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Abstract: Based on unsteady airflow excitation and elastic thin strip vibration theory, a SI-FLAT
flatness meter was taken as the research object, and an amplitude-residual stress simulation analysis
model of the cold rolling strip under aerodynamic loads was established by using ANSYS Workbench.
First, the influences of fluid-structure interaction on the strip amplitude distribution and the flatness
calculation deviation were analyzed. It was found that the analysis with fluid—structure interaction
matched the actual measurement of the flatness meter better. Then, the influences of different
aerodynamic loads and tensions on the strip midpoint amplitude and the flatness calculation
deviation were analyzed. It was found that when alternating aerodynamic loads increased, the strip
amplitude increased in the form of a quadratic polynomial. However, when the tensions decreased,
the strip amplitude decreased exponentially. The strip dimensions also influenced the amplitude
of vibration: The wider and thinner the strip, the larger the amplitude. Finally, the influences of
different flatness defects on the strip amplitude distribution and the flatness calculation deviation
were analyzed. The deviation was serious on the strip edge, and the fluctuation characteristics of the
deviation were opposite to those of the initial flatness defects.

Keywords: strip; flatness; vibration amplitude; fluid-structure interaction; finite element method

1. Introduction

Strip flatness, which is the core of flatness control in cold rolling, is one of the most important
quality indexes of the cold rolling strip. Flatness control concretely includes flatness real-time
measuring, flatness defect distinguishing, and flatness control parameter adjustment [1]. Flatness
real-time measuring, which is the first important part of flatness control in cold rolling, is the core
foundation in guaranteeing the flatness quality of the cold rolling strip. The large tension in cold
rolling generally avoids the appearance of visible waves in the strip. Thus, flatness is usually detected
by measuring the difference in tensile stress along the strip width. The contact flatness measuring
roll is widely applied, but its measuring accuracy is influenced and its sensors are damaged when
working in a bad environment, especially because of the intrusion of water, oil, and other media.
Moreover, the flatness measuring roll is expensive, and the maintenance and regrinding of the roll face
are difficult. Thus, these shortcomings have made the noncontact flatness meter a research hotspot in
recent years [2]. Based on the principle of airflow excitation-eddy current amplitude measurement, the
SI-FLAT noncontact flatness meter was successfully developed by Siemens in 1998. By imposing the
excitation airflow of pulsation over time on the strip through the air pump and air conditioner, the strip
is subjected to forced vibration. Then, the forced vibration amplitude is measured by the eddy current
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sensors. Finally, the strip flatness is calculated by the transformation model of the amplitude and
flatness. At present, the SI-FLAT flatness meter has already become the most successful one [3,4]. As for
the SI-FLAT flatness meter, the measurement of the strip amplitude distribution and the accuracy of the
transformation model directly affect the measuring results. Yang et al. [5] simplified the strip vibration
into a Euler beam vibration based on an analysis of the flatness meter calculation model. Then, a strip
vibration model was established by ANSYS, and the flatness calculation deviations under different
factors were analyzed. Li et al. [6] revealed the measurement principle of a SI-FLAT noncontact flatness
meter essentially from the mechanics, and an amplitude-residual stress mathematical model of a thin
plate was established. Previous studies were analyzed comprehensively, and almost all of the studies
were aimed at steady airflow. However, there was almost no research on fluid-structure interaction
vibrations in the thin plates with residual stress under alternating aerodynamic loads.

However, not only the strip amplitude is affected by unsteady airflow and other factors in the field,
but also the airflow and the strip are fluid-structure coupled by each other. Thus, the actual amplitude
and its distribution are complex. On the one hand, if the influences of various factors on the strip
amplitude are unclear, it is easy to make the amplitude exceed the optimal measurement range of the
sensors, which affects the accuracy of the measurement results. On the other hand, if the influences of
load, tension, and flatness defects on the amplitude distribution are unclear, the flatness transformation
model and the target curve cannot be corrected scientifically, and the flatness measurement deviations
surely occur. Therefore, it is necessary to accurately grasp the amplitude distribution characteristics of
the elastic thin plate excited by unsteady airflow, and the flatness characteristics under this amplitude
can be further calculated, which would be a basis for the deviation compensation of the flatness
meter. Hu et al. [7] used ANSYS software to simulate the free vibration of the elastic plate in the flow
field and the eddy current vibration of the posterior plate in the square cylinder based on a tight
coupling numerical method. At the same time, the influences of different fluid and solid parameters
on the plate coupling motion were analyzed. Lu et al. [8] used the bidirectional coupling method of
ANSYS and CFX to analyze the influence of different stream speeds and attack angles on the plate
vibration, and the pressures in the pressure surface and the suction surface with or without coupling
were compared. Meanwhile, changes in the flow field around the plate were analyzed. These studies
provided references for the coupling between the strip and the airflow in this paper. Based on the
theory of unsteady airflow and the elastic thin plate, in order to obtain a more accurate strip amplitude
distribution of an elastic thin plate excited by unsteady airflow and to further calculate or correct
flatness measurement deviations, a finite element simulation model of residual stress—amplitude of
the cold rolling strip under aerodynamic loads was established to analyze the influences of different
parameters on the strip midpoint amplitude, the amplitude distribution, and the flatness measurement
deviation. In this paper, not only is the fluid-structure interaction vibration mechanism of the elastic
thin strip further revealed, but more importantly, the study can help staff understand and correct the
target curve in the field so as to provide a theoretical basis for the effective and accurate noncontact
detection of internal stress in the thin strip.

2. Simulation Model and Condition Design

2.1. The Establishment of the Simulation Model

Figure 1 shows a schematic diagram of the SI-FLAT flatness meter measurement platform in a
certain 2180 mm tandem cold rolling production line. The middle part of the platform is an airflow
channel, and the lower part is connected with an air pump and an air conditioner by pipelines.
The eddy current ranging sensor is used for measuring the thin strip amplitude: Its best detection
distance range is from 0.1 to 0.2 mm, the rated flow of the fan is 125 m3/min, the detection length of the
flatness meter is 1000 mm, and the maximum strip width is 2100 mm.
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Figure 1. A schematic diagram of the SI-FLAT flatness meter measurement platform.

A related study [9] showed that the strip speed had little effect on the natural frequency of the
thin plate, so the influence of speed was not considered in this paper, and the simulation model was
simplified as follows:

e  The strip constraints were simplified into two sides with support and two sides without support;

e  The strip and the measurement platform were set as solid wall boundary conditions;

e  The exit pressure of the fluid domain was set as atmospheric pressure;

e  The airflow channel was simplified into a rectangle, which had the same area as the total stomata
and the same length as the airflow channel, and the width of the rectangle was calculated as
15.73 mm based on the actual dimensions.

Figure 2 shows a schematic diagram of the strip dynamic model, in which L is the detection length;
b is the strip width; T is the tension applied in the strip rolling direction; and P is the airflow excitation
load, which is imposed on the fluid-structure interaction interface through the airflow channel.
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Figure 2. A schematic diagram of the strip dynamic model.

According to the data in Figures 1 and 2, a simulation geometric model was established by UG
(Unigraphics NX 12.0, Siemens PLM Software, Plano, TX, USA). A front view, bottom view, and
three-dimensional view of the model are respectively shown in Figure 3a—c, in which 4 is the strip
thickness and c is the distance between the lower surface of the strip and the detection platform.
The strip was a single metal material with the elastic modulus E of 210 GPa. The Poisson ratio p was
0.3, and the density p was 7850 kg/m3. In the grid generation of the strip, when the grid size was larger
than 0.03 mm, there were big deviations in the calculation results of the amplitude, and the model
exhibited a poor convergence. When the grid size was 0.01 or 0.02 mm, the difference between the two
amplitude calculation results could be neglected, and furthermore, the calculation time of 0.02 mm was
much shorter than that of 0.01 mm. Thus, after comprehensive consideration, the strip was meshed in
hexahedral grids with a size of 0.02 mm. Moreover, the strip constraints were simplified into two sides
with support and two sides without support. The tension was imposed on the simply supported side,
and the flatness stress was imposed on each node of the strip.

The fluid module used the ideal air module in CFX (ANSYS CFX, ANSYS Inc., Canonsburg,
PA, USA). The alternating aerodynamic load was imposed on the inlet of fluid, and the atmospheric
pressure in the outlet of the fluid was set as the standard atmospheric pressure. Moreover, the grid size
of the fluid in the contact area above and under the strip was the same as that of the strip. This was
mainly because in the case of dynamic mesh technology, the larger the deviation between the grid size
of the fluid above and under the strip and that of the strip, the worse the convergence. In addition,
the grid size of the other fluid had little effect on the convergence of the model, so automatic grid
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generation in the ANSYS Workbench (ANSYS Workbench 17.0, ANSYS Inc., Canonsburg, PA, USA)
was used, considering the time cost.

Obviously, the fluid—-structure interaction was generated by the interaction of the fluid and the
solid, and its analysis included an unsteady calculation of flow field and a transient dynamic calculation
of structure. In this paper, the characteristics of fluid-structure interaction in the thin strip under
different streams (i.e., alternating aerodynamic loads) were simulated in a large space. The strip
vibration calculation used the transient dynamics method in ANSYS, the control equation used the
unsteady Reynolds average Navier—Stokes equation, the space used a second-order upwind scheme,
the time used the second-order Euler backward-difference scheme, the coupling calculation used
dynamic mesh technology, and the turbulence model selected a k-¢ model [10,11].

The same physical time step was used in the transient dynamic calculation of structure as well
as the unsteady calculation of flow field. According to the frequency of aerodynamic load during
the analysis, each pulsation period was 0.1-0.2 s, and the calculation time was set to 0.8 s. Thus,
the time step was set to 0.01 s, and this time step could guarantee calculation accuracy and efficiency
at the same time. In each physical time step, a sequential solution was adopted: That is, at first the
three-dimensional transient flow field was solved, and then the transient dynamic characteristics of
structure were analyzed.

By setting a consistent fluid—structure interaction interface and reasonably simplifying the
boundary conditions, the model was stably convergent and the calculation time of each simulation
condition was about 50 min.
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Figure 3. Flow field model diagram: (a) front view; (b) bottom view; (c) three-dimensional view.

2.2. The Design of the Simulation Conditions

The factors that affect strip amplitude distribution include the strip thickness, strip width,
aerodynamic load, tension, flatness defects, etc. The specific width and thickness were chosen
according to the actual production to analyze the influences of other factors, and the main influencing
factors are shown in Table 1, in which the aerodynamic load P is pulsating load, and 4 and w are
pulsating load variable parameters.
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Table 1. Conditions under different combinations of factors.

Influencing Factors Values
Width b mm 1200, 1600, 2000
Thickness h mm 0.6,0.8,1
Aerodynamic load P m/s a+asin(wt)
Tension T MPa 30, 50, 70

no wave, the center wave, the double-edge wave,

Flat f )
atness forms the edge-center composite wave, the quarter wave

Typical cold rolling flatness generally includes no wave, the center wave, the double-edge wave,
the edge-center composite wave, and the quarter wave [12]. In the actual production, through
observation of a large number of the whole coils of strips, it could be found that a coil of strip had
a certain flatness change in its full length, but with a short length, it could be considered that the
flatness of the strip did not change. Based on a measurement of the SI-FLAT flatness meter in this
paper, the measured strip length was 1 m, and this could be treated as the strip flatness approximately
not changing.

According to the Saint-Venant principle, the method of applying uneven tensions in the strip
length direction cannot truly express the flatness with uneven distributions of the internal tensile stress.
Therefore, an uneven temperature was imposed on the strip in this paper, and the desired flatness
internal tensile stress was obtained through a thermodynamic analysis of the finite element software.
Table 2 shows the expressions of applied uneven temperature [13], where x is the normalized strip
width, x € [-1,1], and y is the temperature at x. By setting k; = —24, k, = 10.8, a comprehensive flatness
of 4.5 1 could be obtained.

Table 2. Expressions of uneven temperature.

Flatness Defects Expressions
The center wave y= k (3x% - 1)
The double-edge wave y= —72 (3x%-1)
The edge-center composite wave  y = _k (35x* — 30x% + 3)
kq

The quarter wave (35x* —30x% + 3)

yzg

The deviation, which is the difference between the flatness set by the finite element model and the
flatness calculated from the amplitude calculation results by the finite element model, is defined as the
flatness calculation deviation, and the calculation steps are shown as follows:

(1) An uneven temperature was imposed on the strip, and the internal tensile stress of the strip
was calculated by the thermal stress module in ANSYS. Then, the setting flatness using the tensile
stress difference method was )

. 1-u N =
pii) = ——t~(0(0) - 3), )
where p; (i) is the setting flatness using the tensile stress difference method, o (i) is the stress value of
the ith measurement area in the strip, ¢ is the strip average tensile stress, E is the strip elastic modulus,

and p is the strip Poisson ratio;
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(2) The strip amplitude was calculated by the fluid—structure interaction finite element model
simulation, and the calculation flatness was obtained by the flatness calculation model of the SI-FLAT

flatness meter, .
1 (1
A() \A

3

where p; (i) is the calculation flatness of the simulation results, A(7) is the forced vibration amplitude

pa(i) = % X , )

. . 1. . . .
in the ith measurement area of the strip, and (Z) is the average value of amplitude reciprocals in each

measurement area of the strip;
(3) The setting flatness using the tensile stress difference method was subtracted from the
calculation flatness of the simulation results, and the flatness calculation deviation 6 could be obtained:

& = pa(i) = pr()- ®G)
3. Numerical Simulation Results and Analysis

3.1. The Influences of Fluid—Structure Interaction on Strip Amplitude Distribution and Flatness
Calculation Deviation

On the one hand, the flatness deviation of the strip was analyzed while ignoring the interaction
between the fibrous bundles, and the airflow excitation force was simplified into being the force that
directly acted on the strip (called without interaction) [5]. On the other hand, based on the actual
situation, the strip and the airflow excitation were in a bidirectional fluid-structure interaction through
CFX (called with interaction).

Figure 4 shows the strip amplitude distribution with or without interaction when the strip
thickness was 0.8 mm, the width was 1600 mm, the tension was 30 MPa, the injection speed was
1+ sin(187t) m/s, and the strip had no flatness defects. It can be seen that the amplitude distributions
were obviously different under the two conditions. The two amplitude distributions were both less
changed, and the amplitudes were relatively close within 350 mm from the strip midpoint. The closer
they were to the edge, the larger the amplitude distribution change and the larger the difference in
the two amplitudes. Moreover, the amplitude distribution forms changed oppositely, and the two
amplitudes had the biggest difference within 200 mm from the edge.

0.08

0.07
0.06 —=— without interaction

0.05 —&— with interaction
0.04
0.03
0.02
0.01

Strip amplitude/mm

1 1 1 1 1 1 1

0.00
-800 -600 -400 -200 0 200 400 600 800

Distance from the midpoint of the strip/mm

Figure 4. Strip amplitude distribution with or without fluid—structure interaction.

Putting the strip amplitude from Figure 4 into Equation (2), the strip calculation flatness under the
SI-FLAT flatness calculation model could be calculated. As shown in Figure 5, it can be seen that the
two strips without initial flatness defects both exhibited uneven flatness, indicating that the calculation
results of Equation (2) were biased. At the same time, the flatness forms with or without interactions
were obviously different, especially in the case of bidirectional interaction between the strip and the
airflow: The strip flatness in the middle was small and uniform, while the flatness on the edge had
the biggest difference, exceeding 20 I. On the one hand, the simulation results show the importance
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of considering the bidirectional fluid-structure interaction: It could be found that the strip flatness
distribution with interaction was similar and antisymmetric to the real flatness target curve used in
the field (as shown in Figure 6). Thus, the results with interaction were more suitable to the actual
situation. The following analyses and calculations only consider interactions. On the other hand,
the 20 I did not match the real flatness target curve, which also shows that the flatness calculation
deviation must be considered. Therefore, the flatness calculation deviations under different conditions

were subsequently analyzed, which provided a theoretical basis for correcting the measurement results
of the flatness meter.

30

20 —=— without interaction

—— with interaction

10

0

Strip flatness/I

-10

-20 1 1 1 1 1 1 1
-800 -600 -400 -200 0 200 400 600 800

Distance from the midpoint of the strip/mm

Figure 5. Strip flatness distribution with or without fluid—structure interaction.
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Figure 6. Strip flatness target curve.

Figure 7 shows the pressure cloud picture above and under the strip at a certain time with
interaction. It can be clearly seen that the middle position under the strip was the contact area between
the airflow and the strip, and the pressure in the contact area showed a uniform distribution in the
middle and a gradual decrease on the edge. At the same time, the pressure above the strip was negative
in partial middle areas as well as in small areas on the edge, while the pressure in other areas was
positive. However, all of the values were very small. The basic reason for the strip vibration was
that the pressure difference was different above and under the strip, and which made the amplitude
distribute uniformly in the middle and decrease rapidly on the edge was that: In the measurement
position, the pressure difference was uniformly distributed along the upper and lower sides of the
middle strip, while it decreased along the upper and lower sides of the edge. The edge pressure was
especially significantly different from the middle pressure.

3.094e+001
2.651e+001
2.209e+001
1.767e+001
1.324e+001
8.821e+000
4.398e+000
-2.534e-002
-4.448e+000
-8.871e+000

-1.329e+001
[Pa]

(a)

Figure 7. Cont.
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(b)
Figure 7. Strip pressure distribution above and under the strip. (a) Above the strip; (b) under the strip.

3.2. The Influences of Different Aerodynamic Loads on Strip Midpoint Amplitude and Flatness
Calculation Deviation

In actual situations in the field, in order to make the strip amplitude within the optimal
measurement range of the sensor, the most commonly used and most important method for adjusting
the strip amplitude is to change the speed of the air inlet of the SI-FLAT flatness meter. Thus, first,
the influence of different aerodynamic loads on the strip midpoint amplitudes was simulated, which
provided a reference for setting the excitation force in the field.

The rated flow of the fan in the SI-FLAT flatness meter was 125 m3/min, and the conversion
between the fluid flow and the flow speed is shown in Equation (4):

Q=uvXxA, 4

where Q is the fluid flow,v is the flow speed, and A is the sectional area of the airflow channel.

The rated flow speed of the fan was calculated at 64m/s based on Equation (4), and the actual flow
speed was far less than the rated flow speed according to the field data. In the fan speed range that
was actually used in field, the midpoint amplitude changes of different thicknesses under different
alternating aerodynamic loads (namely the different maximum speeds of the air let) were separately
calculated when the width was 2000 mm and the other parameters were unchanged, as shown in
Figure 8a. At the same time, the midpoint amplitude changes of different widths under different
maximum speeds of the air let were also separately calculated when the thickness was 1 mm and the
other parameters were unchanged, as shown in Figure 8b.

0.5 0.16
g —=—0.6mm € 014 —=—1200mm
& g T
< 04+ —+—0.8mm T 012 ——1600mm
g ot
3 —+—1.0mm 2 010 —+—2000mm
Eo03L Z 010}
£ £ 008}
] L ]
= 0.2 dé 0.06 |
S) 9 0.04 -
0.1+ =
3 'EE 0.02 |
= 00 ; : . : 0.00 ! ' : '
1 2 &) 4 & 6 1 2 3 4 5 6
The maximum speed of the air inlet/(m/s) The maximum speed of the air inlet/(m/s)
(a) (b)

Figure 8. The midpoint amplitude changes of different strips with maximum speeds of the air inlet. (a)
Different thicknesses; (b) different widths.

Figure 8 shows that, under the same conditions, the thicker the strip, the smaller the amplitude, and
the wider the strip, the bigger the amplitude. The reason was that with the strip thickness increasing,
the moment of inertia increased and the deflection decreased. With the strip width increasing, the effect
between the vertical fibrous bundles decreased and the amplitude increased. Therefore, the size of the
alternating aerodynamic load (i.e., changes in the speed of the air let) had a significant influence on the
amplitude, so this was an effective amplitude adjustment method.
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From Figure 8, it can also be seen that when the strip was microamplitude-vibrated, with the
airflow speed increasing, the midpoint displacements of different strip widths and thicknesses increased
in the form of a quadratic polynomial, and the determination coefficients R? of the fitted quadratic
curves were all above 0.99. This was because the alternating aerodynamic loads acted on the lower
surface of the strip in the form of wind speed in the airflow channel, and the strip was simplified into
the vertical fibrous bundles which did not affect each other, according to the basic theory of material
mechanics. In the range of microamplitude vibrations, the excitation force on the fibrous bundles
was proportional to the strip deflection, and the excitation force was proportional to the square of the
airflow speed, so the displacement of the vibration point increased with the airflow speed in the form
of a quadratic polynomial.

Based on an analysis of the influence of different aerodynamic loads on the strip midpoint
amplitude, the influence of different aerodynamic loads on the flatness calculation deviation in the
width direction was further analyzed. The flatness calculation deviations of the no-defect strip
were calculated when a took different values, which was within the aerodynamic loads a + a sin(wt),
as shown in Figure 9. It can be seen that the flatness calculation deviations of the no-defect strip
were almost equal under different airflow excitation speeds, which presented a phenomenon similar
to Figure 5, where the flatness deviations in the middle strip approached 0 and those on the edge
rapidly increased.

—=— ]+sin(107tt)m/s
——2+2sin(10mtt)m/s
20 —4—3+3sin(10mtt)m/s
10 |
0k
-10 |

Strip flatness deviation/I

_20 1 1 1 1 1 1 1
-800 -600 -400 -200 0 200 400 600 800

Distance from the midpoint of the strip/mm

Figure 9. The effect of airflow excitation speed on the flatness calculation deviation.
3.3. The Influences of Different Tensions on Strip Midpoint Amplitude and Flatness Calculation Deviation

The SI-FLAT flatness meter detected when the strip was under large tension and maintained no
dominant waves [14]. The change in tension not only affected the online buckling, but also directly
affected the strip amplitude under the aerodynamic loads.

The midpoint amplitude changes of different thicknesses under different tensions were separately
calculated when the width was 2000 mm and other parameters were unchanged, as shown in Figure 10a.
At the same time, the midpoint amplitude changes of different widths under different tensions were
also separately calculated when the thickness was 1 mm and other parameters were unchanged,
as shown in Figure 10b.

It can be seen from Figure 10 that, under the same conditions, the thicker the strip, the smaller the
amplitude. However, the larger the strip thickness was, the less obvious the influence of thickness
changes on the amplitude were. Midpoint displacements of 0.8 mm and 1 mm in thickness were almost
equal in the case of increased tensions. The wider the strip, the larger the amplitude, but with the strip
width increasing, the midpoint displacement decreased more slowly.

The influence of changes in tension on the strip amplitude was significant, so changing the
tension during detection was also a direct and effective amplitude adjustment method. In the range
of microamplitude vibrations, when the tension increased, the displacement of the vibration point
decreased exponentially, and the determination coefficients R? of the fitted exponential curves were
all above 0.99. However, the displacement of the vibration point did not change obviously when the
tension was greater than 40 Mpa. In order to achieve the best detection range of the flatness meter,
it was necessary to properly adjust the speed of the air inlet.
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Figure 10. The midpoint amplitude changes of different strips with tensions. (a) Different thicknesses;
(b) different widths.

Figure 11 shows the influence of different tensions on the flatness calculation deviation in the
strip width direction. It can be seen that the flatness calculation deviations of the no-defect strip under
different tensions presented a similar conclusion to the flatness calculation deviations under different
aerodynamic loads.

60
e —=—30MPa
- —e—50MPa
2 —&—70MPa

10
0l
210 F

20 1 1 1 1 1 1 1
-800 -600 -400 -200 0O 200 400 600 800

Distance from the midpoint of the strip/mm

Strip flatness deviation/I
N
(e}

Figure 11. The effect of tensions on the flatness calculation deviation.

3.4. The Influences of Different Flatness Defects on Strip Amplitude Distribution and Flatness
Calculation Deviation

Different flatness defects reflect the characteristics of the strip width direction and have a direct
effect on the strip amplitude distribution. Thus, the characteristics of the strip amplitude distributions
of the four typical flatness defects as well as the influence of these flatness defects on the flatness
calculation deviation are concretely analyzed in this section.

The amplitude distributions along the strip width were calculated when the flatness defects were
expressed as the double-edge wave, the center wave, the edge-center composite wave, and the quarter
wave. At the same time, the strip width was 1600 mm, the thickness was 0.8 mm, the tension was
25 MPa, the aerodynamic load was 1 + sin(187tt) m/s, and the flatness value was 4.5 I, as shown in
Figure 12.

0.05
E oo4f
g0
0)
T o0t
=, —=— the double edge wave
% 0.02 —o— the center wave
o —— the edge-center composite wave
% 0.01 —v— the quarter wave

1 Il 1 1 1 1 1

0.00
-800 -600 -400 -200 0 200 400 600 800
Distance from the midpoint of the strip/mm

Figure 12. The strip amplitude distribution of different flatness defects.
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In Figure 12, first, it can be seen that the amplitudes of all of the waves were large in the middle
and decreased along the edge because of the uneven distribution of the excitation force. Second,
the amplitude distribution forms along the strip width were different under different waves, concretely
shown as follows: Under the double-edge wave and the center wave, the amplitudes in the middle
were distributed uniformly, but the difference was large and reached 9.6 um at its maximum, and the
amplitudes on the edge were sharply reduced. The amplitudes on the edge under the double-edge
wave and the edge-center composite wave were slightly larger than those under the center wave
and the quarter wave, and the maximum difference was 1.7 um. The amplitude distribution of the
edge-center composite wave was appreciably salient in the middle of the strip, and the amplitude on
the edge was basically the same as that of the double-edge wave. The amplitude of the quarter wave
significantly increased at a quarter distance from the edge. It was considered that, in the case of tension,
the compressive stresses of different waves were all offset, so the compressive stress at the original
site was about 1 MPa, and the tensile stress increased to about 40 MPa. Meanwhile, the strip was
simplified into fibrous bundles that could affect each other along the width, and the fibrous bundles
were simplified into Euler beams that were simply supported and pulled at both sides. According
to the Euler beam model, the greater the tension is, the smaller the deflection of the beam is. Thus,
for the center wave in the middle of the strip, the amplitudes in the areas with waves had a significant
increase compared to those in the areas without waves.

Figure 13 shows the flatness deviations of different flatness defects. It can be seen that under
different flatness defects, the forms of the flatness deviation changed greatly compared to those of the
amplitude. In general, the deviations in the edge were large, and the deviation forms were similar
under the double-edge wave, the center wave, and the edge-center composite wave. At the same time,
the fluctuation characteristics of the deviations were opposite to the initial flatness deviations, such as
with the center wave. It was shown that the double-edge wave occurred in the areas without waves on
the edge, and the amplitude decreased in the areas with waves in the middle.
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Figure 13. The effect of different flatness defects on the flatness calculation deviation.

From Figures 12 and 13, it can be seen that the amplitude distribution and the flatness calculation
deviation of the quarter wave were the most complicated in the four flatness defects. Therefore,
the variation laws of the amplitude and the corresponding calculation deviation of the quarter wave
under different conditions should be emphatically analyzed.

Figure 14 shows the amplitude distributions of the strips with the quarter wave of different widths.
It can be seen that there was a big difference in the amplitude changes of different widths, concretely
shown as follows: When the width increased, the amplitude increased significantly, but the amplitude
fluctuation became more and more complicated. Meanwhile, the amplitude in the middle was less
than that of a quarter distance from the edge when the strip width was 2000 mm.
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Figure 14. Amplitude distribution of different widths.

Figure 15 shows the corresponding flatness calculation deviations. It can be seen that, when
the width decreased, the flatness calculation deviation increased and the change was more violent.
The reason was that, with the width decreasing, the strip alternated more violently in the areas with or
without waves within the unit width.
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Figure 15. The effect of different widths on the flatness calculation deviation.

Figure 16 shows the amplitude distributions of the strips in different thicknesses with the quarter
wave. It can be seen that, when the thickness increased, the amplitude on the edge was almost
unchanged, while the amplitude in the middle decreased significantly.
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Figure 16. Amplitude distribution of different thicknesses.

Figure 17 shows the flatness calculation deviations of different thicknesses. It can be seen that
the distribution forms of the calculation deviation were similar under different thicknesses: However,
when the thickness increased, the calculation deviation increased.
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Figure 17. The effect of different thicknesses on the flatness calculation deviation.

In summary, the strip amplitude distribution and the flatness calculation deviation were different
under different initial flatness defects, and for the same flatness defect, the width and the thickness also
had great influence on the amplitude distribution and the flatness calculation deviation. Thus, these
factors should be considered in the correction of the flatness calculation deviation and the optimization
of the target curve.

4. Conclusions

First, the amplitudes of the strip were significantly different with or without interaction, and
the amplitude with interaction was more suitable for the actual measurement of the flatness meter.
Moreover, in the situation of an interaction, the amplitude distributed uniformly in the middle and
decreased rapidly on the edge, which indicated that the detection results should be corrected and
compensated. In addition, the simulation results also had a corresponding relation with the target
curve, which was used for flatness correction in the field.

Second, the variation laws of the strip midpoint amplitude under different factors were analyzed.
This showed that with the alternating aerodynamic load increasing, the midpoint amplitude increased
in the form of a quadratic polynomial. However, with the tension decreasing, the midpoint amplitude
decreased exponentially. Thus, the results also provide a theoretical basis for reasonably setting the
working distance of eddy current sensors.

Finally, the strip amplitude distribution and the flatness calculation deviation under different
initial flatness defects were analyzed. This showed that the fluctuation characteristics of the deviation
were opposite to the initial flatness deviation. For example, the most complicated quarter wave was
deeply analyzed: It could be seen that with the width decreasing or the thickness increasing, the flatness
calculation deviation increased and changed more rapidly. Thus, the dimensions of a strip should be
considered in the actual flatness calculation deviation correction and the target curve design.
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