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Abstract: This study aims to enhance the efficiency of pickling processes by investigating the impact
of strip speed and acid flow rate on the turbulence of the acid solution within the pickling tank. The
research quantitatively evaluates the flow field state and distribution of acid temperature within the
pickling tank. Through finite element simulation, factors such as jet velocity, strip motion velocity,
and acid temperature are considered to determine the turbulence intensity, turbulent kinetic energy,
convective heat transfer coefficient, and average temperature of the near-wall layer of the strip surface
under the oblique jet. This analysis considers the effects of these parameters on the flow field within
the pickling tank. Furthermore, simulations are conducted to assess the turbulence intensity of the
acid solution under various conditions. The study reveals that the intake flow rate has a substantial
influence on turbulence and temperature rise at the strip exit and inlet, albeit less so, within the acid
tank itself. However, an increase in strip speed notably impacts the turbulence within the center
of the acid tank. These findings are invaluable for regulating the pickling process and maintaining
optimal strip surface quality in industrial production settings.
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1. Introduction

The surface of the finished hot-rolled strip typically possesses an oxide layer that must
be eliminated prior to cold rolling, ensuring the desired product quality for subsequent
processes. However, incomplete pickling often leads to the presence of residual Fe2SiO4
or FeO on the strip’s surface, resulting in a chromatic defect, as depicted in Figure 1.
Figure 1a shows the overall picture of color difference defects on the strip steel, and
Figure 1b shows the color difference defects on the surface of the strip steel observed at close
range. Consequently, extensive research is vital to understanding the factors influencing
the efficacy of the pickling process. This paper focuses on a widely adopted pickling
technique known as shallow tank turbulence pickling, which is employed in the pickling
tank discussed herein. This technique is distinguished by its favorable pickling effect,
low generation of waste acid, cost-effective pickling equipment, and commendable unit
performance [1–4]. The pickling process area typically encompasses three pickling tanks,
stretching and straightening equipment, and other associated machinery, as illustrated in
Figure 2.

Enhancing the efficiency of pickling processes requires consideration of various vari-
ables. However, when the incoming material, acid temperature, and concentration are
known, the most practical and cost-effective approach to improving pickling efficiency
is to increase the heat transfer efficiency between the strip’s contact surface and the acid
turbulence [5–8]. Turbulent flow occurs when a fluid undergoes constant changes in speed
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and direction of motion, accompanied by upward and downward pulsations that signifi-
cantly enhance heat energy transfer [9–11]. By employing turbulent flow technology in the
pickling line, the acid on the strip’s surface is continuously refreshed, thereby accelerating
the reaction between the iron oxide and acid and reducing pickling time by half.
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Figure 1. Color difference defects on the surface of strip steel after pickling. (a) Photo of the overall
color difference of strip steel; (b) enlarged color difference photo.
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Figure 2. A representation of the primary machinery for the section on the pickling process.

The Reynolds number (Re) serves as a parameter to determine the onset of turbulent
flow; when Re exceeds 4000, turbulent conditions are considered to be present [12]. In-
creased fluid velocity leads to improved convective heat transfer coefficients and thermal
conductivity. In this study, turbulence intensity and turbulent kinetic energy serve as
indicators of the level of turbulence. Elevated fluid velocity enhances both thermal conduc-
tivity and the convective heat transfer coefficient. As the strip’s speed and relative velocity
between the fluid and the strip increase, both the convective heat transfer coefficient and
reactivity are heightened.

To assess the effects of incident flow rate and strip motion speed in the three-dimensional
turbulent pickling tank, a finite element simulation is employed in this research. The
simulation flow is depicted in Figure 3 below, enabling the determination of the turbulent
intensity, turbulent kinetic energy, convective heat transfer coefficient, and temperature
distribution on the strip surface.
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In order to effectively model the acid turbulence occurring during the pickling of
strip steel, research primarily focuses on two approaches utilizing finite element methods.
Firstly, three-dimensional finite element simulations of fluids are employed. Secondly,
investigations are conducted to understand the impact of pickling process parameters on
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pickling effectiveness [13]. A comprehensive literature search yielded relevant studies that
contributed to the investigation of this research.

In the study of three-dimensional finite element simulation of fluids, O’Donovan,
TS, et al. [14] performed an experimental analysis of heat transfer in a three-dimensional
finite element modeling study. They specifically examined heat transfer to an obliquely
impinging air jet. The study determined the distribution of the mean and fluctuation
components of surface heat transfer. Another study conducted by Yang, Yt, et al. [15]
focused on three-dimensional numerical modeling of inclined jet fluid flow and heat
transfer properties of a cross-flow impinging heated plate.

Klaus and Pielsticker [16] employed numerical simulation to simulate the impact
of jet beam side spray flow on acid dispersion in a turbulent pickling tank. Their study
aimed to understand the behavior of acid dispersion under these conditions. Dhamodaran,
M. et al. [17] proposed a fundamental and precise method for investigating the numer-
ical analysis of fluid flow and heat transfer in a channel, offering valuable insights in
this domain.

Alves, MA, et al. [18] presented benchmark flows used in computational rheology to
assess the performance of numerical methods, specifically focusing on the simulation of
viscoelastic fluid flow described by continuous horizontal differential principal equations.
Ye, T., et al. [19] provided a review of boundary treatment algorithms for free surface or
multiphase interfaces of complex fluids, offering valuable suggestions for smooth particle
hydrodynamics (SPH) modeling of complex fluid flows. Shadloo, MS, et al. [20] outlined
the purpose of using smooth particle hydrodynamics (SPH) methods in industrial settings
and discussed their applicability and limitations, providing broad insights into their usage.
These relevant studies contribute to the understanding and development of research on acid
turbulence modeling during the pickling of strip steel, utilizing finite element approaches.
Asbar et al. [21] used the finite element method to analyze the stress on the nozzle during the
liquid release process of storage containers. Zhao, Jinghua, et al. [22] studied the formation
and diffusion trajectory of scum on the zinc liquid during the hot dip galvanizing process
of strip steel using fluid numerical simulation.

In a related investigation on pickling efficiency, He, F., et al. [23] developed a soft
measurement method for acid concentration using a cluster analysis approach. The method
incorporated process characteristics such as differential pressure, conductivity, and tem-
perature. Gines, MJL, et al. [24] conducted laboratory experiments to examine the pickling
duration of 1.8 mm hot-rolled steel sheets under various process conditions.

Kalasin, NN, et al. [25] investigated the dissolution rate of scales on hot-rolled steel
strips made from continuous cast slabs and the time required for complete dissolution
through pickling tests. To simulate the motion of an actual strip, Peng, JG, et al. [26]
employed a rotating disk electrode to study the pickling performance of iron oxide on the
surface of 2205 duplex stainless steel hot-rolled strips in a sulfuric acid electrolyte.

Liu, XJ, et al. [27] aimed to comprehend the mechanism of black band defects on the sur-
face of hot-rolled silicon steel following pickling. They analyzed the cross-sectional shape
and elemental distribution of the oxide layer on the silicon steel surface. BC, KHOO [28],
and international researchers utilized the standard k-ε turbulence model to evaluate the
deep tank pickling scenario. They employed numerical simulation techniques to ana-
lyze the acid inflow velocity, strip velocity, and strip vibration frequency. Andreas and
Mehrled [29] et al. employed VOF numerical simulations to examine the acid output flow
rate of the pickling tank, considering varying strip speeds.

Wu Diqing [30] studied the effects of pickling temperature and turbulence on pickling
efficiency, and the results showed that pickling efficiency increased with the increase in acid
temperature and turbulence. Hongyang, Zou [31] achieved an improvement in pickling
efficiency by predicting acid concentration more accurately. Wang Shuo [32] established a
cold rolling pickling model to control parameters such as acid solution temperature and
concentration during the pickling process, thereby improving the pickling efficiency of
strip steel.
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During the pickling process, the greater the turbulence of the acid solution, the higher
the pickling efficiency. The injection speed of acid solution and the speed of strip steel have
a significant impact on the turbulence of acid solution. Through the literature review, it can
be seen that research on the pickling process of strip steel mostly focuses on optimizing
the pickling parameters through mathematical models. However, there are few methods
that utilize three-dimensional finite element simulation to study the effect of pickling
parameters on the turbulence of acid solution in pickling tanks.

Therefore, this article establishes a three-dimensional finite element model for the acid
pickling process; simulates the temperature field distribution of acid solution and strip
steel at different acid spray speeds and strip steel speeds; and calculates the acid solution
turbulence. The research results are applied to on-site production. Provide guidance for
optimizing pickling process parameters and promoting the improvement of strip steel
pickling efficiency.

2. Materials and Methods
2.1. Model Parameter Settings

Upon injection of the acid into the acid tank, the strip surface experiences the impact
momentum, resulting in the generation of higher turbulence intensity and turbulent kinetic
energy near the stagnation point. This specific region is referred to as the impact zone.
Subsequently, the acid progresses along the strip, fully developing in the middle area,
known as the fully developed area.

To establish a reference point, the origin of the right-angle coordinate system is situated
in the center of the acid tank. The simulated pickling tank has a length of 13,000 mm, while
the strip surface dimensions are 13,000 mm × 2000 mm. The fully developed interval
is defined as (−5000, 5000) mm, whereas the impact zone interval encompasses (−6500,
−5000) mm and (5000, 6500) mm.

For the simulation, a fine-tuned mesh is employed in each nozzle incidence area
using the Realizable model. The standard wall function technique is selected, and the
steel plate wall is configured with a no-slip condition. The Couple method is utilized for
pressure-velocity coupling, and the control equations for the fluid are represented in the
QUICK discrete format. The outlet boundary of the pickling tank is set for free outflow.
The fundamental parameters are summarized in Table 1 below.

Table 1. Main process parameters for turbulent flow simulation in an acid washing tank.

Parameter Value

Hydrochloric acid density (kg/m3) 1087
Specific heat capacity of hydrochloric acid (kg·K) 4180

Hydrochloric acid viscosity (kg/m·s) 0.001
Hydrochloric acid thermal conductivity (m·K) 0.6

Incident angle of acid solution (◦) 60
Strip initial temperature (K) 300.15

Acid temperature (K) 348.15
Strip speed (m/min) 86

Injection speed on the upper side of the strip (m/s) 1.4
Injection speed on the lower side of the strip (m/s) 1.4

2.2. Establishment of Pickling Tank Model

In the turbulent pickling tank, the jet beam is comprised of strategically positioned
nozzles at the top and bottom of the strip, both at the entrance and exit of the pickling tank.
Additionally, numerous rows of holes are drilled into the wall of the diversion tube. This
arrangement allows for the examination of the impact of the jet flow rate and facilitates the
development of a numerical simulation model that closely resembles the actual system.

In this particular study, a three-dimensional calculation model of the acid tank is con-
structed, incorporating the real dimensions of the tank. The model takes into consideration
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factors such as incident pressure, the strip’s velocity in the turbulent surface flow field, and
the strip’s mass transfer. These aspects are crucial to accurately capturing the behavior of
the system and obtaining reliable numerical simulations that reflect real-world conditions.

3D model of the tank: The tank dimensions are 13,000 mm × 2000 mm, and it incorpo-
rates a 20◦ angle bracket attached to the bottom, as depicted in Figure 4. This bracket plays
a significant role in distributing the flow pattern within the tank, and its convex shape
enhances turbulence. On the one hand, the bracket prevents the strip from settling at the
bottom of the tank by providing adequate tension.
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Moreover, the tank features eight 60 mm diameter fluid inlets on each side. These inlets
allow for adjustments in the inlet flow rate, thereby altering the velocity of the incoming
fluid. This arrangement promotes increased turbulence near the lower surface of the strip,
consequently influencing the turbulent energy of the fluid within the tank. This, in turn,
leads to improved pickling quality and reduced pickling time.

For effective reflux, the acid exit is symmetrically positioned at the center of the tank
on both sides, facilitating optimal fluid flow and maintaining a balanced distribution within
the tank.

3D model of the jet beam: In order to establish a thin temperature and concentration
gradient on the steel surface in the turbulent pickling system, a jet is utilized to impact
the strip surface. This impinging jet serves two purposes: first, it ensures that the acid
enters the holes in the oxide surface quickly, allowing the chemical reaction to proceed;
second, it facilitates the oxide’s dissolution and the development of the pickling nucleus.
This complex turbulence effect accelerates the replacement speed of iron ions and hydrogen
ions, as well as the growth of the fracture between the iron oxide.

Figure 5 illustrates the acid spray beam at the inlet section, which consists of 12 cylin-
drical nozzles with configurable spray angles. Figure 6 shows the acid spray beam at the
strip’s departure, which is staggered with 25 nozzles, each with a diameter of 20 mm. This
arrangement generates a high-turbulence shear flow upon impact with the strip, thereby
enhancing the pickling quality of the exported strip.

General assembly structure layout diagram: The strip’s movement through the pick-
ling tank results in faster and more linear travel, leading to the formation of a highly
turbulent flow on the strip’s surface. As depicted in Figure 7, the pickling tank comprises a
pickling tank body, an acid spray beam located on the top side of the inlet and outlet, three
inlet jets on the lower side, and an adjustable reflux exit at the bottom. The blue arrow in
the figure represents the acid inlet, while the red arrow represents the acid discharge port.
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During the continuous pickling operation, the acid is sprayed into the acid tank at an
angle through the acid spray beams at the tank’s outlet and input. The injection port on the
lower side ejects acid parallel to the lower surface of the strip, whereas the acid spray beam
at the entrance ejects acid to the upper surface of the strip in the direction of the strip’s
movement. The acid spray beam at the exit, on the other hand, ejects acid onto the upper
surface of the steel plate in the opposite direction of the strip.

2.3. Finite Element Meshing

At each end of the turbulent pickling tank, a jet beam propels the pickling solution
onto the moving strip surface at a specific jet angle and pressure as the strip enters the
tank at a predetermined speed. The discharge apertures located on both sides of the tank’s
midsection facilitate the flow of acid back to the acid circulation tank before entering the
acid regeneration system. In the DesignModerler software (Ansys 2019, ANSYS, Inc.,
Canonsburg, PA, USA), the 3D model is categorized into various components, namely the
inlet, outlet, wall, and flow-solid coupling surface. The mesh is meticulously divided, as
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depicted in Figure 8, with further subdivisions at the inlet, outlet, and flow-solid coupling
surface, as showcased in Figure 9.
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3. Results

By specifying the acid injection speed and strip running speed as variables, respec-
tively, the following turbulence and heat transfer results are obtained using the aforemen-
tioned finite element model.

3.1. Flow Field and Heat Transfer Simulation Results at Different Injection Velocities

Utilizing the developed acid bath model described earlier and keeping all other
parameters constant, a fluent finite element simulation was carried out by employing the
fundamental parameters listed in Table 1. The simulations encompassed various acid
incidence velocities, namely 1.2 m/s, 1.4 m/s, 1.6 m/s, and 1.8 m/s.

Simulate the temperature field distribution of acid solution and strip steel at different
incident velocities. Figure 10 shows the overall temperature field of the acid solution at
an incident velocity of 1.4 m/s, indicating that the temperature of the acid solution at the
outlet is higher than that at the inlet. Figure 11 shows the surface temperature field of
the strip steel at an incident velocity of 1.4 m/s. Figure 12 shows the temperature field
distribution of the longitudinal center section of the pickling tank, with the temperature of
the strip steel section shown in the red oval box.

Figure 13 shows the temperature distribution on the longitudinal surface of strip steel
in steady state under different incident velocities. It can be seen that the temperature on
the surface of strip steel increases with the increase in jet velocity, and the temperature
distribution along the longitudinal direction of strip steel is more uniform. The increase
in injection speed results in a stronger turbulent effect of the acid solution in the acid
tank. Figure 14 shows the calculated distribution of the convective heat transfer coefficient
between the surface of the strip steel and the acid solution.
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The simulation employs a finite element approach to investigate the impact of incident
velocity v and incident acid flow rate Q on the average turbulent intensity I and average
turbulent energy k in the near-wall region of the strip surface. The boundary conditions
remain consistent throughout the analysis.

Table 2 presents the statistical data for turbulence characterization parameters at
different incidence flow rates. I1 and k1 in the table represent the average turbulence
intensity and average turbulence kinetic energy in the impact zone, respectively. I2 and
k2 are the average turbulence intensity and average turbulent kinetic energy in the fully
developed region, respectively.

Table 2. Statistics of turbulence characterization quantities at different incident flow rates.

Parameters 1st Group 2nd Group 3rd Group 4th Group

Incident velocity v (m/s) 1.2 1.4 1.6 1.8
Acid flow Q (m3/h) 50.22 58.58 66.95 75.32

Inlet Reynolds number Re 25,000 30,000 35,000 40,000
Surface average turbulence intensity I1 (%) 22.5 25.3 30.1 33.4

Surface averaged turbulent kinetic energy k1 (m2/s2) 0.085 0.110 0.173 0.257
Surface average turbulence intensity I2 (%) 8.4 8.4 8.5 8.7

Surface-averaged turbulent kinetic energy k2 (m2/s2) 0.017 0.018 0.019 0.018

In order to obtain data on heat transfer characterization parameters at different incident
flow rates, a comprehensive finite element simulation analysis was conducted to investigate
the heat transfer between the acid and the strip. This analysis was performed following
the modeling of the flow field conditions. The results of this analysis, including the heat
transfer characterization quantities, are presented in Table 3 below.

Table 3. Statistics of heat transfer characterization quantities at different incident flow rates.

Parameters 1st Group 2nd Group 3rd Group 4th Group

Incident velocity v (m/s) 1.2 1.4 1.6 1.8
Convective heat transfer coefficient λ1 (W/m2·K) 368 443 545 582

Average temperature of strip surface T1 (K) 318.95 320.55 323.45 325.35
Convective heat transfer coefficient λ2 (W/m2·K) 534 597 684 728

Average temperature of strip surface T2 (K) 327.75 330.95 332.35 334.55

Among them, λ1 is the average convective heat transfer coefficient near the wall of the
strip inlet area. λ2 is the average convective heat transfer coefficient near the wall of the
strip exit area; T1 is the average temperature near the wall of the strip entrance area; T2 is
the average temperature near the wall of the strip exit area.
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3.2. Flow Field and Heat Transfer Simulation Results at Different Strip Speeds

Subsequently, the simulation was conducted to analyze the variations in the acid
flow field and heat transfer within the pickling tank as the strip speed was modified.
The obtained data from the Fluent finite element simulation was processed using Origin
software (Origin 2021, OriginLab Corporation, Northampton, MA, USA). While keeping
the fundamental parameters listed in Table 1 constant, the strip velocity R was adjusted to
60 m/s, 90 m/s, 120 m/s, and 150 m/s.

Simulate the temperature fields of the acid solution and strip steel at different strip
speeds. Figure 15 shows the overall temperature field of the acid solution at a strip steel
speed of 120 m/min. It can be seen that the temperature of the acid solution at the outlet is
higher than that at the inlet. Figure 16 shows the surface temperature field of the strip steel
at a speed of 120 m/min.
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Figure 17 shows the trace of the acid flow field at a strip steel speed of 120 m/min,
indicating symmetry in the fluid trace. This is due to the symmetrical distribution of eight
acid inlets on the side of the pickling tank.
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Figure 18 shows the curve of strip surface temperature at different strip speeds. It can
be seen that the strip surface temperature increases with the increase in strip speed, and
the temperature distribution is more uniform, which also shows that the increase in strip
speed makes the acid in the acid tank have a stronger turbulence effect. Finally, the flow
field parameters at different strip speeds were calculated as shown in Table 4.

Metals 2023, 13, x FOR PEER REVIEW  12  of  17 
 

 

 

Figure 18. Surface temperature curve of strip steel at different strip speeds. 

Table 4. Statistical table of flow field parameters at different strip speeds. 

Parameters  1st Group  2nd Group  3rd Group  4th Group 

Strip speed R(m/min)  60  90  120  150 

Surface average turbulence intensity  1I   (%)  25.7  30.4  31.5  34.6 

Surface-averaged turbulent kinetic energy  1k   (m2/s2)  0.106  0.135  0.152  0.175 

Surface average turbulence intensity  2I   (%)  8.4  9.6  11.5  14.6 

Surface-averaged turbulent kinetic energy  2k   (m2/s2)  0.013  0.016  0.020  0.028 

Convection heat transfer coefficient  1   (W/m2·K)  4.38  4.40  4.48  4.49 

Average strip surface temperature  1T   (℃)  48.5  49.3  50.1  50.5 

Convection heat transfer coefficient  2   (W/m2·K)  5.49  5.64  5.70  5.74 

Average strip surface temperature  2T   (℃)  57.4  58.9  61.5  63.3 

4. Discussion 

From the above simulation results, the following conclusions can be drawn: 

4.1. Effect of Injection Velocity on Flow Field and Heat Transfer 

The release of the jet from the nozzle at a specific velocity creates an intermittent sur-

face due to a velocity discontinuity. This surface, being inherently unstable, leads to fluc-

tuations and the formation of vortices, thereby causing turbulence in the system. 

Based on the calculations presented in Table 2, it is observed that the injection velocity 

at the injection port accounts for 4.5% of the turbulence intensity. The injection of acid into 

the tank generates impact momentum and pressure at the stagnation point, which in turn 

affects a larger surface area of the strip. With an increase in the acid injection flow rate 

from 41.85 m3/h to 75.32 m3/h, the intensity of surface turbulence in the impact region rises 

from 19.7% to 34.4%. This 14.7% increase, along with a more significant shift in turbulent 

kinetic energy, indicates a higher degree of turbulence in the flow field. Additionally, the 

fully developed region in the middle of the tank experiences an increasing incidence of 

port-induced turbulence. It is worth noting that the turbulent intensity of the flow is pri-

marily influenced by the flow rates of the injection ports on both sides of the acid tank and 

the lower side of the strip, rather than the Reynolds number associated with the incidence 

velocity. 

Figure 18. Surface temperature curve of strip steel at different strip speeds.

Table 4. Statistical table of flow field parameters at different strip speeds.

Parameters 1st Group 2nd Group 3rd Group 4th Group

Strip speed R(m/min) 60 90 120 150
Surface average turbulence intensity I1 (%) 25.7 30.4 31.5 34.6

Surface-averaged turbulent kinetic energy k1 (m2/s2) 0.106 0.135 0.152 0.175
Surface average turbulence intensity I2 (%) 8.4 9.6 11.5 14.6

Surface-averaged turbulent kinetic energy k2 (m2/s2) 0.013 0.016 0.020 0.028
Convection heat transfer coefficient λ1 (W/m2·K) 4.38 4.40 4.48 4.49

Average strip surface temperature T1 (°C) 48.5 49.3 50.1 50.5
Convection heat transfer coefficient λ2 (W/m2·K) 5.49 5.64 5.70 5.74

Average strip surface temperature T2 (°C) 57.4 58.9 61.5 63.3

4. Discussion

From the above simulation results, the following conclusions can be drawn:

4.1. Effect of Injection Velocity on Flow Field and Heat Transfer

The release of the jet from the nozzle at a specific velocity creates an intermittent
surface due to a velocity discontinuity. This surface, being inherently unstable, leads to
fluctuations and the formation of vortices, thereby causing turbulence in the system.

Based on the calculations presented in Table 2, it is observed that the injection velocity
at the injection port accounts for 4.5% of the turbulence intensity. The injection of acid into
the tank generates impact momentum and pressure at the stagnation point, which in turn
affects a larger surface area of the strip. With an increase in the acid injection flow rate from
41.85 m3/h to 75.32 m3/h, the intensity of surface turbulence in the impact region rises
from 19.7% to 34.4%. This 14.7% increase, along with a more significant shift in turbulent
kinetic energy, indicates a higher degree of turbulence in the flow field. Additionally,
the fully developed region in the middle of the tank experiences an increasing incidence
of port-induced turbulence. It is worth noting that the turbulent intensity of the flow
is primarily influenced by the flow rates of the injection ports on both sides of the acid
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tank and the lower side of the strip, rather than the Reynolds number associated with the
incidence velocity.

The study reveals that the turbulence intensity at the inlet and outlet sections of the
acid tank’s strip surface is significantly influenced by the incident velocity of the acid
jet. The jet boundary gradually expands to both sides upon entering the tank, and the
impact velocity on the strip surface is also substantial. The stagnation point on the surface
experiences high turbulence intensity and has the weakest velocity, heat, and mass transfer
boundary layers. Subsequently, the fluid on the strip’s surface undergoes a transition to
wall flow, the velocity direction changes, and the turbulence intensity gradually decreases.

The large number of nozzles at the exit leads to a higher volume flow rate per unit time
and increased momentum generation when the incident velocity is constant. This results
in higher impact kinetic energy, causing a significant rise in both turbulence intensity
and temperature. Hence, the strip surface experiences high turbulence intensity and
temperature at the exit of the acid tank. Consequently, a considerable amount of turbulence
is generated. At a specific incident velocity inside the acid tank, the temperature increase
fluctuates slightly, but the turbulence intensity distribution on the upper surface of the
strip remains nearly constant. As a result, the incident jet has a more significant impact on
turbulence intensity and temperature rise at the strip inlet and outlet than those inside the
acid tank at high incident velocities.

Based on the calculations presented in Table 3, it can be observed that the flow rate
of the acid injection is higher at the spray beam injection port, where the strip exits more
frequently. Due to the strip’s rapid movement in the opposite direction of injection at the
exit, a shear flow is created, which facilitates convective heat transfer between the strip and
the acid. As a result, the strip’s temperature rises more quickly, with the exit temperature
being approximately 8–10 K higher than the inlet temperature. Increasing the inlet speed
and flow rate of the acid jet can effectively improve the heat transfer between the strip steel
and the acid. This can raise the temperature of the strip steel close to the acid temperature,
promoting the chemical reaction of pickling and improving the quality of pickling.

The momentum of the acid reaching the strip’s surface increases considerably with an
increase in injection speed and flow rate, leading to a decrease in the temperature boundary
layer thickness in the impact area and lowering the temperature gradient on the impact
surface, thereby significantly increasing the temperature rise. When the acid flow rate Q
is increased from 41.85 m3/h to 75.32 m3/h, the inlet heat transfer temperature improves
from 290.75 K to 298.35 K, and the exit heat transfer temperature increases from 298.25 K to
307.55 K. Increasing the injection speed can increase the temperature rise value under the
same conditions. However, the injection speed is limited by the inlet pressure. Increasing
the inlet flow rate is recommended to ensure higher heat and mass transfer.

4.2. Effect of Strip Movement Speed on Flow Field and Heat Transfer

The acid jet undergoes a transformation into a wall jet upon reaching the surface of the
sliding steel plate, inducing a vortex near the wall. The flow field traces illustrate that larger
vortices grow as they extend into the fully developed area, eventually breaking down into
smaller, more complex vortices as the strip moves.

According to the findings presented in Table 4, as the speed of the strip motion is
increased from 30 m/min to 150 m/min at a constant injection speed, the turbulence
intensity value on the surface of the strip in the middle of the acid tank (i.e., the fully
developed zone) doubles, and the turbulent kinetic energy nearly quadruples. Therefore,
the strip’s movement speed significantly impacts the turbulence effect on the strip surface
in the midst of the acid bath. When the strip is stationary or moving slowly, the flow
boundary at the near-wall layer exiting the stagnation point zone is thicker. As the strip
velocity increases, the turbulence intensity steadily increases, the flow boundary layer
thickness starts to reduce, and the measured velocity fluctuations at the near-wall surface
become more prominent.
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The increased motion velocity of the strip induces shear stress on the viscous bottom
layer of the fluid in the near-wall region, resulting in a thinner flow boundary layer.
The combined effects of the acid jet, strip motion, and acid tank bottom torus generate
a pronounced deformation vortex at the inlet and outlet of the acid tank. This vortex
intensifies the turbulent intensity and turbulent kinetic energy of the near-wall layer at
the stagnation point, thereby enhancing the heat transfer efficiency between the acid and
the strip. Moreover, the strip’s velocity in the fully developed region inside the acid tank
influences the turbulence characteristics of the near-wall layer. Consequently, higher strip
velocities in the turbulent pickling tank can visibly augment the intensity of the turbulent
flow on the strip surface.

The movement of the strip introduces a significant shear stress on its surface, leading
to notable changes in the distribution of the boundary layer on the steel plate. The strip
speed plays a crucial role in determining the characteristics of the boundary layer. Higher
strip speeds result in thicker and more uniform boundary layers, along with increased
convective heat transfer coefficients. However, when the strip moves towards the exit, the
velocity and temperature boundary layers in the impact region thicken with increasing strip
speed, which leads to a decrease in the heat transfer rate in that area. Nevertheless, higher
strip speeds also correspond to increased convective heat transfer coefficients between
the acid and the strip in the near-wall layer. Consequently, increasing the strip speed can
enhance the overall heat transfer rate and promote more uniform heating across the surface.

While a high strip movement speed is beneficial for the turbulent pickling process, it
is also crucial to provide sufficient time for the strip to move through the pickling tank to
ensure the desired pickling quality, i.e., a complete chemical reaction on the strip surface.
However, the length of the pickling tank imposes a constraint on the strip movement speed.

5. Application of Research Results

To verify the correctness of the above research results, they were applied to on-site
production. Using the 1420 pickling line of a certain steel plant as the experimental platform,
on-site experiments were conducted on B510L steel grades that are prone to color difference
defects. The basic parameters of the pickling tank are shown in Table 1, and the content
of each element and hot rolling parameters are shown in Table 5. The pickling process
parameters are shown in Table 6.

Table 5. Content of various elements in B510L strip steel.

Parameters C Content Si Content Mn Content Coiling Temperature

Parameters value 0.005 % 0.4% 1.85% 500 ◦C

Table 6. Acid cleaning process parameters used in the experiment.

Parameters Acid Injection Speed
of Above Side (m/s)

Acid Injection Speed
of Below Side (m/s) Strip Speed (m/min)

Parameters value 1.6 1.6 115

Due to the increase in turbulence, the strip steel can be pickled at a faster speed,
increasing the pickling speed from 86 m/min to 115 m/min, greatly improving the pickling
efficiency. While improving the pickling efficiency, it is also necessary to ensure the surface
quality of the strip steel. The experiment found that the surface quality of the strip steel
after pickling is good, as shown in Figure 19.
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Figure 19. Surface quality of B510L strip steel after the experiment.

After on-site testing, the surface morphology of strip steel samples with and without
color difference defects was observed using scanning electron microscopy, as shown in
Figure 20. Figure 20a shows the morphology of the color difference area of the strip
steel before the experiment, with a rough and fragmented surface and an obvious oxide
layer. Figure 20b shows the morphology of the color-free area of the strip steel after the
experiment, with a relatively smooth and flat surface and no obvious oxide layer. This
indicates that the surface quality of the strip steel has improved after the experiment.
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Figure 20. Microscopic morphology and characterization of the surface of the strip steel before and
after the experiment. (a) Color difference position surface topography map of the strip steel before the
experiment; (b) Surface topography map of non-chromatic aberration strip steel after the experiment.

At the same time, the situation of color difference defects on the surface of the strip
steel after applying the research results to the site was statistically analyzed. As shown
in Table 7 below, the incidence of severe color difference defects in B510L strip steel for 1
month before and after the test was statistically analyzed. The occurrence rate of severe
color difference defects shown in Figure 1 decreased by 13.4%.

Table 7. Statistics on the incidence of severe color difference defects in B510L strip steel before and
after the experiment.

Parameters Before the
Experiment

After the
Experiment

Reduction Value of Color
Difference Defect
Occurrence Rate

Color difference defect
occurrence rate (%) 15.7 2.3 13.4
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From the above data, it can be seen that after increasing the acid spray speed and strip
steel speed, the surface quality of the strip steel after pickling still improved. Therefore,
this study can improve the production efficiency of the unit while ensuring the quality of
pickling. It is of great help to improve the on-site economic benefits.

6. Conclusions

This study focuses on the development of an acid turbulent flow model for strip
pickling and utilizes this model to simulate acid turbulent flow under different acid injection
and strip movement speeds. The key findings of the study are as follows:

(1) The turbulence intensity is influenced by the flow rate of the injection ports on the
acid tank’s sides and the lower side of the strip. It is not significantly affected by
increasing the incidence velocity. However, at high incidence velocities, the jet has
a considerable impact on turbulence severity and temperature rise at the strip’s exit
and entrance, while its impact inside the acid tank is relatively minor;

(2) Enhancing the heat exchange between the acid and the strip can be achieved by
increasing the incidence speed and the flow rate of the acid jet. This approach
encourages the strip’s temperature to rise closer to the acid’s temperature, leading to
accelerated chemical pickling reactions and improved pickling quality;

(3) The velocity of the strip’s movement plays a crucial role in determining the turbulence
formed on its surface within the acid bath. By increasing the strip’s motion speed, the
rate of surface heat transfer can be enhanced, resulting in more uniform heating.

These findings highlight the importance of optimizing the incidence speed, flow rate of
the acid jet, and strip movement velocity to achieve efficient and high-quality strip pickling.
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