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A two-dimensional numerical model was established to calculate the
temperature distribution of Ti/Steel composite plates in a walking-beam
reheating furnace by using the central difference method. The heat transfer
characteristics of Ti/Steel composite plates in a walking-beam reheating
furnace were studied. The influence of heating time, heating temperature,
and different interface contact conditions in different heating zones on the
temperature distribution of Ti/Steel composite plates was studied. The
results indicate that the maximum error between the calculated temperature
and the measured temperature is 5.4%, proving the correctness of the
numerical model. When heating continues, the plate cross-section
temperature difference first increases and then decreases, with the maximum
value of the temperature difference appearing in the preheating zone. There
is a temperature inflection point at the interface between titanium plate and
steel plate. The larger the proportion of vacuum zone in interface contact,
the lower the plate center temperature.
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1. Introduction

Ti/Steel composite plate combines the excellent properties of titanium plate and steel plate and
is widely used in fields such as marine engineering and oil extraction. Many scholars have
successfully prepared Ti/Steel composite plates with different properties through rolling and explosion
processes [1-3]. Reheating furnace is the main energy-consuming equipment in the steel rolling
production line [4,5]. It plays a critical role in the production of high-quality plate products [6].
Ti/Steel composite plates are placed in the reheating furnace and directly in contact with the high-
temperature gas in the reheating furnace. Heat is absorbed directly from the high-temperature flue gas
and furnace wall through convection and radiation and then transferred from the plate surface to the
plate interior via heat conduction [7]. The research for the thermal control of reheating furnaces and
the temperature-rising mechanism of plates has drawn a lot of attention during the last few decades.

Various commercial software such as Fluent and opensource software OpenFOAM, as well as
other computational fluid dynamics (CFD) tools have been utilized to study the heating mechanism of
the plates in the reheating furnace [8]. In this way, a great number of complicated calculated models
have been investigated. Kim et al. [9] first demonstrated that the sophisticated convection and
radiation process could be developed quantitatively by the Fluent software. Then a similar three-
dimension model was developed by Kim et al. [10] and Hsieh et al. [11]. Jaklic et al. [12] devised an
online graphical user interface that takes into account the geometric structure of the heating furnace
and the heat exchange between pipes. Morgado et al. [13] built a model to mimic the erratic heating of

1



billet and discovered that turbulence is directly connected to heat conduction. To better control the
temperatures in various parts of the slab, Chena et al. [14] developed a model of energy distribution
that shows the correlation between slab thermal efficiency, charging temperature and residence
duration. Based on the finite difference method, Tang et al. [15] established a 2D heat transfer model
for the slab reheating process with the boundary conditions provided by simulation results from a 3D
computational fluid dynamics (CFD) model. According to the gas circulation, the heat transfer, the
geometric relationship, and the synchronous temperature data, Liu et al. [16] developed a slab heating
model. By modeling a natural-gas fired walking hearth type furnace in detail, Prieler et al. [17]
calculated the billet's transient heating characteristics regarding gas-phase combustion, heat transport,
and combustion process, and revealed that 93% of the billet's total heat flux originated from radiation.
In addition to computational fluid dynamics, some self-developed models were also applied. The
User-Defined Function (UDF) was used by Garcia et al. [18]to analyze the contribution of solid and
gas radiation to plate heating and found that around 25% of the radiation was absorbed by the plates
provided by flue gases. A User-Defined Function (UDF) was also developed by Han et al. [19], and
the influence of plate residence time was presented in their study. The role of the furnace burner was
studied by Danon et al. [20,21]. They found that the heat transfer, pollutant emission, and thermal
efficiency have been affected by the burner. In the studies of Steinbeck et al. [22] and Yang et al. [23],
the plate was simplified into a one-dimension model along with the plate thickness, which analyzed
the heat exchange in the furnace and heat conduction of the plate. Luo et al. [24] introduced an adjoint
problem approach to solving the 2D partial differential equation in the furnace. Harish et al. [25]
developed a model based on the finite volume method (FVM), which is capable of predicting the
radiative flux and the plate temperature distribution. In addition, a transient movement of the plates
was converted into a steady-state simulation through the introduction of source terms, which improved
the computing efficiency [26].

For the above analysis, researchers mostly focus on two areas: the temperature field and flow
field in the furnace; and the heat transfer between the furnace gas and plate, as well as how the plate
conducts heat internally. However, previous research has focused on single-layer metal plates, with
little research on the heating process of two or more metal composite plates. Therefore, a two-
dimensional numerical model was established to calculate the temperature distribution of Ti/Steel
composite plates in a walking-beam reheating furnace by using the central difference method. The
temperature change regularity of a Ti/Steel composite plate in the heating process was discussed. In
addition, the influence of several different interface contact conditions on the temperature distribution
of Ti/Steel composite plates was studied.

2. Method

2.1. Physical model

Figure 1 shows the geometric model of the Ti/Steel composite plate during heating process. The
Ti/Steel composite plate is a kind of laminated metal composite material composed of titanium plate
and steel plate in a laminated way, as shown in Figure 1(a). To distribute plates symmetrically when
rolling, the two composite plates are placed together and separated by a spacer. Each composite plate

is 0.2 m thick, with a titanium plate to steel plate thickness ratio of 1:3. The length of Ti/Steel



composite plate in the model is 1 m. Figure 1(b) shows the structure of the walking-beam reheating
furnace. Ti/Steel composite plates enter the reheating furnace from the left side of the reheating
furnace and stay in the non-firing zone for a while. Then it passes through the preheating zone, heating
zone 1, heating zone 11, and the soaking zone. Finally, the Ti/Steel composite plates reach the final

temperature in the soaking zone and exit from the right side of the reheating furnace.
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Figure 1. Geometric model. (a) Structure of Ti/Steel composite plate; (b) Structure of walking-beam reheating furnace.
Thermal conductivity and specific heat play a key role in the plate heating calculation, which
significantly affects the temperature distribution of the plate. Differential scanning calorimetry (DSC)
and laser thermal conductivity meter were used to measure the specific heat capacity and thermal
conductivity of metal materials, respectively. The thermal conductivity and specific heat of TA1 and
Q235 were obtained through experiments, as shown in Figure 2. Plate temperature has little influence
on the density, which is considered a constant: TAL: p= 4510 kg/m®, Q235: p=7850 kg/m°*[27].
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Figure 2. Material prosperity of the Q235 and TA1 with different temperature. (a) Thermal conductivity; (b) Specific
heat.

2.2. Numerical model

The governing equation describing the internal temperature distribution of the plate is the heat
conduction equation. The general form of two-dimensional unsteady heat conduction differential
equation in the rectangular coordinate system is shown in Equation (1) [28].
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where, T, p, ¢, 7, and S are infinitesimal body temperature, density, specific heat, time, and per
unit time per unit volume of the heat which is generated by the internal heat source, respectively. k is
thermal conductivity.

The analysis of heat exchange on the boundary is crucial to the overall calculation process, and
it is crucial to consider convective heat transfer and radiative heat transfer in the heat flux on the
boundary. The total heat transfer flux ( o) can be expressed by Equation (2) [29].
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Where, g is the convective heat flux between the gas and plate surface, «. is the convective heat
transfer coefficient between the gas and plate surface, Tr and Tm are the gas temperature and plate
surface temperature, gr is the radiative heat flux on the plate surface, and «: is radiative heat transfer
coefficient between the plate and furnace wall.

The finite volume method (FVM) was employed to discretize partial differential equations and a
central difference method was developed when solving unsteady conduction problems. The heat
transfer process is shown in Figure 3. The internal energy changes in the control body P from the time
of toto tican be obtained according to the law of energy conservation:

Up Ul =Q0 ' +Q) ' +Q0 + QP + S5 (3)

In Equation (3), the superscripts (1,0 and 0-1) indicate time change, the left side of the equation
U; —U] is the energy increase of the control body, the right side Q%" + Q™" +QJ™ + Q%™ is the heat
energy that enters the control body from the four surfaces of the control body, Sg‘l is heat source
calorific value of the control body, namely the source term, and w, e, s, n, f, b represent the
corresponding interface.

The discrete equation was constructed by the finite volume method. The obtained heat transfer
equation is shown in Equation (4).
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Figure 3. Heat transfer process.
To provide good model stability, the implicit scheme was introduced for discretization in this
paper. Two-dimensional mesh used in a discretization process is shown in Figure 4. The discrete
Equation (5) can be obtained using time implicit central differentiation schema on the Equation (4). By
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calculating the coefficients of the discrete equation, and then iteratively calculating, the heat transfer
control equation is solved.
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Where, ke, k, , k, and k, are the interfacial thermal conductivity between P and other control

bodies, T, ,T.,T, ,T,, T, are the temperature of control body center point respectively, and 5x,, 5x,, ,

Sy, , oy, are the distance between the control body center point (P) and adjacent control body center
point.
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Figure 4. Two-dimensional mesh.

2.3. Verification of numerical model

Based on field survey data, the initial temperature of the Ti/Steel composite plate is set at 68 °C.
The convective and radiative heat transfer coefficients are 15 W/(m?-°C*) and 0.8, respectively. The
boundary conditions applied to the plate in the calculation are determined by the gas temperature in
the reheating furnace. Figure 5 shows the temperature change curve of gas temperature in the
reheating furnace measured on-site along the length of the reheating furnace. Each experimental
measurement is performed three times, and the measurements are averaged. According to Figure 5, the
temperature boundary conditions for preheating zone, heating zone 1, heating zone 11, and the soaking
zone in the numerical model are 820 °C, 870 °C, 910 °C, and 925 °C, respectively. The heating times

for preheating zone, heating zone I, heating zone |1, and soaking zone are 50 min, 70 min, 70 min, and

70 min, respectively.
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Figure 5. On-site furnace temperature

To measure the temperature of the Ti/Steel composite plate in the reheating furnace,

thermocouples are fixed on the surface and center of the plate, and a temperature recorder is connected

to the thermocouple. Finally, the temperature changes on the surface and center of the plate during the
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heating process were obtained, as shown in Figure 6. Figures 6(a) and 6(b) show the comparison
between the calculated and measured temperatures of the surface and center of the Ti/Steel composite
plate, respectively. The calculated results are very consistent with the measured results. Figure 6(c)
shows that the maximum error between the numerical and experimental results is 5.4%, indicating a
good fit between the calculated and measured data, and the maximum error occurs in the preheating
zone.
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Figure 6. Comparison between the calculated and measured temperature. (a) Plate surface; (b) Plate center; (c) Error

comparison.
3. Results and discussion
3.1. Heat transfer characteristics of Ti/Steel composite plates

Knowing the target temperature and the temperature difference inside the plate in the heating
process is significant for the plate rolling. Figure 7 shows surface and center temperatures of the plate
along with the heating time, as well as the cross-section temperature difference. Firstly, the overall
temperature of the composite plate rises rapidly in the preheating zone and heating zone | on account
of the large temperature difference between the plates and the furnace gas. The plate surface
temperature rises to 650.35 °C rapidly in the preheating zone. As the plate enters heating zones | and 11,
the surface temperature of the plate increases up to 822.18 °C and 903.51 °C, respectively. The plate
cross-section temperature difference first increases and then decreases, with the maximum value of the
temperature difference appearing in the preheating zone, with a value of 208.29 °C. Similarly, the plate
center temperature rises to 522 °C in the preheating zone. Then the plate center temperature reaches
724.77 °C and 878.85 °C when the plates leave heating zone | and heating zone I, successively. Until
the heating time reaches 260 min, the plates get to the plate outlet of the reheating furnace. At this
time, the center temperature is 915.83 °C with a cross-section temperature difference of 3.25 °C.
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Figure 7. Plate temperature in the heating process.
Figure 8 shows the temperature distribution from the plate surface to the plate center at the
different heating times (2 min, 50 min, 110 min, and 190 min). From the temperature distribution from
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the surface to the center of the plate, it can be seen that there is a temperature inflection point at 0.075
m, which is caused by the interface between the titanium plate and the steel plate. Titanium and steel
have different material properties, with steel having a greater thermal conductivity than titanium. In
addition, the slope of the temperature curve along the thickness direction gradually decreases. This
indicates that the temperature difference from the surface to the center of the plate gradually decreases,
and the temperature distribution at the plate center is more uniform than that on the plate surface. As
the heating time goes on, due to the slow heat transfer from the surface to the center of the plate, the

inflection point of temperature at the interface becomes more pronounced.
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Figure 8. Temperature distribution from plate surface to center. (a) 2 min; (b) 50 min; (c) 110 min; (d) 190 min.
3.2. Influence of heating temperature and time on temperature distribution

Compared with the single plate, the temperature distribution of the Ti/Steel composite plates
before rolling has a higher requirement. In a walking-beam reheating furnace, the heating time and
temperature of each zone have a significant impact on the final temperature distribution of Ti/Steel
composite plates. Figure 9 shows the plate center temperature and plate cross-section temperature
difference (The plate surface temperature minus the plate center temperature.) as the plate comes out
of the reheating furnace at different heating temperatures in four heating zones. In Figure 9, when the
heating temperature in each zone increases, the soaking zone has the greatest impact on the outlet
temperature of the plate center, while the preheating zone has the smallest impact on the outlet
temperature of the plate center. When the heating temperature of the soaking zone increases by 5 °C,
the outlet temperature of the plate center increases by an average of 4.5 °C. When the heating
temperature of heating zone | and heating zone Il increases by 5 °C, the average change in the outlet
temperature of the plate center is 0.15 °C and 0.66 °C, respectively. At the same time, the plate cross-
section temperature difference at the outlet of the reheating furnace decreases with the increase of
heating temperature in each heating zone, except for the soaking zone. When the heating temperature
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of the soaking zone increases by 5 °C, the plate cross-section temperature difference at the outlet of the
reheating furnace increases by an average of 0.3 °C. When the heating temperature of heating zone |
and heating zone 1T increases by 5 °C, the plate cross-section temperature difference decreases by an
average of 0.1 °C and 0.5 °C, respectively. When the temperature of the preheating zone changes, there
is no significant fluctuation in the cross-section temperature difference of the plate at the outlet of the
reheating furnace.
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Figure 9. Outlet temperature of plate center and plate cross-section temperature difference with different heating
temperatures. (a) Preheating zone; (b) Heating zone I; (c) Heating zone I1; (d) Soaking zone.

Figure 10 shows the plate center temperature and plate cross-section temperature difference as
the plate comes out of the reheating furnace at different heating time in four heating zones. As shown
in Figure 10, the longer the composite plate stays in each heating zone of the reheating furnace, the
higher the plate center temperature and the smaller the plate cross-section temperature difference will
be when the plate leaves the reheating furnace. When the heating time in each zone increases, the
soaking zone has the greatest impact on the outlet temperature of the plate center, while the preheating
zone has the smallest impact on the outlet temperature of the plate center. When the heating time of
the soaking zone increases by 5 minutes, the outlet temperature of the plate center increases by an
average of 0.65 °C, and the plate cross-section temperature difference at the outlet of the reheating
furnace decreases by an average of 0.5 °C. Similarly, when the heating time of the preheating zone,
heating zone |, and heating zone Il increases by 5 minutes, the outlet temperature of the plate center
increases by an average of 0.28°C, 0.36°C, and 0.5°C, respectively, and the plate cross-section
temperature difference at the outlet of the reheating furnace decreases by an average of 0.23°C, 0.29°C,
and 0.4°C, separately.
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Figure 10. Outlet temperature of plate center and plate cross-section temperature difference with different heating

time. (a) Preheating zone; (b) Heating zone I; (c) Heating zone 11; (d) Soaking zone.
3.3. Influence of interface contact on temperature distribution

In the study of Ti/Steel composite plate, the interface has always been the focus of attention. In
the above analysis, the temperature distribution under ideal contact conditions of different metals is
mainly discussed. However, in most cases, the interface contact is not idealized. Interface contact can
be roughly divided into ideal contact, concave and convex face contact, and staggered contact. In the
actual heating process, the roughness of the titanium plate and steel plate is generally up to the micron
level, so the modeling will infinitely increase the amount of calculation. Therefore, four types of
contact models are established to analyze the temperature distribution in the heating process of
Ti/Steel composite plates under different interface contact conditions from a macro scale, as shown in
Figure 11. The four types of contact models are ideal contact, positive contact, staggered contact, and
uneven contact. In uneven contact, three interface structures are established, with the base lengths of
the triangle being 5 mm, 10 mm and 15 mm, respectively. The non-contact region at the interface
between titanium plate and steel plate is a vacuum region, and the form of heat transfer in the vacuum
region is only thermal radiation transfer.
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Figure 11. Different interface contact conditions.

Figure 12 shows the temperature change of the plate center under different interface contact
conditions. The overall trend of the temperature change of the plate center is similar. Figure 12(a)
shows the temperature distribution at the plate center with different contact structures in uneven
contact. In Figure 12(a), the larger the proportion of vacuum zone in interface contact, the lower the
plate center temperature. That is to say, in uneven contact, the plate center temperature is the lowest
when the interface structure is triangular with a base length of 15 mm. As the heating continues, the
influence of the vacuum zone on the plate center temperature first increases and then decreases. When
the heating time is 30 min and 260 min respectively, the maximum temperature difference at the plate
center in the four contact structures is 20.5 °C and 8.1 °C, respectively. Figure 12(b) shows the
temperature distribution when the contact conditions are ideal contact, positive contact, staggered
contact, and uneven contact. When the interface is in staggered contact, the temperature of the plate
center is the lowest. When the interface is in positive and uneven contact, the temperature change at
the plate center is relatively small compared to when the interface is in staggered contact. As the
heating continues, the temperature difference between the staggered contact and the ideal contact first
increases and then decreases. The maximum temperature difference with different contact styles
occurs in heating zone 1.
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Figure 12. Temperature change of plate center under different interface contact conditions. (a) Different contact
structures in uneven contact; (b) Different contact style.

Figure 13 shows the temperature distribution of the plate under different interface contact
conditions. After heating, the maximum temperature of the steel plate is distributed at the corner of the
slab, with a maximum temperature of 920 °C. The temperature distribution of steel plates is generally
similar. However, there is a large difference in the temperature distribution between the interface
contact area and titanium plate, and there is an inflection point in the isothermal line at the interface
contact area under all contact conditions, which is due to the large difference of material properties
and the emergence of vacuum region. Compared with ideal contact, the temperature inflection point of
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interface contact in non-ideal contact is more obvious, with the temperature inflection point in uneven
contact being the most obvious.

In Figures 12 and 13, it can be seen that no matter what kind of contact condition, the
conduction at the temperature interface is related to the value of the contact area. With the increase in
number and size of contact points, the heating process of composite plates becomes faster. Indicating
that the larger the contact area, leads to the higher the heating efficiency of the composite plate. When
there is no contact at the interface, the radiative heat transfer between the interfaces is main heat
exchange mechanism, and the temperature transfer efficiency is low.
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Figure 13. Temperature distribution of plate under different interface contact conditions. (a) Ideal contact; (b)

Uneven contact, 10 mm; (c) Uneven contact, 5 mm; (d) Uneven contact, 15 mm; (e) Positive contact, 10 mm; (f)

Staggered contact, 10 mm.
4. Conclusions

A two-dimensional numerical model to study the heating process of Ti/Steel composite plates in
a walking-beam reheating furnace was established in this study. The results of the numerical model
were very consistent with the experimental results, with a maximum error of 5.4%. The main
conclusions are as follows:

(1) The overall temperature of the composite plate rises rapidly in the preheating zone and
heating zone I. The plate cross-section temperature difference first increases and then decreases, with
the maximum value of the temperature difference appearing in the preheating zone. Due to the
influence of different material properties and interface contact, there is a temperature inflection point
at the interface between titanium plate and steel plate.

(2) When the heating temperature and time in each zone increases, the soaking zone has the
greatest impact on the outlet temperature of the plate center, while the influence of the preheating zone
is the smallest. Except for the soaking zone, the plate cross-section temperature difference at the outlet
of the reheating furnace decreases with the increase of heating temperature in each heating zone.

(3) The larger the proportion of vacuum zone in interface contact, the lower the plate center
temperature. As the heating continues, the influence of the vacuum zone on the plate center
temperature first increases and then decreases. When the interface is in staggered contact, the
temperature of the plate center is the lowest. When the interface is in positive and uneven contact, the
temperature change at the plate center is relatively small compared to when the interface is in
staggered contact. The maximum temperature difference with different contact styles occurs in heating
zone .
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