
Citation: Lv, H.; Yang, K.; You, J.;

Wang, S. Operational Stability

Analysis on the Roller-Coating

Process for a Roll Coating-Simulation

Test Equipment. Machines 2022, 10,

304. https://doi.org/10.3390/

machines10050304

Academic Editor: Aydin Azizi

Received: 25 March 2022

Accepted: 23 April 2022

Published: 25 April 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

machines

Article

Operational Stability Analysis on the Roller-Coating Process for
a Roll Coating-Simulation Test Equipment
Hongzhan Lv * , Kehang Yang, Jia You and Shuyan Wang

College of Mechanical Engineering, Donghua University, Shanghai 201620, China;
yangkehang@mail.dhu.edu.cn (K.Y.); youjia@mail.dhu.edu.cn (J.Y.); shuyan@dhu.edu.cn (S.W.)
* Correspondence: lvhz@dhu.edu.cn

Abstract: In the research on key technology of radiation-curing coil steel coating, it is necessary to
evaluate the coating stability of radiation-curing coil steel coating materials. In this paper, a roll
coating-simulation test equipment is proposed to test coating status. Considering the operational
stability of the equipment, dynamic vibration response analysis and stability analysis of the roller-
coating process are performed on the equipment. The test results show that the rotor vibration of
the designed roll coating-simulation test equipment meets the requirements of rotating machinery,
and the coating thickness remains stable under the vibration condition, which satisfies the working
condition of the test equipment.

Keywords: roll coating; simulation test equipment; roll coating stability; vibration experiment

1. Introduction

Roll coating has been widely used in the production of steel plate coating due to its
advantages of high productivity, stable and uniform coating, and low pollution. In the past,
solvent-based coating materials were usually used as surface coating materials in steel plate
coating by steel enterprises, which would cause serious environmental pollution. In the
steel industry, radiation-curing coating, as a new type of coating material, is favored for its
energy efficiency, economy, and greater environmental friendliness. With the advancement
of China’s national strategic goal of “Carbon Peak” and “Carbon neutral”, in recent years,
it has attracted extensive attention and has been developed [1]. However, in terms of the
coating materials in practical applications, it is found that in the roller-coating process, due
to the influence of the temperature, viscosity, roller speed, vibration stability, and other
factors of the coating, the coating material will form bubbles on the surface of the steel plate,
resulting in defects on the surface of the coating, and some parameters for the stability of
the coating material have to be evaluated before a coating implementation [2]. Therefore, a
test equipment is needed to evaluate the roll coating performance of coating materials.

In the roller-coating process, coating thickness is an important index to evaluate
coating quality. By establishing the theoretical relationship between coating thickness and
roll coating parameters, reasonable parameters could be obtained theoretically, which can
significantly save the cost of roll coating. On the basis of lubrication theory, Savage [3,4]
established the variation equation of the coating thickness at the gap between two rollers
by separation model and Reynolds model. Through the comparison and analysis with the
experimental results, it is found that the two models are suitable for different capillary
numbers, and the appropriate model needs to be selected according to the specific situation
in different situations. In the same way, Greener [5,6] analyzed Newtonian fluid and
derived the relational expression between coating thickness and roll coating parameters
(among them the main influencing parameters are roller velocity, radius of the rollers and
separation surface thickness), which provided the basis for the subsequent derivation. From
the viewpoint of coating material flow, M. Zafar [7] applied the lubrication approximation
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theory to simplify the flow equations and derived the exact solutions for velocity and
pressure profiles, and obtained that the coating thickness is affected by the flow parameters.
While it only considered symmetry as a case, the asymmetry was not discussed in detail.
Taking the rolling process into account, Muhammad Zahid [8] described the process of
extruding a film into a non-Newtonian fluid by establishing a roll coating model between
the two counter-rotating rollers. The result indicates that the coating parameters could
be controlled by changing the values of the material parameters, which provided a quick
and convenient reference for the coating process. Given the extrusion and deformation,
M Zahid [9] obtained the maximum pressure and coating thickness by using a regular
perturbation method. All that work is an attempt to theoretically establish a suitable
relationship between the coating property parameters and the thickness of the roller-coating
in the roller-coating process and is also a commonly used analytical method to explore the
stability of the roller-coating process theoretically. In addition, for the transformation of the
film during the coating process, H. Benkreira [10] pointed that the flow stability has three
types of defects: rivulets, air entrainment due to dynamic wetting failure, and cascade,
occurring at different values of speed ratio and capillary number.

With the development of numerical analysis technology, the numerical calculation
has become a facilitative method to the analysis of the roller-coating process. Utilizing the
computational fluid dynamics (CFD) method, Chien [11,12] simulated the roller-coating
process and found that the coating thickness was mainly determined by the roller veloc-
ity. Meanwhile, a result comparison was implemented between the simulation and the
experiment, which demonstrated that the simulation calculation method in roller-coating
process simulation is feasible. Furthermore, Kapur’s [13] study of the factors that influence
coating quality showed that not only does the roller velocity play an important role in a roll
coating process, but also the roller velocity ratio. In addition, factors such as clearance and
viscosity also have an influence. These numerical simulation methods provide new ways
for the study of roll coating process stability. However, for different coating properties and
process parameters, some model parameters applied to the numerical methods require
experimental verification or empirical acquisition.

In actuality, with the change of process parameters required for the production, the
unstable operation of the coating process is often the case. During a roller-coating pro-
cess, if the coating exhibits phenomena such as fog and ribbing, it indicates that the roll
coating is running under an unstable state. The roller velocity and the viscosity of the
coating materials are considered to be the main factors affecting these undesirable phenom-
ena [14–16]. Pitts and Greiller [17] found that at low velocities the coating maintained a
uniform thickness, while at higher velocities, regular ridges appeared on the surface, then
a stability criterion was established to discriminate the influence of disturbance according
to the established model. Masato Sasaki [18] found that the extrusion pressure is generated
between the steel roller and the rubber roller during the roller-coating process, and the
pressure could deform the rubber roller surface, which in turn affects the shape and flow of
the gap between the two rollers. Therefore, due to changes in the gap between the rollers,
the uniformity of the coating is different compared to when the rigid rollers are used.
Additionally, Bettina Grashof [19] also considered that the roller thickness fluctuations
can affect the clearance, and thus developed a new criterion for the critical rubber cover
thickness, which calculates the limit value of the negligible influence of the rubber cover
thickness on the stability. At present, limited research exists into the instability of the
roller-coating process, most of which analyzes the overall process under ideal conditions
without considering the influence of the roll coating equipment’s structural dynamics
parameters on the roller-coating process.

In the steel industry, it is a trend that the radiation-curing coating process replaces the
traditional heating curing one. However, there is currently little data on the application
of radiation-curing coating materials. In order to have a reasonable and comprehensive
evaluation of the operating performance parameters of the radiation-curing material before
a production implementation, it is necessary to conduct operational evaluations of different
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formulations for formal production. Sometimes it is inconvenient to obtain accurate results
by using theoretical or numerical methods, and there will be some inconsistence with theory
in actual production, Therefore, a roll coating simulation test equipment was designed
in this work according to the actual needs of the enterprise, which is designed to test the
rationality of the roll coating parameters and the stability of the roller-coating process based
on theoretical research combined with the test.

In this paper, for the designed equipment, the dynamic analysis of the vibration in the
process of operation is carried out, and the roller-coating process simulation is conducted
under the condition of the vibration, the influence of vibration on the stability of the
roller-coating process is analyzed, and the rationality of the design and the feasibility of
the equipment are verified through the experimental tests. Roller-coating is widely used
in steel sheets coating with traditional heat-curing coating method but has surprisingly
received little research attention. The radiation-curing coating process is a new attempt
in the field of large-scale steel sheets coating production. Therefore, the test equipment
proposed in this manuscript is the test equipment prepared for the commissioning of the
radiation-curing coatings before the production of the radiation-curing coating process of
steel sheets. The implementation of this test could obtain the relevant parameters of the
coating process before the large-scale coating production, which can effectively reduce the
problems that occur in the production and reduce the production cost.

2. Roll Coating Simulation Test Equipment
2.1. Design and Modeling

The model of the roll coating simulation test equipment is shown in Figure 1. The roller
velocity is controlled by a servo motor, the distance between the rollers is controlled by a
mobile platform, the coating temperature is controlled by a calorifier under the coating tank,
and the properties of the coating are investigated by adjusting the roll coating parameters
such as rotational velocity, clearance and coating materials temperature, or the viscosity.
The stability of roll coating during operation is a point in the design of the test equipment;
the unstable vibration of the equipment will cause the coating materials to shake off, cause
an uneven coating, or damage equipment components during the roller-coating process.
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Figure 1. Model of roll coating simulation test equipment. (1—HMI, 2—Power distribution cabinet,
3—Roll coating rotor components, 4—Mobile platform).

2.2. Design and Requirements of Rotor Components

The test equipment is required for a maximum linear velocity of 250 m/min at work. At
the velocity, the coating is rolled up, coated, and reflowed by the drawing roller. Therefore,
it is important to design the structure of the two rollers. If the diameter is too small,
for the rollers with a slender shaft, with the rotor velocity increase, this will cause the
coating to splash. Although increasing the diameter of the rotor can effectively reduce the
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coating materials splashing phenomenon caused by excessive angular velocity, the rotor
rotation dynamic imbalance is easy to cause due to the manufacturing errors and the elastic
deformation of the shaft in the rotation operation. Therefore, it necessary to analyze the
dynamic unbalance vibration response of roll coating rotor components and the stability of
roll coating with vibration.

3. Dynamics Simulation and Roll Coating Simulation
3.1. Vibration Response Analysis of Rotor Components
3.1.1. Theory of Unbalanced Vibration Analysis

For the designed rotor components, unbalanced vibration may occur in the process
of rotation due to the existence of unbalanced mass associated with the manufacturing
error. Since the size and distribution of the unbalanced mass are difficult to determine, the
stability of the equipment is verified by calculating the vibration under the limit conditions
and analyzing the unbalanced mass. Figure 2 shows the dynamic model of the roll coating
rotor, where Ω is the rotational velocity, the bearing stiffness in the X and Y directions
are represented by kxx and kyy, and the bearing damping in the X and Y directions are
represented by cxx and cyy, respectively.
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The equation of motion of the multi-degree-of-freedom vibrating rotor-bearing system is

M
..
q + ΩG

.
q + C

.
q + Kq = 0 (1)

where M, C, G, and K denote the mass matrix, damping matrix, gyroscopic matrix, and
stiffness matrix in the elastomer, respectively, q is the deformation displacement vector
of the elastomer, and Ω is its rotational velocity. When the roll coating rotor rotates in
a certain plane, it is assumed that due to the existence of unbalanced mass [20], at the
unbalanced mass, there is a deviation qε between the equilibrium position and the center
of mass. Considering the influence of the deviation, q in Equation (1) is replaced by q + qε,
and the equation can be obtained

M
( ..
q +

..
qε

)
+ ΩG

( .
q +

.
qε

)
+ C

.
q + Kq = 0 (2)

Since both excitation and response are harmonics, namely,
..
qε = −Ω2qε, Equation (2)

can be simplified as

M
..
q + ΩG

.
q + C

.
q + Kq = Ω2Mqε − ΩG

.
qε (3)
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For a certain characteristic node k, assuming that there exists no unbalanced displace-
ment ε and unbalanced angle β, the displacement vector qk can be expressed as

qk =


ε cos(Ωt + ϕ)
ε sin(Ωt + ϕ)
−β sin(Ωt + φ)
β cos(Ωt + φ)

 and
.
qk =


−εΩ sin(Ωt + ϕ)
εΩ cos(Ωt + ϕ)
−βΩ cos(Ωt + φ)
−βΩ sin(Ωt + φ)

 (4)

where ϕ and φ is the deflection angle generated by unbalanced forces and moments relative
to the plane XOY, and the four degrees of freedom are 4k − 3, 4k − 2, 4k − 1, and 4k,
respectively. Formalize it as follows

.
qk = Γ




εejϕ

−jεejϕ

−jβejφ

βejφ

ejΩt

 and qk = Γ




jΩεejϕ

Ωεejϕ

−Ωβejφ

jΩejφ

ejΩt

 (5)

Here, j is a complex number and Γ represents its correlation function, and the following
equation is obtained

Ω2Mkqε − ΩGk
.
qε = Γ

Ω2


mkεejϕ

−jmkεejϕ

jJdkβejφ

Jdkβejφ

ejΩt − Ω2


0
0

jJpkβejφ

Jpkβejφ

ejΩt

 (6)

Finally, the following equation is obtained

Ω2Mkqε − ΩGk
.
qε = Γ

Ω2


mkεejϕ

−jmkεejϕ

j
(

Jdk − Jpk

)
βejφ(

Jdk − Jpk

)
βejφ



 = Γ
(

Ω2b0ejΩt
)

(7)

where Ω2b0 accounts for the force acting on a certain node. Except for this node, it is
assumed that other nodes are in an ideal state, namely that there exists no unbalanced mass
and the remaining Ω2b0 = 0. Therefore, there is

M
..
q + ΩG

.
q + C

.
q + Kq = Γ

(
Ω2b0ejΩt

)
(8)

The steady-state response of the unbalanced mass to the whole is obtained by solving
the Equation (8). Let q(t) = Γ

(
b0ejΩt) (q0 is a complex number), q0 is

q0 =
[(

K − Ω2M
)
+ jΩ(ΩG + C)

]−1
Ω2b0 (9)

3.1.2. Unbalance Response Analysis of Rotor Components

In the design of this equipment, each roll coating rotor is installed on two bearings
on the mobile platform, and the mobile platform is installed on two sliding guide rails.
Vibration is the main interference factor affecting the quality of roll coating when the
rotors work within the regular velocity range. In order to study the influence of the roller
vibration, the rotational velocity of the roller at the limiting case (1000 rpm) is taken here,
and the unbalanced mass is applied to the maximum deformation of a modal analysis
within the range of manufacturing errors, based on which the maximum amplitude of
vibration excited by the rotor is calculated and the stability of the rotor is investigated. The
amplitude in the direction between rollers is shown in Figure 3a, and the amplitude in the
direction of gravity is shown in Figure 3b.
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Figure 3. The vibration amplitude and the acceleration of the roller at 1000 rpm. (a) Vibration
amplitude diagram of rollers direction; (b) Vibration amplitude diagram of gravity direction; (c) The
calculated critical vibration acceleration before the unstable operation of the equipment occurring;
and (d) Vibration acceleration diagram of rollers’ direction and gravity.

It can be seen from Figure 3a,b that the vibration amplitude of the roller direction is
basically the same as that of the gravity direction, and the amplitude is less than 6 × 10−5 m
(0.06 mm), which is less than 0.13 mm at 1000 r/min rotational velocity specified by the
vibration value of rotating machinery (according to the ISO 7919). Figure 3c shows the
calculated critical vibration acceleration (about 5 m/s2) before the unstable operation of the
equipment occurring. On this basis, the vibration acceleration is calculated, and the results
are shown in Figure 3d. It can be observed that the amplitude of the overall vibration
acceleration 2.5 m/s2 is less than critical one 6.5 m/s2, which is stable within a small
vibration range, indicating that the overall roll coating rotor operates stably.

3.2. Stability Analysis of Roll Coating
3.2.1. Theoretical Derivation of Roll Coating Stability

The equipment mainly simulates the action of the drawing roller, bringing coating
material to the coating roller and the changing state of coating material during long-time
roll coating. In this process, the roller velocity ratio is usually set as 1. Due to the different
surface roughness of the rollers, the coating thickness will be slightly different. The surface
coating thicknesses of the two rollers are denoted as H1 and H2, respectively. Assuming the
inlet coating thickness is Hin, the simplified model of the roller-coating process is shown in
Figure 4.
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Through experimental observation, it is found [21] that in the roller-coating process,
when the drawing roller contacts with the coating roller, the coating roller tends to take
away part of the surface coating material, then the part will form a uniform and dense
coating on the surface of the coating roller. The other parts that are not taken away by
the coating roller still remain on the surface of the drawing roller, and then return to the
coatings tank with the rotation of the drawing roller. The coating thickness of the two
rollers is closely related to the rotational velocity of the two rollers. According to the
Landau–Levich equation, the coating thicknesses of the two rollers [22] are obtained as

H1 = 1.34Ca2/3
(

2S
S + 1

)2/3
RXs (10)

H2 = 1.34Ca2/3
(

2
S + 1

)2/3
RXs (11)

where S is the velocity ratio (U2/U1) between the two rollers, H1 and H2 denote the coating
thickness at the outlet of the drawing roller and coating roller, respectively, Ca is the
capillary number based on the average velocity between the rollers, and RXs is the radius
of the meniscus.

At the meniscus interface Xs, the coating pressure [17] is PXs = −σ/RXs, where σ is the
surface tension coefficient, and RXs is the radius of the meniscus at Xs. A small disturbance
ε is generated due to the vibration and other reasons, causing the position of the meniscus
to move to another position Xs+ε, and the new position pressure is P(Xs+ε) = −σ/R(Xs+ε).
Figure 5 below reveals the meniscus change.

According to the literature [23], the stability is judged by the variable F, and F is
introduced as

F = P(Xs+ε) +
σ

R(Xs+ε)
(12)

The Taylor expansion of Equation (13) is obtained as follows

P(Xs+ε) = PXs + ε
dPXs

dX
+
(

ε2
)

(13)

σ

R(Xs+ε)
=

σ

RXs

+ ε
σ

dRXs
dX

+
(

ε2
)

(14)

Since the higher-order infinitesimal in Taylor’s equation can be ignored, substituting
the coating pressure boundary condition PXs = −σ/RXs into Equation (12), the following
equation is obtained

F = ε
d

dX

(
P +

σ

RXs

)
(15)
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Take F as the judging factor affecting the stability of roll coating by disturbance (if
F ≥ 0, the roll coating will not be affected by disturbance, and will stabilize again after
disturbance); Therefore, the condition that the system can still maintain equilibrium after
perturbation is

F = ε
d

dX

(
P +

σ

RXs

)
≥ 0 (16)

the pressure gradient in the coaxial roll coating region is required by the Reynold’s equation

dP
dX

= 6µ

(
U2 + U1

H(X)2 − 2Q

H(X)3

)
(17)

H(X) = 2
√

R2 − X2 − 2R (18)

where Q is the regional flow, H(X) is the clearance between the two rollers at the coordinate
X, and R is the diameter of the two rollers. At the meniscus, there exists

P(Xs) = − σ

RXs

(19)

HXs = 2RXs + H1 + H2 (20)

Substitute the above equation as well as Equations (10) and (11) about H1 and H2 into
Equation (16), and then get

6µ

(
U2 + U1

HXs
2 − 2Q

HXs
3

)
≥

2 + 1.34Ca
2
3

(
2S

S+1

) 2
3
+ 1.34Ca

2
3
( 2

S+1
) 2

3

HXs
2 σ

(
dH
dX

)
Xs

(21)

Given Ca1 = µU1/σ, Ca2 = µU2/σ, and Equation (19), the equation can be simplified as

6Ca1 + 6Ca2

2 + 1.34Ca
2
3

(
2S

S+1

) 2
3
+ 1.34Ca

2
3
( 2

S+1
) 2

3

≥ 2Xs

R
+

12µQR
Xs2σ
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Figure 5. Variation diagram of the meniscus after introducing a small disturbance ε.

After deriving the final equation, it can be found that small disturbances can be
ignored in the determination of roll coating stability. The equation also illustrates that the
roll coating stability is related to the velocity ratio of the two rollers, the radius of the rollers
and the distance between the two rollers. On the roller-coating simulation test equipment,
the coating properties are mainly observed, and the roll velocities, clearance, and coating
viscosity are also analyzed.



Machines 2022, 10, 304 9 of 16

3.2.2. Simulation of the Roller-Coating Process

Taking the coating roller and the drawing roller as the objects, the roll coating model,
as shown in Figure 6, is constructed to simulate the actual production status and analyze
the influence of vibration on the coating quality in the roller-coating process. To study the
stability of the roller-coating process, the quality of the coating during the roller-coating
process (namely, the uniformity of the coating, the coating thickness) is mainly observed
as a criterion for judging the stability of the roll coating. In order to observe the coating
quality, the analysis is carried out by monitoring the variation of coating thickness. When
the rotational velocity is set at 200 r/min, the clearance is 2 mm, the viscosity is 0.5 Pa·s,
and the variation curve of coating thickness is shown in Figure 7.
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Figure 7. Contrast diagram of coating thickness affected by vibration.

The figure reveals that the coating material begins to flow through the monitoring line
from 0.025 s, and it begins to stabilize at a uniform coating thickness at 0.12 s after coating
thickness changes due to vibration, indicating that as the roll coating proceeds, the coating
will be stable in the process of change, and eventually form a uniform coating of a certain
thickness. By comparison, it is found that the coating thickness will stabilize to a uniform
value faster without considering vibration. Despite the increasing instability of the coating
under vibration, the overall effect is small.

(1) Influence of roller velocity on roll coating stability under vibration condition

Under the condition that other parameters remain unchanged, the stability of roll
coating under different rotational velocities is observed by adjusting roller velocity, as
shown in Figure 8. It can be seen from Figure 8 that with the increase of roller velocity,
the coating will shorten the time to reach the stable state, and the vibration effect will be
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reduced, which indicates that when considering vibration, the higher the velocity, the faster
the coating reaches the stable state. The results show that the designed rotor components
can ensure the stability of the roller-coating process considering vibration.

(2) Influence of coating viscosity on roll coating stability under vibration condition

As the coating viscosity is an important factor affecting the roller-coating process
parameters, the stability changes of coating with different coatings viscosity are calculated,
as shown in Figure 9. It can be seen from the figures that with the increase of coatings
viscosity, the influence of vibration on the roll coating stability is not obvious, which
indicates that the change of coating materials viscosity has no significant impact on the roll
coating stability. In addition, coating materials viscosity shows a negative correlation with
the change in coating thickness.

(3) Influence of distance between rollers on roll coating stability under vibration condition

The distance between the two rollers [24] also has a certain influence on roll coat-
ing stability. The variation of the coating stability under different distances is shown in
Figure 10. It can be seen from the below figures that, with the increase of distance between
the two rollers, the most obvious change is that the coating thickness after stabilization
increases significantly; in the case of vibration, the effect of vibration gradually decreases
as the clearance increases. It can also be seen from the figures that the larger the distance,
the smoother the coating reaches the equilibrium process.
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Figure 8. Variation chart of coating thickness at different rotational velocities. At (a) 400 rpm;
(b) 600 rpm; (c) 800 rpm; and (d) 1000 rpm.
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Figure 9. Variation chart of coating thickness under different coating viscosity. The viscosity values
are (a) 1 Pa·s and (b) 1.5 Pa·s.
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Figure 10. Variation chart of coating thickness under different distances between rollers. The distances
are (a) 1 mm; (b) 1.5 mm; (c) 2.5 mm; and (d) 3 mm.

4. Experimental Research and Discussion
4.1. Stability Test of Roll Coating Rotor Components

In order to test the stability of the equipment in actual operation and verify the results
of the above simulations, the vibration experiment platform is constructed as shown in
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Figure 11a, and the vibration accelerations in three directions under spatial coordinates
are tested. Set the rotational velocity to 200 r/min, 400 r/min, 600 r/min, 800 r/min, and
1000 r/min, respectively, to record the experimental data. The experimental results are
shown in Figure 12. In the figures, the vibration acceleration of rollers clearance direction is
represented by AccX; the axial vibration acceleration of the roller is represented by AccY
and the vibration acceleration of the roller in the direction of gravity is represented by AccZ.
It can be seen from Figure 13 that with the increase of the rotational velocities, the vibration
in X, Y, and Z directions will increase significantly, while the overall amplitude is small and
relatively uniform, demonstrating the excellent stability of the designed roll coating rotor
components within the rated rotational velocity range. Meanwhile, a roller-coating effect
test is implemented to verify the operational status when the equipment runs under the
regular conditions (as shown in Figure 11b). It is observed that the equipment works stably,
the coating is uniform, and no bubbles and fog occur.

4.2. Discussion and Analysis

The above analysis reveals that, although increasing the diameter of the rotor can
effectively avoid the coating material splashing, it will also cause the operation imbalance
generated by the increase of machining error. On this basis, the vibration response of roll
coating rotor components under the limit condition is analyzed according to the allowable
unbalance mass. The analysis shows that the amplitudes of roll coating rotor components
in different directions are all about 0.06 mm, which is smaller compared with the clearance.
The overall vibration amplitude is relatively stable, while the balance value is different due
to a certain degree of flexing of the roll coating rotor components under gravity, as shown
in Figure 13. For subsequent comparison and experimental verification, the vibration
acceleration is calculated. The overall vibration acceleration does not exceed 2.5 m/s2. The
results obtained from the experiment are compared with the simulation results, as shown
in Figure 14.
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Figure 11. (a) Construction of vibration experiment platform; (b) The roller-coating operation effect test.
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(b) Comparison of vibration acceleration amplitudes in the direction of gravity.

According to the figure above, comparing the experimental and the simulation results,
it can be seen that the amplitude of vibration acceleration in the direction of rollers is much
smaller than the simulation result in the limit case (2.5 m/s2). In the process of roll coating,
the radial vibration of the rotor has the most significant influence on the stability of roll
coating. This is due to the fact that the radial vibration will significantly affect the distance
between rollers, resulting in the change of coating thickness. The experimental values are
within the range of the simulation, which indicates that the actual rollers’ unbalanced mass
caused by manufacturing error is much less than the allowable one, and the operation
process satisfies the actual stability requirements.

After the disturbance is introduced, the correlation coefficient R of the coating varia-
tion curve under different parameters is calculated according to the Pearson correlation
coefficient. Under the same roller-coating parameters, the coating thickness variable data
without considering vibration and with vibration is calculated as follows, and the corre-
lation coefficient between the two data is calculated. Where the correlation coefficient R
is also called the degree of fitness, the closer its value is to 1, the higher the fitness of the
two curves, indicating that the thickness of the coating is closer to the situation without
considering vibration when vibration is considered. Therefore, it can be said that the closer
the correlation coefficient is to 1, the less the vibration has an effect on the thickness of the
coating. The specific correlation coefficient is shown in Table 1.
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Table 1. Correlation coefficients of curves under different parameters.

Rotating Velocity
(r/min)

Correlation
Coefficient

Viscosity
(Pa·s)

Correlation
Coefficient

Spacing
(mm)

Correlation
Coefficient

200 0.99798 0.5 0.99798 1 0.96957
400 0.99854 1 0.99766 1.5 0.99323
600 0.99888 1.5 0.99709 2 0.99798
800 0.99862 2.5 0.99818

1000 0.99951 3 0.99895

The result shows that when the vibration of the roll coating simulation test equipment
is considered, the coating thickness will fluctuate during the period from start-up to coating
stability, but it will eventually stabilize at the same thickness under normal conditions,
indicating that the design of the roll coating rotor conforms with the test standard. In
addition, by means of changing the parameters, it can be found through simulation cal-
culation that increasing the rotational velocity of the roller can effectively increase the
stability of the roll coating and increase the thickness of the coating after stabilization, while
the change range is relatively small. Increasing the viscosity of the coating materials has
little effect on the stability of the roll coating and the thickness of the coating. The change
of the distance between rollers will cause obvious changes in coating thickness, and as
the clearance increases, the effect of vibration on the stability of the roller-coating will be
significantly reduced.

In summary, the designed equipment satisfies the stability requirements of the test
through experimental verification. According to the results obtained by the test equipment,
on one hand, the vibration amplitude of the roll coating rotor components is small during
operation, which avoids the strong vibration problem of the whole equipment during
service; on the other hand, the experimental results obtained under the conditions of
maximum limit parameters are smaller than the dynamic simulation results, indicating
that the above analysis of the stability of actual roll coating is reliable, and the stability of
the roller-coating process can be guaranteed during operation.

5. Conclusions

In this paper, a roll coating simulation test equipment is proposed to test the roll coating
performance of radiation-curing coating materials. In accordance with the requirements of
the equipment’s operation stability, the vibration of the main components of the equipment
that affects the stability of the roller components is analyzed. The effect of roll coating
parameters on roll coating stability is simulated and experimentally studied, and the results
are as follows:

(1) Based on the requirements of the roll coating equipment and the theoretical analysis of
vibration, a dynamic model of roll coating rotor components is established. Through
numerical simulation and experiment, it is obtained that the vibration amplitude of
the equipment does not exceed 0.06 mm, and the vibration acceleration is much less
than the critical value, which satisfies the vibration requirements under the specified
rotational velocity of the vibration value of rotating machinery standard, and the
stability requirements of the test equipment under the maximum limit condition.

(2) In the simulation of the roller-coating process, the correlation coefficients of the curves
before and after the introduction of the disturbance amount are calculated, and the
results are all above 0.95. The overall equipment can still ensure good stability even
when vibration is considered. It can be found from further analysis of the influencing
factors that the increase of the rotational velocity and the distance between the two
rollers can significantly improve the stability of the roll coating, while the viscosity
has little effect on that. The results provide a theoretical and experimental reference
for the design of this type of roll coating equipment.
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