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Abstract. Traveling stability is necessary for a hot rolled strip on a run-out table before coiling in steel mills
because it affects the process efficiency and the quality of the rolled products. This study proposes an air jet
impingement system to reduce the hot strip wave that occurs during tensionless travel in a run-out table before
the top end of the strip reaches the coiler mandrel. The finite element method was used to examine the pressure
distributions on themoving strip associated with the parameters in the air jet systems. Experiments were carried
out on a pilot-scale air jet impingement system to investigate the performance. The results show that the air
impingement in the moving direction effectively reduces the strip wave, and the simulated results agree with the
actual measurements and observations.
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1. Introduction

There is high demand for hot-rolled strips with high
standards of surface quality, dimension control, and
mechanical properties. Hot strip mills reheat semi-finished
steel slabs to near their melting point and then roll them to
make them thinner and longer through successive roughing
and finishing rolling mill stands driven by motors. Finally,
the lengthened steel sheet is coiled up for transport to the
next process. Figure 1 shows a schematic of a hot strip mill
layout.

After the steel strip is hot rolled, it is then subjected to
cooling on a run-out table. The qualities of the final product
significantly depend on the cooling process, including the
metallurgical and mechanical properties and the flatness
[1–4]. The strip may show an unstable wave when traveling
on the run-out table until the top end reaches the coiler
mandrel. Traveling stability is needed to maintain a flat
surface, which can be improved by examining the strip
wave that develops at the top end of the strip when
traveling on a run-out table. The ultimate reason for the
occurrence of a strip wave is the lack of tension between the
finishing mill stand and the coiler mandrel before the top
end of the strip reaches the coiler mandrel.

Adequate control of the temperature, flatness, camber,
and crown in the finishingmill is a critical concern [5–7]. An
effective prevention method for use on the run-out table is
required. A finite element model was established to
investigate how the strip flatness changes during cooling
nding author: yhmoon@pusan.ac.kr
on the run-out table, and the temperature, phase
transformation, and stress/strain were fully coupled to
analyze the internal stress evolution [8]. To simulate the
deformation behavior of the steel strip on a run-out table,
the phase transformation kinetics, temperature, and
deformation behavior of the steel should be analyzed
simultaneously [9].

Water-jet impingement has been widely applied to
accelerate cooling moving strips on a run-out table. The
complex heat transfer mechanism during water jet
impingement cooling is hard to understand. The heat
transfer process during cooling process depends on a
number of parameters, such as the water flow rate, nozzle
geometry, coolant temperature, and moving speed of the
target material [10]. Despite numerous efforts to simulate
accelerated cooling by numerical method, it still remains a
challenging task. Furthermore, the validity of empirical
models is usually restricted to a limited range of process
parameters. Hence, the goal of ongoing cooling studies is to
develop a more versatile analytical tool to understand the
fundamental physics that occur during jet impingement.
Liquid jet impingement is an effective cooling method used
in many applications because of its capacity to transfer
very high heat flux [11,12].

The impingement on the hot flat strip is very
complicated, and it has often been dealt with using
experiments and empirical models. The cooling problem of
the steel strip on a run-out table is a special case of jet-
impingement cooling of a flat plate. Many different
techniques are used to cool steel plates on a run-out table,
such as impinging water at different angles with different
types of nozzles, sprays, and liquid curtains. Impinging air
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Fig. 1. Schematic of a hot strip mill layout.

Fig. 2. Domain and boundary conditions for finite element
analysis.

Table 1. Finite element analysis conditions.

Solver Pressure based

Model K-epsilon (2 eqn)
K-epsilon model Standard
Near-wall treatment Enhanced wall functions [13]
Temperature 300 K
Pressure Pa
Mesh type Tetrahedral
Mesh size 0.2869–28.3790 mm
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cooling techniques are very useful for many applications,
such as cooling of combustion engines, drying paper,
cooling critical machinery structures, and annealing metal
plates and electronic microchips [13]. Extensive studies on
jet impingement have been conducted [14–16]. A fluid-
structure interaction simulation model of tensor skin
impinging with water has been established using FE
method [17,18]. Air jet impingement is a highly effective
heat transfer technology, and improving its heat transfer
efficiency is important for engineering and industrial
applications [19,20]. And the breakup of solid particles
impinged by a high-velocity air gas and water has also been
studied [21,22].

This study examines the effectiveness of air jets
impinging on a hot strip for reducing the wave that occurs
during tensionless travel on a run-out table. Finite element
analysis has also been performed to provide processing
condition that can enhance travelling stability. Pilot-scale
experiments were carried out to validate the performance
of the system.

2 Finite element analysis

A finite element model was established to analyze the
effect of process parameters on the reduction of traveling
waves during air jet impingement. The model includes a
1.4m� 0.8m rectangular strip and a rectangular nozzle
that has a height (B), a width (W) placed at a height H
over the middle of the strip as shown in Figure 2. The
computational domain is modeled in 3D. The standard k–e
turbulence model and enhanced wall function for the
truncated bounded boundary were used for the simulation
[23]. To couple the velocity and pressure, the SIMPLE
algorithm and second-order accurate schemes were used in
Fluent ANSYS Ver.14. A fixed velocity with the
turbulence intensity of 5% and the turbulent viscosity
ratio of 10 is applied as a boundary condition at the nozzle
inlet. The outer nozzle surface is specified as an adiabatic
wall, and the strip surface is specified as a moving wall
with a speed of 10m/s and no slip conditions. All the other
surfaces in the computational domain are specified as
outlet boundary conditions with atmospheric pressure and
temperature. The analysis conditions are summarized in
Table 1.

3 Results and discussion

3.1 Finite element analysis of air jet impingement
system parameters

The pressure and flow velocity distributions in the
impingement region were mainly investigated. The
pressure distribution and flow velocity on the moving
strip after air jet impingement are shown in Figure 3.

The spread of the air jet depends on the nozzle shape,
which results in a pressurized rectangular region that
gradually forms soon after the impingement starts.
However, the pressure decreases as the distance from the
focal point increases. The pressure distribution was
measured along the center line in the moving direction.
The forward flow velocity in the moving direction of the
strip is larger than that of the backward flow. These flow
velocities are beneficial for reducing the traveling wave of
the hot strip. This result also confirms the industrial
practice of using water impingement for accelerated cooling
of hot steel plates [24–27].



Fig. 3. (a) Pressure distribution and (b) flow velocity obtained by finite element simulation: W=1200mm, B=40mm,
H=1100mm,V=10m/s, U=150m/s, u=20°.
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Fig. 4. Effect of nozzle tilt angle on (a) pressure distribution and (b) flow velocity.
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To determine the effects of the nozzle geometry on the
pressure and flow velocity distributions, simulations were
carried out using various nozzle tilting angles, nozzle
heights, and inlet velocities. Figure 4 shows the effects of
the nozzle tilt angle on the pressure and flow velocity
distributions at W=1200mm, B=40mm, H=1100mm,
V=1m/s, and U=150m/s. As shown in Figure 4a, the
maximum impingement pressure occurs when the tilt angle
is 100. The maximum impingement pressure is largely
dependent on the pressure distribution, and tilt angles
larger than 100 result in lower pressures due to the pressure
dissipation.

The forward flow velocity in the moving direction of the
strip is larger than that of the backward flow. From the
perspective of traveling stability, higher forward flow
velocity is more advantageous for reducing the wave of the
hot strip. The ratio between the forward and backward flow
velocities Rf-b is shown in Figure 4b. As Rf-b increases with
increasing tilt angle, a higher nozzle angle is more
advantageous for reducing the wave of the hot strip.
Hence, simultaneous consideration of the maximum
pressure and Rf-b is necessary to determine the optimum
nozzle angle.

Figure 5 shows the effect of the distance between nozzle
and strip on the pressure and flow velocity distributions at
W=1200mm, B=40mm,V=1m/s, U=150m/s, and
u=10°. As shown in Figure 5a, the maximum impingement
pressure occurs when the distance between the nozzle and
strip is 900mm. The maximum impingement pressure is
largely dependent on the concentrated pressure distribu-
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Fig. 5. Effect of the distance between the nozzle and strip on (a) pressure distribution and (b) flow velocity.
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Fig. 6. Effect of nozzle inlet velocity on (a) pressure distribution and (b) flow velocity.

Table 2. Simulations according to the height (B ) and width (W ) of the air nozzle.

Schedule Case 1 Case 2 Case 3 Case 4 Case 5

Nozzle height (B ) (mm) 68.6 60.0 53.3 48.0 43.6
Nozzle width (W ) (mm) 700 800 900 1000 1100

4 Y.Y. Woo et al.: Mechanics & Industry 19, 601 (2018)
tion, and a smaller distance results in higher impingement
pressure at a given nozzle angle. The forward and backward
flow velocities decrease with increasing distance between
the nozzle and strip. The ratio between the forward and
backward flow velocities Rf-b is shown in Figure 5b. As
shown in the figure, the ratio is not significantly influenced
by the distance between the nozzle and strip.

Figure 6 shows the effect of the nozzle inlet velocity on
the pressure and flow velocity distributions at
W=1200mm, B=40mm, H=1100mm,V=10m/s, and
u=10°. As shown in Figure 6a, the maximum impingement
pressure occurs when the nozzle inlet velocity is 200m/s
because the maximum impingement pressure is propor-
tional to the inlet velocity. The forward and backward flow
velocities increase with increasing nozzle inlet velocity. As
shown in Figure 6b, Rf-b is not significantly influenced by
the nozzle inlet velocity.

Figure 7 shows the effect of the nozzle dimensions on the
pressure and flow velocity distributions at H=1100mm,
V=10m/s, U=150m/s, and u=10°. Different nozzle
heights and widths were simulated. Table 2 shows the
cross-sectional dimensions of the trial rectangular nozzles,
which have an exit area of approximately 48,000 mm2.

As shown in Figure 7a, the maximum impingement
pressure increases with decreasing nozzle width. The
forward and backward flow velocities also increase with
decreasing nozzle width. As shown in Figure 7b, Rf-b is not
significantly influenced by the nozzle dimensions.
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Fig. 7. Effect of nozzle shape on (a) pressure distribution and (b) flow velocity.

Fig. 8. Schematic of the pilot-scale air jet impingement system.

Table 3. Classification of traveling stability index.

TS index 0 1 2 3

Height of wave (h)
Wave length (l)

Below 0.2 m
Above 3.0 m

0.2–0.4 m
1.0–3.0 m

0.4–0.6 m
1.0–3.0 m

Above 0.6 m
Below 1.0 m
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3.2 Experimental validation of air jet impingement
system

Experimental investigations were carried out to validate
the performance of the air jet impingement system for
reducing the traveling wave. A schematic of the pilot-
scale facility is shown in Figure 8. The setup mainly
comprises an air compressor, air tanks, a rectangular air
jet nozzle, and a computer for data collection and
control. High-pressure air is supplied by an air compres-
sor. Compressed air is taken from a reciprocating
compressor, which can supply air at pressures of up to
10 bar via storage tanks, a ball valve, and an automatic
air filter. A float flowmeter is used to determine the air
flow pressure. The actual air flow rate is controlled by a
blow-off valve and the air compressor to maintain a
constant pressure. The rectangular nozzle is made of 304
stainless steel, and the cross-section of the rectangular
nozzle outlet is 700mm (W )� 68.6mm (B). The vertical
distance and angle of the nozzle exit with respect to the
strip can be varied by a mechanically driven device.

After rolling, the end of the rolled strip is transported to
the run-out table and impinged by air from the rectangular
nozzle. The traveling waves were measured at three
different positions. Positions 1, 2, and 3 are the outlet of
the finishing mill, air impingement zone below the nozzle,
and a position 40m distance away from the outlet of the
finishing mill, respectively. The wave is quantified using



Fig. 9. Schematic of the wave height (h) and wave length (l).
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the traveling stability (TS) index according to wave height
(h) and wave length (l), as shown in Table 3. The wave
height and wave length of the strip were measured by a
CCD camera as shown in Figure 9. The wave patterns at
position 1, 2, and 3 were continuously measured until the
head end of strip reached to coiler.

To measure the performance of the air jet impingement
system, test strips with various thicknesses and widths
were tested. Based on the simulations, the tilt angle of the
nozzle was set to 100, and the distance between the nozzle
and strip was 900mm. Tests were performed to determine
the processing conditions for the air jet pressure. Figure 10
shows the effect of the air jet pressure on the traveling
stability of the hot strip. As shown in the figure, the best
traveling stability occurs at an air jet pressure of 4 bar. At a
higher pressure of 6 bar, the traveling at position 3 was not
very stable.
Figure 11 shows the effects of the air jet duration on the
traveling stability of the hot strip. As shown in the figure,
the best traveling occurs with a longer air jet duration.
With a shorter air jet duration of 4 s, the traveling at
position 3 was also not very stable.

The optimum operation conditions for the best
performance need to be determined carefully based on
the dimensions of the rolled product, material properties,
and processing conditions. A nozzle outlet pressure of 4 bar
was maintained for 8 s for the air jet impingement
experiments. Figure 12 shows the test results obtained
using strips with various dimensions. As shown in the
figure, the traveling stability index decreases after air jet
impingement. The wave is clearly reduced by the proposed
system.

4 Conclusion

The improved traveling stability is important because it
affects the process efficiency and the quality of the rolled
products. This study proposes an air jet impingement
system to reduce the hot strip wave that occurs during
tensionless travel in a run-out table before the top end of
the strip reaches the coiler mandrel. Numerical studies
were performed for a proposed air jet impingement system
to investigate the effects of the process parameters using
the finite element method. The simulations successfully
characterized the effect of process variables, such as the
tilt angle of the nozzle and the distance between the nozzle
and the strip on traveling stability, and the simulation
results agree well with the actual measurements and
observations. The pilot-scale experimental results show
that the air impingement in the moving direction
effectively reduces the strip wave with a high degree of
reliability.
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Fig. 12. Effect of air impingement on the traveling stability for different strip sizes (thickness�width): (a) 1.32mm� 1000mm, (b)
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Nomenclature
B
 Height of air nozzle

W
 Width of air nozzle

u
 Tilting angle of air nozzle

H
 Distance between nozzle exit and impingement surface

U
 Inlet velocity of air shooting nozzle

V
 Velocity of moving strip
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