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Billet reheating is an important part of the steel production process. Since the
production process will adopt different tube billet arrangement strategies, and the
condition of the furnace hearth will also change due to long-term operation and
accumulation of iron oxide scales, these factors will inevitably affect heating effi-
ciency and temperature distribution uniformity of the tube billet, thereby affecting
the quality of the final product. In this study, a physical and mathematical model
was established for a 48 m diameter rotary hearth furnace of the seamless steel
pipe production-line and typical 300 mm diameter tube billets of different lengths.
Commercial FLUENT code was used to carry out CFD numerical simulation re-
search on the influence of the aforementioned factors. Optimizing and adjusting
strategies under different arrangement strategies were proposed, and the influence
of furnace hearth condition change on heating effect was studied. The methods and
simulation approach of this paper also have guidance for the billet heating control
in similar continuous heating furnaces.

Key words: rotary hearth furnace, tube billet heating, distribution angle,
CFD numerical simulation, arrangement strategy,
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Introduction

Rotary hearth furnace (RHF) is an important equipment on the seamless steel pipe hot
rolling production-line [1-3] It is mainly used for reheating the tube billets before perforation
process. Due to its advantages of large capacity, good thermal uniformity, low unit fuel con-
sumption and easy automation, it has been widely used since the 1960's and has become the
main furnace type for billet reheating, and the structure design is becoming larger and larger.
The equipment condition and operation level of the RHF directly affect the heating quality of
the tube billets, which in turn affects the quality of the seamless steel tube. While heating effi-
ciency directly affect the cost of steel pipes. With requirements getting higher and higher for the
quality and diversification of seamless steel pipes from social production and manufacturing,
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the popular computer optimization control of RHF based on CFD numerical simulation method
gets more attention.

Many works of numerical simulation for RHF can be found from existing publications
and most of them are the researches about metallurgical dust or pellet recycling application
and usage [4-9]. Only a few of them are the discussions about steel billet heating. For instance,
Blanco et al. [2] presented a mathematical model of the heating of round billets and used ex-
plicit and implicit finite difference method to solve heat transfer equations. Liu et al. [10] devel-
oped a 3-D mathematical model for simulation of flow, temperature, and concentration fields
by using CFD method. Landfahrer ez al. [11] also used CFD to develop a numerically highly
efficient model, different combustion models were analyzed and compared. While DellaRocca
et al. [12] presented an advanced CFD methods for the furnace, they evaluated the effects of
regenerative burner flame on the billet reheating. Hadala et a/. [13] modeled the charge heating
process, the finite element method was applied.

But when it comes to the billet heating process, many more numerical simulation
works still focus on various continuous heating furnaces except RHF [14-22], though RHF is
one of the continuous types. Emadi et al. [20] performed an overall modelling and simulation
of billets in a walking hearth type reheating furnace and got heating characteristics affected by
various radiation. Gu et al. [21] conducted numerical simulation of slab heating process in a
regenerative walking beam reheating furnace, a simplified method is described to study the slab
heating process.

Unlike other continuous heating furnace types, RHF has hearth on which grooves are
evenly distributed, and there’s fixed angle between every two grooves. In the actual production
process, different distribution angles will be used to arrange the tube billets intervals. Mean-
while, due to the fixed limited furnace width, different side-by-side distribution strategies will
be used for tube billets with various lengths, such as single-row distribution for typical long
tubes, and cross-distribution or double-row distribution for typical short billets. Some of the
related studies based on similar continuous heating furnaces and square billets were carried out.
Li et al. [23] predicted optimum values of square billet space in walking beam furnace. Mon-
te-Carlo method was introduced to determine view-factor matrix of the furnace enclosure. Wu
et al. [24] found that the addition of piers and alteration of square billet spacing can affect the
heating performance in a batch-type furnace CFD case study. Most of the publications investi-
gate conventional walking beam type and pusher type reheating furnaces, rare studies carried
out based on RHF or tube billet production.

In RHF, adjustable flame burners are distributed on both sides of the furnace wall, and
the shape of the adjustable flame will also affect the heating effect (uniformity of temperature
distribution on the surface of the tube billets). When the flame length is fixed, there should be
ideal heating conditions for different billets arrangement strategies. In order to find the specific
rules or properties, numerical simulation of steel tube billet heating process in RHF will be
carried out by using CFD.

Physical model description
Computational model simplification

The study is based on RHF in Yantai Lubao Steel Pipe Co., Ltd. (wholly-owned
subsidiary of Baoshan Iron and Steel Co., Ltd.). The furnace has a central diameter of 48000
mm, an outer diameter of 55462 mm, the width of furnace hearth is 5600 mm. It adopts a
flat-top structure, with seven temperature control (heating) zones and one heat recovery zone.
These eight zones from billets discharging door to charging door are: Soaking II, Soaking I,
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Heating II1, Heating II, Heating I, Preheating II, Preheating I, and the heat recovery, as shown
in fig. 1.

The evenly distributed grooves with fixed angle are arranged in the hearth of furnace,
which can be shown by the center cross-section view in fig. 2.
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Figure 1. Schematic of RHF Figure 2. The center cross-section
view of furnace hearth

Due to the existence of the grooves, vari-
ous uniform arrangement strategies of tube bil-
lets can be adopted in the production process.
That’s so-called distribution angle, as shownin
fig. 3.

The distribution angle of the annular
heating furnace is usually required to meet the
expression:

Figure 3. Distribution angle diagram;
(3600_ﬂ) =(N—1)a (1) aiglzlﬁsetsibutison clz)rlzlgl(e), ele diag
where N is the current number of tube billets £~ ¢ diSChargi”S door angle range,
. " D — RHF central diameter,
Supp Orte(.l in the f,umace'_ Th? ﬁxed. position 1 — centre line of the discharging door, and
of charging and discharging is required, and > _ centre line of the discharging door
the selected distribution angle should not only
meet the aforementioned expression, but also require that the angle f must be divisible by the
angle a, so that a complete rotation of the furnace hearth and the process of billets charging/dis-
charging can be done. The typical arrangement strategies used in routine production are shown
in tab. 1. The distribution angle of this RHF is adjustable from 1.2°-2.5°, and the angle between
the charging line and the discharging line is 12°.

Table 1. Typical arrangement strategies of RHF

Billet Number of | Distribution | Billet number Interval number
diameter [mm] grooves angle [°] supported | between adjacent billets
300 540 1.3333 261 1
380 540 1.3333 261 1
450 540 2 174 2

Due to the existence of the grooves, the part of the billets nearing the bottom of the
grooves will not be easily heated, thus increasing the distribution angle should make a relatively
good heating effect, and achieve better consistency of the temperature distribution and oxide
formation. The specific effects will be revealed through follow-up studies.
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Mathematical model

What takes place in the RHF is a complex process of flow, combustion and heat transfer.
Describing these processes requires different governing equations. The turbulence model in
simulation by ANSYS FLUENT code was based on standard k-¢. The governing equations in
this paper include:

— Continuity equation

0
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Combustion and radiation model

The combustion method in this paper is the diffusion combustion of natural gas and
air, so the non-premixed combustion probability density function (PDF) model is used in FLU-
ENT code. This model does not solve the transport equation of a single component, but solves
the transport equation of the mixed component distribution, and the concentration of each com-
ponent is obtained from the mixed component distribution. The model assumes that the chem-
ical reaction is fast enough that the reaction is dominated by the mixing rate. The PDF model
obtains the composition and temperature fields by solving the transport equation for the mixture
fraction and its variance. The governing equations are:
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In the combustion process in this paper, there are radiation participating mediums in
the combustion products, the discrete ordinates (DO) radiation model is used:
dI(%,5) ol* o 'f .
— 4+ = | I(,5")D(5,5)(8,5)dR’ 10
i = [ 1E39G.9)6.5) (10)

0
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Combustion will produce a large amount of CO, and H,O when using natural gas or
mixed gas as fuel. Therefore, the combustion products have a great influence on the radiative
heat transfer in the furnace. In order to simulate the effect of combustion products on the radia-
tion in the furnace, its radiation and absorption coefficients need to be calculated. The weight-
ed-sum-of-gray-gas model model was adopted for better accurate solution.

The RHF tube billets heating optimization
Computational model simplification and boundary conditions

The physical model of the whole furnace includes the tube billets and the adjustable
burners. Since the original model is very large, the size of the entire furnace body is very differ-
ent from the minimum unit size (e.g., the diameter of air inlet in adjustable burner is 20 mm),
and in the previous simulation calculation of the flame-adjusted burner in the heating section,
the flame shape of the over-detailed structure and the simplified structure were compared, and it
was found that high similarity between flames of two structures could be achieved when using
same burning condition. Therefore, it was decided to simplify the burner in the case study about
billet reheating. Appropriate simplification of the model reduces the workload of simulation
calculations, and correspondingly improves the calculation stability, so that accurate results can
be obtained faster.

Before the case study, a routine black box heating experiment (using thermocouples)
was conducted by field engineers on production-line. The experiment was carried out for a
4200 mm length and 300 mm diameter tube billet with grade of 29 Mn?, the complete tempera-
ture curve of whole heating process was obtained. The 14 thermocouple points and relevant
burying settings are shown in fig. 4. Hollow point means deeper burying depth (280 mm) while
solid point means shallower burying depth (109 mm) which also made the couples directly
contact atmosphere. Type & thermocouple with Class 1 accuracy was used for the experiment.

Though billet heating is a process with many ever-changing characteristics, in the
studies for which we usually using transient simulation. But considering the aim of heating
effectiveness study led by various billet arrangement strategies and furnace hearth condition
change, and the heating curve which can be seen in fig. 5 from 107 minutes to 137 minutes in
the graph (time of the black box experiment). We can see the furnace temperature is basically
stable but the billet is still heating up significantly in the heating Zone II, so the initial part of
heating Zone II (the part with the fastest temperature rising of the billet, until the temperature
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Figure 4. The black box heating experiment and specific burying settings
of thermocouples; (a) rotary heath and (b) upper surface
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of the furnace gas from the middle test ring is
Burner stable in 120 minutes) could be selected instead
of all heating zones as study object. Thus, the
steady-state simulation method could be used
instead of transient calculation, which can re-
flect the facts and greatly reduce the modelling,
Tube billet meshing and subsequent calculations workload.
Meanwhile the @ = 300 mm tube billet is select-

—
Furnace
gas out

Figure 6. Heating Zone II with simplified ed as study object, and the conclusions obtained

burner structure and @ 300 x 4200 tube

billets (a = 1.2°)

can also be applied to the billets with other typ-
ical specifications, as shown in fig. 6. Referring

to the thermocouple data, the regional inlet gas temperature can be uniformly set to 1300 °C,
the pressure inlet is 32 Pa (provided by field data collection), the regional outlet temperature is
1280 °C, the pressure outlet is 30 Pa, the initial bottom surface temperature is 1273.15 K, and
the initial temperature of the tube billets is 1173.15 K.

Natural gas was used for burner, detailed fuel chemical components are listed in

tab. 2.
Table 2. Chemical components of fuel
Fuel type Natural gas
Component CH4 Nz COZ CzH(, C3H3 C4H10 C5H12 C(,+

Mass Percentage [%]

93.508 | 1.011 | 1.046 | 3.503 | 0.603 | 0.203 | 0.061 | 0.065

Heating value [Kcalm™]

8450
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Hexahedral structured meshing method
was used for the burner and tube billet parts,
and tetrahedral unstructured meshing meth-
od for the rest of the zone (fluid area and the
furnace hearth). In order to ensure high calcu-
lation accuracy and calculation efficiency, the
mesh quantity was controlled at the million
level. As shown in fig. 7, mesh was established
with 250804 nodes and 877915 mesh cells. The
constant wall temperature from T9 temperature

in fig. 5 was set as the boundary condition of Figure 7. Meshing of burner and billet parts
hearth. No-slip adiabatic wall was set as the
boundary condition of side walls and roof. e
The SIMPLE algorithm was adopted for 139 1o
pressure-velocity coupling. The second-order Eigig
central difference scheme was used to spatially | 131100
discretize the governing equations of convec- Brrats

. . . . - 9.655-10”
tion term and diffusion term. The calculation 9241-10”

residuals was set to 10°°. §§i§i§

At the mean time, a simulation of whole
furnace was established to validate the model.
T9 temperature from black box experiment,
fig. 5, was set as furnace hearth constant value,
no-slip adiabatic wall was set as the boundary
condition of side walls and roof. Az = 1300 mm
level surface (mounting height of side burners)
temperature contour was obtained. The central
temperature data values from simulation were
very close to the T6 temperature of fig. 5, error range was 5-10% approximately, which indicat-
ed the settings and models adopted by the simulations are reasonable.

Figure 8 . Temperature contour of
whole RHF (z = 1300 mm surface)

Results and discussion
Discussion when distribution angle changes

Models were established by change distribution angle from o = 1.2° (the minimum)
to a = 1.2666°, a = 1.3333° (currently used), a = 1.4°, and a = 1.4666°. The surface heat flux
density was recorded for comparative analysis, and the influence law of the change of the dis-
tribution angle in the typical state on the heating of the tube billet was obtained.

Excluding the influence of the air-flow at the inlet and outlet at the left and right
ends of the model, select tube billet in the mid for data sampling. Because the top of the tube
billet is close to the burner flame, it is directly facing the flame, the top thermocouple data/
simulation data from the black box experiment/CFD simulation both show that the temperature
is significantly higher than that of the horizontal middle level of the tube billet surface, so it is
not suitable to use the top surface for data sampling. The bottom level of tube is too close to the
hearth, it is hardly to see the temperature differences among multiple instances, they are far not
as significant as the horizontal middle level of the tube billet, and it is also not suitable for use.
Therefore, a linear data strip was taken on the horizontal middle level of the tube billet surface
for analysis, as shown in fig. 8 (the yellow strip).
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The contour of the surface heat flux den-
sity distribution could be obtained through the
simulation, as shown in fig. 10.

Because of high data level, only very
small difference could be noticed by the visu-
al data from the contours even when compar-
ing between a = 1.2° and a = 1.4666° samples
shown in fig. 9, but when put all five sets of
data in a dot-line graph and take the average
and we could get comparisons more intuitively
in fig. 11.
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Figure 10. Surface heat flux density distribution contour result sample; (a) « = 1.2° and (b) = 1.4666°
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Figure 11. Comparison of surface heat flux density distribution and average
values along linear sampling data strips under different distribution angles;

(a) sampling point and (b) distribution angle

It can be seen that in the range of o = 1.2° to a = 1.4666°, the surface heat flux den-
sity increases significantly with the increase of the distribution angle, and the average value
of the data band can better reflect its regularity. The gradual increasing rate goes from 3-5%.
Obviously, within the applicable angle range of the RHF, larger angle can bring higher heating

efficiency to the tube billets.
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Discussion of effects by changing spacing between adjacent
rows of billets when using double-row distribution strategy

The double-row distribution strategy can significantly increase the billets charging
rate and increase the effective heat exchange area of the billet, shown in fig. 12. However, un-
der the premise of a fixed flame length, the difference of the spacing between adjacent rows of
billets will have an impact on the heating effect of the billet.

This section takes billets with a diameter of 300 mm and a length of 2250 mm as ex-
ample. Within the allowable placement range of the length of the hearth, there are five different
types of d =200 mm, d = 300 mm, d = 400 mm, d = 500 mm, and d = 600 mm. The relative po-
sition (spacing) was used as a variable, and all the remaining boundary conditions are kept the
same. When the 2250 mm tube billet is selected and the spacing of 600 mm is set, the distal ends
of the two side-by-side tube billets are close to the edge of the hearth. The spacing is reduced in
steps of 100 mm, and when the spacing is set to
200 mm, it is significantly smaller than the pipe
diameter, so these five spacings were selected
as variables.

Since the top of the tube billets is directly
facing the flame and the high temperature flue
gas, the relative position of the billets and the
flame varies with the spacing d, the heating ef-
fect has been significantly changed. The effect
can also be clearly seen from the contours in
fig. 13. Therefore, a linear data strip was taken .
in the middle of the top surface of the billet,and ~ Figure 12. Schematic diagram of radial
30 monitoring points were assigned. Figure 14 ~ SP2“18 between adjacent tube billets

X side by side when using double-row
shows the data collected from the points. distribution strategy
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Figure 13. Surface heat flux density distribution contours
(from left to right, top to bottom: d = 600 mm to d =200 mm)

Due to the constant flame length and the position change of the billet, the surface heat
flux density distribution is significantly affected. When the spacing d = 200 mm, the high value
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section of the heat flow density distribution heated along the direction of the billet has shifted
significantly. This will result in uneven temperature distribution, which does not meet the ideal
heating. It’s ideal when the spacing d = 600 mm. When taking the average value of the surface
heat flux distribution, it can be seen from fig. 14(b) that although there is a gradually increasing
trend when spacing changes from 600-200 mm, the difference is very small (3.4% difference
between the maximum and minimum cases), so it can be considered that the overall heating
efficiency is at the same level and is minimally affected by spacing change.
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Figure 14. Comparison of surface heat flux density distribution and average values
along the linear sampling data strip under different spacing when using double-row
distribution strategy; (a) sampling point and (b) spacing d

We will get a clearer picture of this if we look at the temperature contours of the area,
as shown in fig. 15(a) perspective contour of flame and billet, and 15(b) vertical view of flames.
Therefore, it is best to adjust billets according to the flame shape under the current working
conditions to ensure a more symmetrical and uniform temperature distribution of the billets.
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Figure 15. Contours of temperature distribution (¢ = 600mm);
(a) perspective contour of flame and billet and (b) vertical view of flames

Discussion of effects when the furnace hearth condition changes

Due to the long-term operation of the furnace, the falling of iron oxide scales,
fig. 16, and dust accumulation will cause a certain thickness of soft sedimentary layer to cov-
er the hearth. Due to the huge weight, the tube billets will dig into the layer and get some of
the bottom part buried, which in turn affects the heating of the tube billets. This section aims
to study this influencing factor. As shown in fig. 17, @ 300 mm x 4200 mm tube and a fixed
a = 1.3333° were selected. The tube billets buried depth is shown in 4. In order to facilitate
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modelling and maintain a high level of mesh quality, 10 mm depth was added to the hearth
model, # =25 mm was set as normal state. Around this, set 2= 15 mm, 2= 20 mm, # =30 mm,
and /& = 35 mm for a total of five instances for simulation.

(a)

Figure 16. Iron oxide scales dropped from billets and
hearth photo taken through charging door

The data sampling in this section focuses on the area instead of the stripes. Due to the
obvious difference in the burying depth among five instances, there will be obvious difference
in the areas exposed to the furnace gas either. The radiation and convection heat transfer of the
covered part in the bottom should be significantly weakened, which should reduce the heating
efficiency of the billets. Therefore, total heat transfer rate was used as a characterization param-
eter for comparison.

The simulation data of five instances were combined, as shown in fig. 18.

Contour 2
Total surface heat flux

The results showed the efficiency drop ¢
clearly, which is consistent with the previous ¢ 11610
speculations. Although the selected heating g gk 0 e
part has the fastest heating rate in the entire £ ' i ‘ .“I o
process (Heating II), and the temperatures of % 10000t £ 0 10 B9O8 1oma.10
the hearth and tube billets in other zone of are % S e a
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the accumulation of iron oxide scales and dust 15 20 25 30 35
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Figure 18. Comparison of total heat transfer
rate of billet areas exposed to the furnace gas
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Conclusions

A simplified CFD model of RHF is developed for studies on key problems in the

routine tube billet reheating process. The simplification work is based on reasonable assump-
tions, which is suitable for qualitative research and engineering verification and greatly reduces
the modelling and calculation workload, correspondingly improves the calculation stability,
accurate and convincing results can be obtained faster. Following summaries are the important
conclusions got from the aforementioned analysis based on this model.

It is found that within the applicable distribution angle a range of the Lubao RHF, the sur-
face heat flux density of the tube billets increases significantly with the increase of the angle
a, which means higher heating efficiency of the billets. The average value of the sampled
data stripes can better reflect the regularity: when a = 1.2°, the average surface heat flux
density is 55540.73 W/m?. With the increase of a, the average surface heat flux density
increased to 58582.46 W/m? (a = 1.2666°), 60415.77 W/m? (o = 1.3333°), 62863.33 W/m?
(a=1.4°), 65669.83 W/m? (a = 1.4666°), with a gradual increase of 3-5%.

The study of effects by changing spacing between adjacent rows of billets when using dou-
ble-row distribution strategy is achieved. Through the analysis of the results, it was pro-
posed that it is best to adjust billets according to the flame shape under the current working
conditions to ensure a more symmetrical and uniform temperature distribution of the billets.
Total heat transfer rate was used as a characterization parameter for comparison in the study
of effects when the furnace hearth condition changes. The CFD results show a significant
total heat transfer rate drop trend with the deepening of the burying depth in the range of
h =15 mm to & =35 mm. It can drop from 1.1227 - 10° W (A = 15mm) to 1.0943 - 10° W
(h =25 mm), and then to 1.0182 - 10° W (2 = 35 mm). The minimum drop is 0.3% from
15-20 mm, and the highest is 6.21% from 30-35 mm. The results showed the efficiency drop
clearly, which is consistent with the previous speculations. Although the selected heating
part has the fastest heating rate in the entire process (Heating II), and the temperatures of
the hearth and tube billets in other zone of are not the same, it should show a similar result,
as long as the billets is kept in heating state. Therefore, more attention should be paid to the
accumulation of iron oxide scales and dust during long-term production.

Nomenclature

a
Cl &
CZs
C3::
Cﬂ
cl'
E
Gy

G

&i

=

n

— asorption coefficient for gas medium, [] Pr, — turbulent Prandtl number, [-]
— constant in standard k-¢ model, [-] p —pressure, [Pa]
— constant in standard k- model, [] R; — volumetric rate of creation
— constant in standard k-¢ model, [-] of species 7, [molm~s™']
— constant in standard k-¢ model, [-] I —position vector, [m]
— specific heat, [Jkg 'K ] Sc, — turbulent Schmidt number, [-]
— total energy per unit mass, [Jkg'] Schem — source term of heat of chemical
— production of turbulent kinetic reaction, [Jm3s™]
energy by buoyancy, [Jm3s] Swa — source term of heat of radiation, [Jm~s™']
— production of turbulent kinetic energy s — path length, [m]
by velocity gradient, [Jm=3s™'] s’ —direction vector, [m]
— component of the gravitational 5" — scattering direction vector, [m]
vector in the i direction, [ms?] T —local temperature, [K]
— radiation intensity, which depends on u; — velocity components, [ms™]
position r’ and direction s’ [Wm ?sr ] Y, —mass fraction of species i, [-]
— turbulent kinetic energy, [m?s~] Z, —mass fraction of species £, []
— current number of tube billets
supported in RHF, [-] Greek symbols
— refractive index, [] o — billet distribution angle in RHF, [°]
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f  —discharging door angle range in RHF, [°] o — Stefan-Boltzmann constant,

0; — Kronecker delta, [-] [5.67 - 10*Wm2K™]

& —dissipation rate of turbulent kinetic energy o, — turbulent Prandtl number for &
per unit mass, [m?s] in standard k-¢ model, [-]

4 —molecular viscosity, [kgm's™] 0. — turbulent Prandtl number for &

L — effective viscosity, [kgm—1s7] in standard k-¢ model, []

u, —turbulent viscosity, [kgm's™] o, - refraction coefficient, [-]

¢ —coefficient of thermal expansion, [—] @ — scattering phase functions, [—]

p  — density, [kgm3] Q' —solid angle, [sr]
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