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Abstract

To reduce the defect of quench stain on tinplate’s surface in the reflow section of the tinplating unit,
based on the equipment and process parameters, the quench stain was analysed and the treatment
strategy was proposed, which added nozzles to hasten the heat exchange of the strip into the
guenching tank. A three-dimensional finite element model was constructed by Creo and ANSYS to
reduce the correction rate of quench stain and reveal the temperature field of tinplate in quenching
tank. The factors of quenching time, nozzle jet speed, nozzle angle, nozzle pressure, and nozzle size
on the tinplate temperature field were analysed. Results show that the temperature field of the tinplate
is relatively uniform when the nozzle jet speed of the nozzle is 1m/s, the nozzle angle is 15°, the
nozzle pressure is 0.3 MPa, and the nozzle size is 5 mm. The quenching equipment is reformed to
verify the result of the simulation. The defect correction rate of quench stain on the strip decreases
from 1.79 % to 1.03 % in the tinplating unit, which meets the accuracy of the simulation analysis. The
obtained conclusions provide a reference for treating quench stain in the tinplating unit.
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1. INTRODUCTION

Tinplate is often used in the food packages; its surface quality is the most important index to
measure the corrosion resistance and aesthetics of food packages [1]. The production of
tinplate is long and the technology is complicated, which leads to the surface quality being
influenced by many reasons. The hot rolling, cold rolling, annealing, and secondary cold
rolling mainly affect quality defects such as slag inclusion, oxidation sheet, and emulsion
stain on the surface of the tinplate’s substrate [2-4]. The electroplating process mainly affects
quality defects such as pinholes, black grey and quench stain on the surface of the tinplate [5].

With the transforming and upgrading of the high-end manufacturing industry and
expansion of tinplate products, the surface defect control technology of the tinplate’s substrate
and the electroplating process of tinplate are gradually maturing. The reflow and passivation
become the most simple and effective technology to improve the surface quality of the
tinplate after electroplating. The surface quality defects of tinplate commonly include
pinholes and spots in the reflow section of the tinplating unit. Although the pinhole defects
can be cured by the reflow, it will lead to form quench stain on the surface of the tinplate after
guenching. At present, there are two main studies on the formation of quench stain on tinplate.
Some researchers think that quench stain is caused by impurities attached to the tin layer in
the quenching tank [6]. Others believe the quench stain is the quality defect caused by the
relative sliding scratch between the surface of the tinplate and the roll [7]. Through field
technical analysis, this study think that the tin layer is not evenly distributed on the surface of
the tinplate, which results in a visual colour difference, namely the quench stain. Therefore,
varying of the temperature field of the tinplate is the main reason affecting the formation of
guench stain. During the quenching, the variation of the temperature field on the tinplate is
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affected by the speed of the tinplating unit, nozzle jet speed, nozzle angle, nozzle pressure,
nozzle size, quenching temperature, and other factors. With the improvement of finite element
method (FEM), applying Fluent for transient and steady-state analysis of temperature field
becomes more convenient [8]. Dorfman [9] studied the transient heat transfer between thin
plate and thin liquid film and calculated the temperature of the moving front of the plate, the
film speed and the time needed to reach the wetting temperature. Zhang et al. [10] analysed
the temperature difference between the middle and the edge of a thick strip quenching. Wang
et al. [11] adopted the method of computational fluid to analyse the influence of the inlet and
outlet size of the cold plate, coolant flow rate, and inlet and outlet location on the maximum
temperature and temperature difference of plate under steady-state condition.

Many researchers have conducted basic studies on the temperature field distribution under
the different cooling conditions of thin plates. But there are a little theoretical analysis and
applications for the thin plates under the coupling condition of multiple physical fields.
Therefore, it has become the urgent problem to study the influence of nozzle structure
parameters of the quenching tank on the temperature field of tinplate to improve the surface
quality of tinplate. The purpose of the study is to analyse the formation of the quench stain on
the tinplate and the influence of the nozzle on the quench stain on the tinplate. According to
the results of the simulation analysis, the structure of the quenching tank was optimized to
reduce the quench stain on the surface of the tinplate.

2. STATE OF THE ART

There is little direct research on the temperature field of tinplate during the quenching. The
research on the strips mainly focuses on the analysis of the flow field in quenching, the
structure of the quenching tank, and the change of the microstructure and mechanical
properties of the strip during the quenching.

Some scholars have studied the flow field distribution and optimization of the quenching
tank. Chen et al. [12, 13] used computational fluid to simulate the flow speed distribution in
the quenching tank, which improved the uniform distribution of flow in the quenching tank.
Yang et al. [14] used Fluent software to simulate the flow distribution of the quenching tank,
and they studied the influence on the flow rate with a stirring system. Fu et al. [15] analysed
the internal between the cooling rate and microstructure of nickel-base superalloy by
simulation and verified the relationship between cooling rate and metallography by
experimental means. Qu et al. [16] designed a physical model of intense quench equipment
with a double vortex and used Fluent software to analyse the flow field of the optimized
guenching tank, which improved the strength of the workpiece in quenching. Zhang et al. [17]
simulated the temperature field change of the steel quench and cooling in the roller quench
machine, and they completed developing the control of quench machine based on this model.
Zhang et al. [18] simulated the layout of the guide tube of the large aluminium ring quenching
tank to scatter the medium flow field in the cooling zone and the flow speed curve at the inner
and outer sides. According to the simulation results, they optimized the layout of the guide
tube and the guide flow equalization. Wang et al. [19] used the fluid-structure coupling
numerical simulation method to simulate the flow field of the quench oil tank and optimize
the circulation of quenched oil tank in the combined well unit under the results of simulation.

Many scholars have carried out finite element simulation on the mechanical properties of
medium and thick plates during quenching. Cebo-Rudnicka and Malinowski [20] studied the
effects of water flux rate, fluid pressure, and distance from the nozzle to the plate on the
boiling curve features of plate surface by using FEM solvers with linear and nonlinear shape
works. Li et al. [21] used ANSY'S implicit finite element method to simulate the controlled
cooling of a 50 mm thick plate, and they analysed the influence of different cooling methods
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on the temperature uniformity of the section. Liu et al. [22] showed a numerical simulation
model for the surface temperature rise of steel plate after laminar cooling, the hastened
cooling and improved the mechanical properties of thick plate. Arora et al. [23] simulated the
temperature field distribution and transverse deformation of the weld centre of low-carbon
steel. Lee et al. [24] analysed the influence of moving speed and location of heat source on the
temperature distribution and permanent deformation of SS400 carbon steel by FEM.

The previous studies mainly use FEM to analyse the speed distribution of the flow field in
the quenching tank and the mechanical properties of the thick plate during the cooling.
However, there are few studies on the influence of the cooling on the surface defects of the
workpiece, especially the influence of the quenching tank on the temperature field distribution
of the workpiece and optimization. Based on the research on the formation mechanism and
treatment measures of quench stain on the surface of tinplate, this study simplified the
structural model of quenching tank, analysed the influence of nozzle structural parameters on
the temperature field of tinplate using FEM, and compared the correction rate of quench stain
on tinplate before and after the optimization of quenching tank through the technical
application.

3. METHODOLOGY

3.1 Mechanism of quench stain in tinplate

The process of tinplate is shown in Fig. 1. To reduce the problems of needle holes and
improve the adhesion, compactness, and uniformity of the tin layer on the strip surface, the
surface temperature of the strip is heated above the tin melting point through combined
reflowing. To avoid the oxidizing the tin layer on the surface of the tinplate after reflowing
and forming the bright tin layer at the same time, it is generally quenching progress. However,
the quench stain will be formed on the tinplate surface.
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Figure 1: Flow chart of the tinplating unit.

After reflowing, the surface temperature of the tinplate reaches 538 K, and the temperature
of the quenching tank is kept between 353 K and 363 K under the control of 373 K steam and
293 K freshwater. At this time, the temperature difference reaches 175 K-185 K between the
tin layer on the strip surface and the water in the quenching tank. As shown in Fig. 2, the
tinplate is in the transitional boiling zone. According to the boiling heat transfer theory [25],
the generation of bubbles on the strip surface is unstable. The bubbles adhere to the strip
surface, which leads to the difficulty of steam carry out, the decrease of heat flux, and the
slow heat transfer. At the same time, the bubble is easy to burst and will have an impact force
on the molten tin layer on the strip surface, resulting in the uneven tin layer and quench stain.
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Figure 2: Between boiling heat transfer coefficient and temperature difference.

As shown in Fig. 3, the nozzles are added in the quenching tank and increased the flow
field of tinplate entering the quenching tank. On the one hand, which breaks the steam film on
the tinplate surface, improves the heat flux, and hastens the tinplate cooling. On the other
hand, the bubbles are taken away to reduce the impact on the tin layer on the tinplate surface,
which reduces the chance of quench stain.
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Figure 3: Diagram of the quenching tank.

The nozzle jet speed, nozzle angle, nozzle pressure and nozzle size are all set according to
the experience. Therefore, to reduce the quench stain on the tinplate surface, some reasons
need to be simulated to provide a reference for the nozzle in the quenching tank.

3.2 Geometric modelling

The quenching tank is shown in Fig. 4 and the parameters of the quenching tank are listed in
Table . To simplify the study of the temperature field of the tinplate, the following
assumptions are made for the flow field of the quenching tank: (1) Ignoring the interference
of the sunk roll. (2) The flow state of water in the quenching tank is steady. (3) Ignoring the
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influence of air on the water surface of the quenching tank. The Creo was used to establish the
structure model of the quenching tank, which is imported into Workbench2020. Subsequently,
the inlet, outlet, and fluid-structure coupling boundary of the quenching tank are named. The
finite element model of quenching under the static state was established to simulate the
quenching.

Table I: The geometry model’s parameters of the quenching tank.

Parameters Values
Length x width x height of quenching tank (mm) 300 x 190 x 350
Length x width x height of tinplate (mm) 260 x 1.5 x 300
Distance from the lower nozzle to the water surface (mm) 135
Distance from the upper nozzle to the water surface (mm) 110
Distance from the outlet to the bottom of tank (mm) 100
The diameter of the outlet (mm) 15
The thickness of tinplate (mm) 15

Figure 4. Geometric model of quenching tank.

3.3 Meshing

The flow field characteristics of the quenching tank should be considered in meshing [26, 27].
Since the quenching tank and the tinplate are relatively regular, the tetrahedral mesh is used
for meshing. The solver is set as Fluent, the size is set as 4 mm, and the smoothness is set as
high. The meshing result of the quenching tank is shown in Fig. 5a and the meshing result of
the tinplate is shown in Fig. 5b.

a) b)
Figure 5: Meshing of the quenching tank and tinplate; a) meshing of the quenching tank, b) meshing of
tinplate.
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3.4 Boundary conditions and parameters setting

Importing the geometric model of the quenching tank and tinplate into Fluent, and the
boundary conditions of the continuous phase model were set, as shown in Table II.

Table I1: Setting of the boundary conditions of the quenching tank.

Boundary condition Parameters setting
Solver Pressure solver
Energy equation Open
Turbulence Models k—¢g
Turbulence intensity (%) 8
The temperature of the water in the tank (K) 353
The temperature of the water injected (K) 293
The temperature of the Tinplate (K) 538
Convective heat transfer coefficient (W/(m*K)) 50
Nozzle inlet Velocity-inlet

4. RESULT ANALYSIS AND DISCUSSION

4.1 Effect of cooling time on temperature field of tinplate

The angle of the upper and lower nozzles is set as =15° respectively, and the temperature field
distribution on the surface of the tinplate is obtained when cooling 0.5s, 1s, 1.5s and 2s. The
result is shown in Fig. 6 and the tinplate begins to cool from 538 K. With the increasement of
cooling time, the overall temperature of the tinplate decreases to 348 K-376 K, and the
temperature of the tinplate surface around the nozzle decreases to 348 K-362 K. However, the
temperature of the tinplate edge decreases to 418 K-432 K. Besides, it can be seen that a faster
temperature drops in the central area and a slower temperature drops at the edge of the
tinplate, which is caused by cooling nozzle. The simulation results can be used for optimizing
speed in the tinplating unit.

contour-1

Static Temperature
507e+02
4.86e+02
4648402
4.43e+02
4218402
4.00e+02
3.78e+02
3.57e+02

3.36e+02
3.14e+02

2.93e+02

contour-1 ——— contour-1

Static Temperature Static Temperature
457e+02 432e+02

4.41e+02 4.18e+02
4.24e+02 404e+02
4.08e+02 ’

3.91e+02 3.76e+02
3.75e+02 ‘ 362e+02
3.59+02 |

3.42e+02 3.35e+02
3.26e+02 3.21e+02
3.09e+02 3.07e+02

2.93e+02 293e+02
= " -

c) d)
Figure 6: Temperature field of tinplate with different cooling times; a) 0.5s,b) 1s,¢) 1.5, d) 2.
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4.2 Effect of nozzle angle on temperature field distribution of tinplate

The angle of the upper and lower nozzles is set as 0°, £15°, +£30° and +45° respectively, and
other boundaries settings are listed in Table I1l. The influence of different nozzle angles on
the temperature field of the tinplate is analysed and the simulation results are shown in Fig. 7.
According to the simulation results, when the nozzle angle gradually increases, the
temperature field on the surface of the tinplate gradually changes from one bright ripple band
to two ripples. When the nozzle angle is between 0° and 15°, the overlapping two ripples
gradually separate, the overall temperature drop becomes faster and the uniformity of the
temperature field becomes better. When the nozzle angle is between 15° and 30°, the nozzle
angle becomes larger, the temperature field ripple gap becomes larger and its uniformity
becomes worse. When the nozzle angle exceeds 30°, the upper nozzle jet exceeds the range of
the quenching tank, and only the lower nozzle is used for cooling. To sum up, it is more
suitable to set the nozzle angle to 15°.

Table I11I: Settings of influences of the nozzle angle on plate temperature field.

Parameters Values
Nozzle inlet jet speed (m/s) 1
Water temperature of the quenching tank (K) 353
Tinplate temperature (K) 538
Freshwater temperature (K) 293
Nozzle width (mm) 5
TR - B
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Figure 7: Temperature field of the tinplate at different nozzle angles; a) 0°, b) 15°, ¢) 30°, d) 45°.

4.3 Effect of inlet jet speed on temperature field distribution of tinplate

The jet speed of the nozzle is set as 0.5 m/s, 0.75 m/s, 1 m/s, 1.25 m/s, 1.5 m/s and 1.75 m/s,
respectively. The other boundaries settings are listed in Table IV. The influence of different
nozzle jet speed on the temperature field of the tinplate is analysed and the simulation results
are shown in Fig. 8. According to the simulation results, the higher the jet speed of the nozzle,
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the better temperature uniformity on the surface of the tinplate. The greater the flow velocity
of the nozzle, the more intense the movement of the cooling water, and the higher the
turbulence degree of the flow field of the quenching tank. So, the cooling water forms an
effective quenching zone at the inlet of tinplate in the quenching tank. In the production, the
faster the jet speed means the higher water consumption, so the best nozzle jet speed is 1 m/s.

Table 1V: Setting for analysing influence of the jet speed on temperature field.

Parameters Values
Nozzle angle (°) 0
Water temperature of quenching tank (K) 353
Tinplate temperature (K) 538
Freshwater temperature (K) 293
Nozzle width (mm) 5

contour-,
Static Temperature

5.02e+02

4.81e+02
4.60e+02
4.39e+02
4.18e+02
3.97e+02
3.76e+02
3.55e+02
3.35e+02
3.14e+02

293e+02

oontour-,

Static Temperature
5.02e+02
4.81e+02
4.80e+02
4.39e+02
4.18e+02
3.97e+02
3.76e+02

3.56e+02

3.35e+02

3.14e+02

2.393e+02
ik}

T

Static Temperature
4.82e+02

4.632+02
4.442+02
4.25+02
4.082+02
3.872+02
3.682+02
3.492+02
3312402
3.12e+02

2.932+02

e)

contour-2

Static Temperature
4.99e+02
478e+02

4.58e+02

4.37e+02

4.16e+02
3.96e+02
3.75e+02
3.55e+02
3.34e+02
3.13e+02
2.93e+02

contour-2 —
Static Temperature
5.02e+02

4.81e+02

4.80e+02
4.3%2+02
4.18e+02
3.97e+02
3.76e+02
3.56e+02
3.35e+02
3.14e+02

2.93e+02

bontour-2
Btatic Temperature
4.592+02
4.42e+02
4.28e+02
4.092+02
3.92e+02
3.762+02
3.5%e+02
3.43e+02
3.28e+02
3.09e+02

2.93e+02

f)

Figure 8: Temperature field of tinplate with different nozzle jet speed; a) 0.5 m/s, b) 0.75 m/s, ¢) 1 m/s,
d) 1.25 m/s, e) 1.5 m/s, f) 1.75 m/s.

4.4 Effect of nozzle pressure on temperature field distribution of tinplate

The nozzle inlet pressure is set as 0.2 MPa, 0.3 MPa, 0.4 MPa and 0.5 MPa, respectively. The
other boundaries settings are listed in Table V. The influence of nozzle inlet pressure on the
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temperature field of the tinplate is analysed and the simulation results are shown in Fig. 9.
According to the simulation results, the greater the nozzle pressure, the faster the cooling rate
of the tinplate temperature field, but the temperature uniformity on the surface of the tinplate
is also getting worse. The influence of nozzle pressure and nozzle jet speed on the
temperature field is same. In the production, higher pressure means higher energy
consumption, so the best nozzle pressure is 0.3 MPa.

Table V: Setting for analysing influence of nozzle pressure on temperature field.

Parameters Values
Nozzle angle (°) 0
Water temperature of the quenching tank (K) 353
Tinplate temperature (K) 538
Freshwater temperature (K) 293
Nozzle width (mm) 5
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Figure 9: Temperature field of the tinplate with different nozzles pressure; a) 0.2 MPa, b) 0.3 MPa,
c) 0.4 MPa, d) 0.5 MPa.

4.5 Effect of nozzle size on temperature field distribution of tinplate

The nozzle widths are set as 2 mm, 3 mm, 4mm and 5mm, respectively. The other
boundaries settings are shown in Table VI.

Table VI: Settings for analysing influence of nozzle size on plate temperature field.

Parameters Values
Nozzle inlet jet speed (m/s) 1
Nozzle angle (°) 0
Water temperature of quenching tank (K) 353
Tinplate temperature (K) 538
Freshwater temperature (K) 293
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The influence of nozzle widths on the temperature field of the tinplate is analysed and the
simulation results are shown in Fig. 10. According to the simulation results, the inlet speed
decreases as the width of the nozzle increases. However, due to the close distance between the
nozzle and the tinplate, the speed of the cooling water reaching the surface of the tinplate is
almost the same. Besides, the larger width of the nozzle means a larger contact area between
the cooling water and the tinplate. Therefore, the best nozzle width is 5 mm.
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Figure 10: Temperature field distribution of tinplate with different nozzle sizes; a) 2 mm, b) 3 mm,
c) 4 mm, d) 5 mm.

5. CONCLUSION

Based on the preliminary analysis of the formation and treatment measures of the quench
stain on the tinplate, the finite element model of the quenching was established to find out the
influence of nozzle structural parameters on the uniformity of the temperature field of tinplate
during the quenching by FEM. Through theoretical research and experimental confirmation,
the following conclusions were obtained:

(1) The essence of the quench stain defect is the colour difference caused by the uneven
thickness difference of the tin layer on the surface of the tinplate. It is mainly caused by the
impact of bubble rupture on the surface of the tinplate when the strip enters the quenching
tank. By adding nozzles in the quenching tank, the heat transfer can be accelerated, the time
of transition boiling stage can be reduced, and the chance of quench stain can be reduced.

(2) When the nozzle jet speed of the quenching water tank nozzle is 1 m/s, the nozzle
angle is 15°, the nozzle pressure is 0.3 MPa, and the nozzle width is 5mm, the temperature
field of the tinplate in the quenching tank is relatively uniform.

(3) The simulation results of the nozzle in the quenching tank have been applied to a
tinplating unit and the correction rate of the quench stain decreases from 1.97 % to 1.03 %
within one week before and after optimizing of the nozzle.

The research provides a basic reference for treating quench stain in the tinplating unit.
However, there are many reasons affecting the strip temperature field during quenching.
Therefore, to further improve the simulation results of tinplate surface temperature, the
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following reasons should be considered such as tinplate speed, sunk roll flow field
disturbance and heat source.
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