of the furnace.
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Figure 1. Layout of Avilés #2 furnace
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Figure 2. Strip (red line) passes between the radiant tubes, represented as squares (a). Each tube has four
circular legs as shown in (b), constituting the radiation surface. The model calculates the heat exchange within
dotted area represented in (c), which is defined as the segment
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Figure 3. Calculation algorithm
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Figure 4. Initial temperature ranges for all strip formats are represented by lines, calculated temperature ranges
for limited strip’s formats are represented by rectangles (in white for formats and in black for temperatures)
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Figure 5. Simulations result. Temperature errors calculated as described in equation 6
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Figure 6. Effect of the position of damaged radiant tubes on line speed
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Table 1. Example of furnace steps

Target temp Thickness Width Zones1-2(°C)  Zones3-4(°C) Zones5-6(°C) Zones7-8(°C)
(°C) (mm) (mm)

7800 8202 0.6V  0.82 12001 13492  -150"  -1002 -125Y 502 -70W  -209  -30" -102




7800 8209 09" 132 12000 13499 650  -302  -40" 200 200 0 0"
7800 8202 1.8 22 1200V 13492 300 152 30" 402 100 52 0"

) Minimum value; 2 Maximum value

Table 2. Steel families and process parameters ranges

Steel family Steel grade Nu:1ob"esr of Thickness (mm) ?n‘::fn(; Target temp. (°C)
B100 97 0.5" 22 40" 1602 750" 8002
IF B102 52 0.5 22 40" 1602 725" 7752
B105 51 0.5" 22 60" 1602 730" 8002
B012 110 0.5" 22 40" 1602 750" 7902
Low carbon B048 54 0.5" 22 60" 1602 7251 8252
B085 52 0.5" 22 40" 1602 750" 8252
HSLA D071 125 0.79 22 40" 1602 750" 8302
Dual Phase D09X 28 0.9" 22 60" 1602 775" 8502

") Lower limit; 2 Upper limit



