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Abstract: This study aims to improve the performances of the high-pressure water descaling technology used in steel hot rolling processes. In particular, a 2050 mm hot rolling line is considered, and the problem is investigated by means of a fluid–structure interaction (FSI) method by which the descaling effect produced by rolling coils with different section sizes is examined. Assuming a flat fan-shaped nozzle at the entrance of the R1R2 roughing mill, the outflow field characteristics and the velocity distribution curve on the strike line (at a target distance of 30–120 mm) are determined. It is found that the velocity in the center region of the water jet with different target distances is higher than that in the boundary region. As the target distance increases, the velocity of the water jet in the central region decreases. Through comparison with experimental results, it is shown that the simulation model can accurately predict the impact position of the high-pressure water on the impact plate, thereby providing a computational scheme that can be used to optimize the nozzle space layout and improve the slabs’ descent effect for different rolling specifications.
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1  Introduction

High-pressure water descaling technology is used in the hot rolling process of steel, where high temperatures lead to rapid oxidation and dense scale formation of the steel surface. After discharging the hot rolled part from the heating furnace, it enters the descaling box. In the descaling box, the high-speed water jet from the high-pressure water nozzle hits the surface of the rolled piece. The rapid cooling of the rolled piece surface caused the iron oxide scale to crack and be washed away [1,2].

The structure and arrangement of high-pressure water descaling nozzles directly affect the speed, striking force, and range of descaling water [3]. In computational simulation, Giussani et al. used the VOF (VolumeFluentModel) model to simulate the flow field characteristics and jet parameters in the nozzle [4]. Guha et al. analyzed the velocity and pressure of the super high-speed water jet nozzle with the increase in jet distance and verified the linear attenuation of the pressure on the axis [5]. In the high-pressure water scouring process, Maniadaki et al. simulated the target by using FLUENT software, and an experimental comparison was conducted [6]. Urazmetov et al. established a relationship between the geometry and the shear stress of nozzles to identify the parameter that reduced the lifetime of high-pressure nozzles [7]. Zhou calculated the fan nozzle and found that the jet impact force gradually increased with the increase in the nozzle inlet pressure within a certain range [8]. Qiao et al. simulated the atomizing flow field between the nozzle and the spray surface and optimized the structural parameters of the nozzle by using the response surface method [9]. Liu et al. established a numerical model of the flow field based on the liquid–gas flow of the coaxial jet and investigated the laminar fluid velocity distribution characteristics of the co-axial two-phase ultrasonic nozzle [10]. In the area of descaling test research, the method established by Tsinghua University and Anshan Solar Instrument could detect the characteristics of the water jet and analyze the atomization characteristics of the descaling nozzle [11]. Mieszala et al. investigated the formation mechanism of metal nickel surface morphology in the erosion state by the jet-controlled depth milling test and scanning electron microscope observation of the surface morphology [12]. Foldyna et al. investigated the impact of high-pressure water jet pressure and velocity on the erosion of metal surfaces and divided metal surface erosion into three stages [13]. Tamura et al. investigated the behavior of changes in the descaling jet and attenuation of the water droplet velocity experimentally and confirmed that the jet structure changed continuously through a process of continuous flow, break-up, and droplet [14]. In the study of the abrasive water jet, Kartal et al. optimized the turning parameters of abrasive water jets under high-pressure water impact and conducted an orthogonal experiment for verification [15]. Aydin et al. explored the influence of relevant parameters of abrasive water jet on impact characteristics through experiments [16,17].

Structure design, performance testing, industrial production, and other aspects of high-pressure water descaling nozzle have become increasingly mature. However, the current research has not performed real-time adjustment. Furthermore, follow-up adaptation to the high-pressure water descaling system has been conducted according to the changes in specific working conditions, such as large changes in slab width and section specification on the production line. Based on the on-site 2050 hot rolling production line, the flow velocity of the high-pressure water descent nozzle under different target distances was analyzed, and the nozzle striking characteristics were determined.

2  Theoretical Model

A coupling model of the fluid structure was combined with actual on-site working conditions, and the discrete incompressible fluid motion equation and discrete solid structure motion equation were introduced to construct the external flow field model of high-pressure water descaling nozzle to analyze the descaling effects of the rolled coil.

2.1 Discrete Incompressible Fluid Equations of Motion

According to the continuity condition of incompressible fluid [18]:


∂u˙∂x+∂v˙∂y+∂w˙∂z=−p˙
(1)

where, u, v, w is the displacement component of water mass points along the x, y, and z directions; P is the fluid dynamic pressure.

Consider the dynamic balance of fluid in all directions:


∂2p∂x2+∂2p∂y2+∂2p∂z2=ρp¨
(2)

where, 
ρ
is the fluid density. Using the Galerkin method for discretization, the pressure distribution can be expressed in the following form:


p∗(x,y,z,t)=NT(x,y,z)p(t)
(3)


N=[N1(x,y,z)N2(x,y,z)⋮Nm(x,y,z)]
(4)


p=[p1(t)p2(t)⋮pm(t)]
(5)

where, 
N
is the shape function vector, 
p
is the pressure vector, 
V
is Fluid domain volume. To obtain the minimum value of pressure vector on the left side of Eq. (2):


∫∫∫V⁡Nm(∇2p∗−p∗)dV=∫∫∫V⁡Nm∇2p∗dV−∫∫∫V⁡Np∗dV=0m=1,2,…,N
(6)

The FSI boundary conditions of high-pressure nozzle are shown in Fig. 1.
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Figure 1: Schematic diagram of boundary conditions of high-pressure nozzle

In Fig. 1, Sa is the superficial areas of the fluid-structure (strike plate) interface, Sb is the fixed boundary, and Sc is the superficial areas of the pressure outlet.

By taking the pressure distribution of Eq. (3) into Eq. (6):


∫∫∫V⁡∇N∇NTpdV+∫∫∫V⁡NNTpdV−∫∫SaN∂p∗∂ndSa−∫∫SbN∂p∗∂zdSb−∫∫ScN∂p∗∂ndSc=0
(7)

At the fluid-structure interface of the strike plate:


∂p∂n=−ρu¨n
(8)

At the fix boundary of the strike plate:


∂p∂n=0
(9)

And at the outlet of flow field:


∂p∂c=−∂p∂t
(10)

where, n is the normal direction at the fluid-structure border, 
u¨n
is the vertical acceleration, and 
c
is the normal direction at the infinity boundary.

Substituting Eqs. (8)–(10) into Eq. (7) [18]:


∫∫∫V⁡∇N⋅∇NTpdV+∫∫∫V⁡∇N∇NTp¨dV+∫∫SaNρu¨ndSa+∫∫SbNρu¨ndSb+∫∫ScNNTp˙dSc=0
(11)


u¨n
is the normal acceleration of the fluid-structure interface, which can be expressed with the structural displacement vector r as:


u¨n=Λr¨
(12)


Λ
is the coordinate transformation matrix, the vertical acceleration vector 
u¨n∗
is introduced at the node to deduce the vertical acceleration at the fluid-structure border after discretization:


u¨n*=NSTΛr¨
(13)

where, Ns is the insertion function vector.

The motion equation of the fluid can be discretized as follows:


Hp+Ap˙+Ep¨+ρBr¨+q0=0
(14)

where,


H=∫∫∫Ω⁡∇N∇NTdV
(15)


A=∫∫ScNNTdSc
(16)


E=∫∫∫V⁡NNTdV
(17)


B=∫∫SaNNSTdSaΛ
(18)

where, B is the matrix of coefficients; 
q0
is the vector of input excitation.

2.2 Discrete Solid Structures Equations of Motion

The solid structure motion equation can be described as:


Msr¨+Csr˙+Ksr+fp+f0=0
(19)

where, Ms is the displacement mass matrix of the structure, Cs is the damping matrix of the structure, Ks is the stiffness matrix of the structure, 
fp
is nodal vector of fluid at the fluid-structure interface of strike plate, 
f0
is the vector of the external motivator, and 
e
is the fluid element.

The virtual work from the pressure at the fluid-structure interface is expressed as:


δWe=−∫∫Sp∗δundS=−δunTpe∫∫SNSNeTdS
(20)

where, 
pe
is the nodal pressure vector of the fluid element, 
Ne
is the form function vector of the fluid element, 
δun
is virtual displacement vector of node, 
S
is boundary area of fluid domain.

The generalized force for general coordinates is:


fp(e)=ΛTfpn(e)=−ΛTpe∬SNSNeTdS
(21)

where, 
Ns
is shape Function of Structural Element.

Assembled the force of each fluid element:


fp=∑e⁡fp(e)=−BTp
(22)

where, 
B
is coefficient matrix. The motion equation of the structure influenced by the fluid is:


Msr¨+Csr˙+Ksr−BTp+f0=0
(23)

By combining Eqs. (14) and (23), the motion equation of the fluid-structure system can be processed as Eq. (24):


[Ms0ρBE][r¨p¨]+[Cs00A][r˙p˙]+[Ks−BT0H][rp]=[−f0−q0]
(24)

3  Boundary Condition Setting

A flat sector nozzle of the high-pressure water descent system at the inlet of the R1R2 roughing mill of the 2050 mm production line was selected to analyze the characteristics of the external flow field. The nozzle model was built, as shown in Fig. 2.
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Figure 2: Schematic diagram of high-pressure water descaling nozzle

In Fig. 2, α is the inlet contraction angle of the inner cone hole (°), d is the inlet diameter (mm), l is the length of the nozzle (mm), h is the inner hole depth (mm), f is the cutting width of the U-shaped groove (mm), and e is the cutting depth of the U-shaped groove (mm).

The structural parameters of the descaling nozzle are shown in Table 1. The tetra grid was selected to dense the elliptical groove and the flow field contraction area inside the nozzle, as shown in Fig. 3.
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Figure 3: Structure and grid division of descaling nozzle

Referred to as the on-site situation, the external jet area was established with a side length of 140 mm in COMSOL Multiphysics, and the unstructured grid was densified at the junction of the nozzle and the external flow field. FSI module was selected as the calculation module, the mesh smoothing type was Winslow, inertia terms about the transient form of the structure were included. A steady-state solver with a relative tolerance of 0.001 was selected.

The pressure inlet (23 MPa) was used at the high-pressure water inlet (Fig. 1), and pressure outlets were placed on all sides of the fluid zone. A no-slip wall boundary condition was adopted on the wall in contact with the fluid, and the iterative staggered method was used.

4  Simulation Results and Comparison Verification

The velocity distribution of the external flow field was obtained by numerical calculation in COMSOL Multiphysics. In Fig. 4, sections XY and YZ were selected to observe the velocity distribution in the central axis of the nozzle in the external region.
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Figure 4: Velocity distribution of external flow field on XY section and YZ section (m/s)

According to Fig. 4, the velocity on sections XY and YZ was symmetrical along the central axis of the nozzle, and the overall velocity gradually decreased with the increase in distance in the Y direction. In the central region of the jet, the maximum water flow velocity reached more than 200 m/s. With the increase in target distance in the Y direction, the water flow velocity decreased rapidly to 60 m/s at the 115 mm position in the Y direction. Furthermore, affected by the intersection of the shrinking area and the nozzle grooving area, the fan-shaped surface in the XZ plane had a larger velocity diffusion range than that in the YX plane. At the edge of the fan-shaped jet, the shear effect between the water flow and the air was evident, thereby reducing the water velocity to less than 40 m/s.

Fig. 5 shows the flow field velocity section in the XZ plane. The water jet was distributed in a flat shape in the XZ plane, which corresponded to the actual strike zone during descent. The four velocity sections were cut at equal intervals within a 200 mm distance along the Y axis. The velocity at the center of each section was the highest, and it was distributed in a flat form along the X-axis. The velocity decreased around the striking area, whereas the range of the strike increased with the distance of the Y axis.
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Figure 5: Velocity distribution of external flow field on XZ section (m/s)

A target distance of 30 to 120 mm was selected from the nozzle along the Y-direction, and velocity data were extracted at the descaling strike line, as shown in Fig. 6. At the jet pressure of 23 MPa, the velocity distribution curves at the target distance of 30 to 120 mm were obtained. The jet velocity at different target distances obtained the 70 mm position of the X-axis as the symmetrical center. Moreover, the central area was more uniformly distributed in the X direction with the increase in the distance in the Y direction. As the water jet velocity exceeded the central area and reached the boundary zone, the velocity decreased evidently. The maximum velocity was approximately 230 m/s at the 30 mm target distance. The effective length of the central area in the X direction was 40 mm, the maximum velocity at the 60 mm target distance was approximately 130 m/s, the effective length of the central area in the X direction was 59 mm, and the effective length of the central area in the X direction was 81 mm. The central area was increased with the target distance along the X direction.
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Figure 6: Distribution of velocity at different target distances along X direction

The simulated jet center length with target distances of 50, 70, 90, and 110 mm was in accordance with the experimental strike data in the nozzle parameter manual in Fig. 7, and it increased from 40 to 81 mm as the distance between the targets increased from 30 to 120 mm. The jet center length slowed down as the target distance increased.
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Figure 7: Comparison of simulated jet center length and experimental strike length

The 30–140 mm velocity along the Y-axis at the jet center of the nozzle was extracted from Fig. 8. The velocity at the jet center decreased significantly with the increase in the target distance. At the distance of 30 mm between the near tip and the nozzle, the maximum velocity in the jet center reached approximately 180 m/s, whereas the maximum speed dropped to approximately 55 m/s at the distance of 140 mm from the far end to the nozzle. The reduction in the velocity of the high-pressure water jet was due to the air resistance in the external flow field. This finding was pronounced when the fluid jet was at a high speed, that is, the velocity of the first half section (30–70 mm) of the jet centerline along the Y-axis decreased at a faster rate than the last half section (70–140 mm).
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Figure 8: Maximum velocity of jet center length at different target distances along the Y-axis

Three sprinklers with a spacing of 45 mm were introduced along the X-axis given the distribution shape of the on-site water collection beam sprinklers, and steel impact sample plates with specification of 140 mm × 140 mm × 4 mm were added for FSI analysis, as shown in Fig. 9.
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Figure 9: FSI stress analysis of impact sample plate

Fig. 9 illustrates that the sample has been impacted with fluid at a target distance of 115 mm. In the XY section of the jet center line, the velocity decreased gradually with the increase in target distance and decreased to below 40 m/s with the conduction of the impact force at the location of the plate surface. The maximum equivalent stress on the surface of the plate along the jet center line was 10 MPa, and the minimum equivalent stress in the midpoint of the adjacent nozzles was approximately 4.5 MPa.

The impact sample plate test was performed in the rough rolling on the 2050 production line, as shown in Fig. 10. The plate had specification of 2 m × 1.5 m × 0.04 m and was set according to the conditions of the simulation. A 15 mm rusted slot intentionally left at the gap between the adjacent nozzles, which corresponded to the position of the minimum equivalent stress in Fig. 9.

[image: images]

Figure 10: Impact sample plate test on site

Fig. 11 shows the simulation data of the equivalent stress distribution over the surface of the impact sample plate. At the centerline of the jet, the maximum equivalent stress caused by the jet on the surface was approximately 10 MPa and reached 20 MPa at the fixed restraining boundary at both ends of the plate. The minimum impact force in the middle of the adjacent nozzles decreased to 4.5 MPa, primarily causing the rust slot shown in Fig. 10.

[image: images]

Figure 11: Equivalent stress distribution of impact sample surface (MPa)

5  Conclusion

The characteristics of the external flow field of the high-pressure descent nozzles and the descent effects of the impact plate descent were analyzed. This study demonstrated that the target distance directly affected the descaling effect when the descaling pressure and nozzle structure parameters were determined. The corresponding impact force increased with the kinetic energy provided by the fluid. The velocity distribution of different sections can be used as the basis for selecting the optimal target distance.

A non-uniform phenomenon was observed in the velocity distribution near the nozzle section at a target distance of 30 mm. This phenomenon cannot be eliminated because of the jet characteristics of the fan nozzle structures, and the uneven distribution of the strike force in this region affected the descaling process. However, as the target distance increased from 30 to 120 mm, the tendency for bifurcation in the central region decreased. Despite the decrease in strike force provided by the stable flow field, the expansion of the central area had a better descaling effect on the steel plate. Higher fluid velocities could be achieved when the target distance was close, but a smaller jet strike area, a non-uniform distribution of local strike force, and an increase in the number of descaling nozzles on the barrel could be observed, resulting in a waste of water resources. If the target distance was far, then the velocity of the water jet is insufficient to achieve the required descaling strike force.

In the FSI analysis of the three nozzle jets, the maximum equivalent stress on the plate surface along the center line of the jet was 10 MPa, and the minimum equivalent stress between the adjacent nozzles was 4.5 MPa. The position with the minimum equivalent stress was in good agreement with that of the rust slit in the impact sample plate test on site. The simulation model can express the impact position of the high-pressure water descaling nozzle on the plate, thereby providing calculation schemes for optimizing the nozzle space arrangement and improving the descaling effects of slabs with different rolling specifications.
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Table 1: Structural parameters of nozzle
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