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Abstract: To achieve the lightweight design of the rotary kiln cylinder, reduce its manufacturing costs, and improve its
mechanical properties, the maximum stress and deformation were determined through a static and thermal structural analysis of
the rotary kiln equipment. Employing the Box-Behnken response surface method, an optimization of the rotary kiln cylinder
structure was performed, with the aim of minimizing the cylinder mass and deformation, while considering constraints such as
cylinder thickness and yield strength. A multi-objective optimization mathematical model was established, and three sets of
Pareto solutions were obtained using a multi-objective genetic algorithm. The optimized design of thickness structure was
determined for the stall section, transition section, and cylinder section of the rotary kiln. The finite element method was utilized
to simulate the optimized solutions and verify their validity and accuracy. The results showed that the rotary kiln cylinder mass
was reduced by 13.8%, and the maximum deformation under static structural conditions was reduced by 4.6%, while maintaining
the strength requirement of the structural stiffness. The relevant geometric parameters of the optimal solution were verified by
finite element numerical tests, and the optimized cylinder mass, maximum stress and deformation under static structural
conditions, and maximum deformation and stress under thermal structural coupling were in good agreement with the numerical
test results, with a deviation of less than 2%. Additionally, this study realized the lightweight design of the rotary kiln cylinder
and provided useful references for the thickness design of the rotary kiln cylinder.
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ANSYS analysis. Lei Xianming [6-7] focused on the

1. Introduction discontinuous multi-contact system of the rotary kiln. They

The rotary kiln is widely used in cement, metallurgy, esta}blished adiscont.inuous multi-body contact model for j[he
building materials, and environmental protection industries. cylinder a.nd roller rlng,.analyze.:d the stress anq deformgtlon
It plays a vital role in the production and processing process. of the cylinder, and carried out lmprovements in the cylinder
The manufacturing and maintenance costs of rotary kilns structure to reduce the maximum equivalent stress. To
directly impact the overall cost-effectiveness of the address issues related to unclear stress and unreasonable
production equipment. Numerous scholars both domestically strength distribution in the rotary kiln cylinder, an improved
and internationally have conducted extensive research on mulq—objectlve genetic algorithm was apphed..Thls algorithm
optimizing rotary kiln equipment. For instance, Xiao consldered constraints such as cylmder thlckness,. Cross-
Yougang et al. [1] established an unsteady-state heat transfer section ~deformation, and deflection, conducting a
model for the kiln wall. The results showed that thicker kiln ~ comprehensive search in the given design space to determine
skins result in smaller radial temperature gradients, reducing the optimal cylinder thickness. Qiao Bin [8] analyzed the
thermal stress. Controlling the kiln skin thickness at 252mm factors influencing the design of large-span rotary kilns. They
can maintain the outer surface temperature of the rotary kiln proposed improving the three-stage rotary kiln to a two-stage
at 200 degrees. Li Zhigang [2] studied the deviation of the deS}gn, which saves manufactgrmg costs but increases overall
cylinder axis from the theoretical axis during the operation of ~ cylinder deformation. The weight and production cost of the
the rotary kiln. This deviation results in uneven forces on cylinder are determined by its thickness. The traditional
various components and increased wear on moving parts. By cyl%nder thickness design may be upreasonable':, as the
adjusting variables such as gear pitch, initial deformation of cylinder operates unde.r heavy loads, which can casily lead to
the rollers, kiln adjustment amount, and support angle, the deforrpaﬂon and cracking. Tl.lerefor.e, coqduqtmg re§ea.rch on
optimal design for the coaxial equal-carrying rotary kiln can the thlckr}ess of the rotary kiln gyhnder 1S hlghly mgmﬁcapt
be achieved. Yang Wei [3] established a steady-state heat for ensuring the smooth operation of the entire rotary kiln
transfer mathematical model based on the flow field and equipment.

temperature distribution inside the rotary kiln. They analyzed . o .
the influence of diameter change size and location on kiln 2. Fl}llte Element AnalySlS of Rotar y
temperature to obtain the optimal diameter change for the Kiln Model

rotary kiln, aiming to improve the material conversion rate. . .
Chen Mingfei [4] analyzed the stresses and deformations of 2.1. Rotary kiln material performance

the cylinder, identified hazardous sections, and proposed the parameters

adjuitmenft of Suftport spfans. Li Y?'nmlré [S]k(')lptlmlz'ed thi The research focused on the ¢2.75x%50.95m calcined
number of support gears for a specific rotary kiln equipmen . .
and verified the feasibility of this scheme theoretically using rotary kiln, and Table 1 shows the material parameters for
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each part of the rotary kiln barrel and refractory bricks. The
cylinder has an inclination angle of 2.977°, and the mass of
the refractory brick layer inside the cylinder is 199030.7 kg,
while the material mass 11000 kg. The densities of the
cylinder and refractory bricks at the large gear and at the end

of the kiln are equivalent densities that have considered the
gravitational impact of other accessories in their locations.
Thus, this calculation is an equivalent simplification of the
gravitational loads of various accessories [9].

Table 1. Material parameters table

Thermal
Elastic Poisson Equivalent density Thermal expansion
Selected materials modulus ratio P (kg ! mnp® ) conductivity coefficient
E(MPa) o W/(m.k) (ax10°K )
ax
Barrel (Q345C) 2.01x10° 0.294 7.85x107¢ 48.85 1.06
Barrel at large gear 5 s
ring (Q345C) 2.01x10 0.294 4.096x10 48.85 106
Cylinder at the end 5 s
of the kiln (Q345C) 2.01x10 0.294 1.32x10 48.85 1.06
Reiﬁiﬁf; ricks 15%10° 0.22 2.146x10° 023 42
Rolling circle 5 -6
(ZG35GrMo) 2.09%10 0.291 7.86x10 50 13.09
Pallet (ZG35GrMo) 2.09%10° 0.291 7.86x107° 50 13.09

2.2. Finite element model analysis

Given the focus on the stress and deformation of the barrel,
the wheel belt modeling was simplified to consider full
contact between the roller ring and the barrel. However, this

Refractory bricks ~ Cylinder section

Tail of kiln

Barrel transition section

is not the actual state; the wheel belt does not make full
contact with the surface of the barrel and discontinuous pads
exist in the middle. A three-dimensional software was used to
create the geometric model for the rotary kiln, as shown in
Figure 1.

Kiln head

Rollin

Pallet Barrel gear section

Figure 1. Geometric model of rotary kiln

The rotary kiln barrel is formed by rolling and welding
three different thickness segments of steel plates
automatically. The maximum wall thickness at the wheel belt
support position ensures that the barrel maintains sufficient
strength and stiffness. The traditional design has the
following cylinder thicknesses: 40mm for the gear section,

32mm for the transition section, and 20mm for the remaining
cylinder section. Given the varying internal temperatures of
the kiln head and middle cylinder section, the highest
temperature is used as the internal temperature of the cylinder
for thermal structure coupling analysis.



Figure 3. Maximum deformation and maximum equivalent force under thermal structural coupling

The whole model of rotary kiln is used as the object of
study for finite element calculation, and the cylinder is taken
for analysis as follows: Figure 2 shows the strain and stress
cloud diagrams of the rotary kiln cylinder model in the static
structure, and it can be seen from the diagram that the cylinder
has the largest deformation in the middle of the 2nd and 3rd
roller ring, with the maximum deformation of 1.1755mm |
and the maximum equivalent force occurs on the surface of
the cylinder under the 3rd roller ring, with the maximum
equivalent force of 10.149 MPq . Figure 3 shows the strain
and stress cloud diagrams of the rotary kiln cylinder model in
the thermal structure coupling field, respectively, and it can
be seen that the maximum stress occurs on the surface of the
cylinder in the third gear with a value of 133.6 MPa , and the
maximum deformation occurs at the end of the cylinder with
a value of 73.245mm . From the comparison of the above
data, it can be seen that the temperature has a great influence
on the strain and stress of the whole rotary kiln, and this factor
needs to be taken into account in the optimization process.

3. Response Surface Optimization

3.1. Response surface model construction

Based on the method provided in the literature for
constructing response surface models, the model is
formulated using a response surface polynomial of order 2:

n n 2 n Jj-1
y(x) =ay+ Zi:l a;x; + Zi:] bfxi + ijz Zi:l CiXiX;

the formula:

in

Y(X) is the target value; X;, X; is the design variable;

=1, 2....,4,, a, bi , ¢, is the coefficient to be

1

determined,;

3.1.1. Determination of the optimization model

Barrel thickness is the main geometric parameter affecting
the quality of the barrel. In order to reduce the manufacturing
cost of the barrel, the thickness of the same section of the
barrel is no longer varied according to the design rules. The

diameter of the barrel section is written as d ,the diameter
of the transition section is j ,and the diameter of the gear

section is g ,which is written uniformly as a X vector ,as

the design variable of the barrel mass.

X={d.j.g}

The main objective of rotary kiln barrel optimization is to
achieve the lightweight of rotary kiln barrel, i.e., to reduce the
mass while ensuring the strength of the structure, i.e., the
lightest mass of rotary kiln and the smallest deformation as
the objective function, to ensure that the equivalent force on
the barrel is less than the yield strength of the material, and
the thickness of each gear section, barrel section and
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transition section are between the upper and lower limits. Let

the mass be D(x) , the maximum deformation of the

cylinder under the thermal structure coupling is S (x) , and
the maximum deformation of the static structure cylinder is
M (x ) , the unit is kg and mm respectively. according to the

constraints and optimization objectives, the optimization
mathematical model of rotary kiln cylinder structure is
established as follows.

min {D(x), S(x), M(x))
Gsamax

d <d<d"

g <g<g"
Jj<is)

S.t

O, O, 1is expressed as the maximum stress after

optimization and the yield strength of this barrel material
d', d" Indicates the upper and lower limits of the

cylinder section diameter jl, j“ Indicates the upper and

lower limits of the transition section diameter gl s g”

Indicates the upper and lower limits of the gear segment
diameter

3.1.2. Experimental design for constructing the mode

There are various methods of experimental design, and
considering the economy of experimental design, high
efficiency and applicability of structural optimization analysis,
the Box-Behnken Design experimental design method with
high fitting accuracy in Design-Export optimization analysis
software is used for experimental design and analysis [10].
There are three levels of each selected design variable in the
BBD experimental design, which are indicated by -1, 0, and
+1. Combined with the thickness of this rotary kiln cylinder,
the range of values of rotary kiln design variables is shown in
Table 2.

Table 2. Range of values of rotary kiln design

Diameter of  Transition Gear
) cylinder section section
Variables section diameter /  diameter /
/ mm mm mm
-1 2770 2794 2818
0 2780 2804 2824
+1 2790 2814 2830

Appropriate test sample points were selected according to



the range of different design variables, and group test
scenarios were derived. Finite element calculations were
performed for each group scenario using Ansys to obtain the

structural displacement and stress results of the rotary kiln,
and the structure weight was calculated using mathematical
formulas, and the calculated results are shown in Table 3.

Table 3. Simulation calculation results

Diameter of

Transition section Gear s

Maximum

Maximum barrel deformation of

egment deformation

Serial cylinder ' : Quality the cylinder
number section d{ameter diameter (ke ) under thermal un de}rl static
d/mm j/mm g/mm stmcmre structure
coupling (mm) (mm)
| 2770 2814 2824 129560 73.495 2.4712
2 2770 2804 2830 121270 73.467 2.4525
3 2780 2814 2830 142790 73.329 1.6142
4 2790 2804 2830 145140 73.263 1.1527
5 2780 2814 2818 140170 73.347 1.6092
6 2780 2794 2830 123610 73.288 1.564
7 2790 2794 2824 134250 73.316 1.1218
8 2770 2804 2818 118640 73.486 2.4468
9 2790 2804 2818 142520 73.299 1.1484
10 2790 2814 2824 153440 73.255 1.1673
11 2780 2804 2824 131870 73.32 1.5769
12 2770 2794 2824 110380 73.448 2414
13 2780 2794 2818 120990 73.309 1.5588
3.2. Response surface model building and the response targets. Using the Design-Expert software, the

testing

3.2.1. Response surface model building

Response surface is a visual optimization algorithm that
bifurcates the response curves established using the response
surface method, and finally obtains the variation law of the
response value with the factors and the optimized parameter
region. In this study, the barrel section thickness d, transition
section thickness j, and gear section thickness g were selected
as the variable factors, mass, and maximum displacement as

160000

150000
140000
= 130000
g 4
£ 120000
110000 |
2814

2809 -

J (mm) 2804

2750

Box-Behnken response surface design experiment and
analysis, the quadratic response surface model of, can be
obtained, as in equation (1), (2), (3):

D(x)=1.319E05+11937.504
4+9591.25B+1311.25C+2.54B
—2.54C+20A4*+17.5B*+2.5C*

(M

160000
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140000

130000
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120000

110000
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Figure 4. Graph of relationship between design parameters and mass

As shown in Figure 4, it can be observed that the barrel
mass increases with an increase in the barrel section diameter,
but decreases with an increase in the transition section
diameter. This effect has a significant influence on the barrel
mass. Moreover, the barrel mass increases with an increase in
the diameter of the blocking section, but the effect is not
prominent

S (x) =73.32-0.09544+0.00815-0.0118C
—0.0274B -0.00424C +0.0008 BC
+0.05954> —0.001B8% —0.0008C"

@
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Figure 5. Relationship between design parameters and barrel deformation under thermal structural coupling

From Figure 5, it can be seen that the barrel deformation
decreases as the diameter of the barrel section increases, and
the diameter of the blocking section decreases as the diameter
of the blocking section increases, the effect of the barrel
section is more significant, and the effect of the blocking
section is not obvious. Barrel deformation increases with the
increase of transition section diameter, but it can be seen that
the effect is not obvious.
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Figure 6. Relationship between design parameters and barrel deformation under static structure

From Figure 6, it can be seen that the cylinder deformation
decreases as the diameter of the cylinder segment increases,
and the change in the diameter of the transition and segment
segments has little effect on the static structural deformation

of the cylinder.
3.2.2. Test of response surface model

Table 4. D (x ) Response surface equation analysis of variance

3)

Source Sum of Square df Mean Square F-value p-value
Model 1.890E+09 9 2.100E+08 2.520E+07 <0.0001
A 1.140E+09 1 1.140E+09 1.368E+08 <0.0001
B 7.359E+08 1 7.359E+08 8.831E+07 <0.0001
C 1.376E+07 1 1.376E+07 1.651E+06 <0.0001
AB 25 1 25 3 0.1817
AC 25 1 25 30.1817 0.1817
BC 0 1 0 0 1
A? 914.24 1 914.24 109.71 0.0019
B? 700 1 700 84 0.0027
C? 14.29 1 14.29 1.71 0.2817
Residual 25 3 8.33 - -
Total 1.890E+09 12 - - -
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Table 5. S (x ) Response surface equation analysis of variance

Source Sum of Square df Mean Square F-value p-value
Model 0.0885 9 0.0098 25.46 0.0111
A 0.0728 1 0.0728 188.49 0.0008
B 0.0005 1 0.0005 1.37 0.3266
C 0.0011 1 0.0011 2.86 0.1893
AB 0.0029 1 0.0029 7.55 0.0708
AC 0.0001 1 0.0001 0.1817 0.6945
BC 2.25E-06 1 2.25E-06 0.0058 0.9440
A? 0.0081 1 0.0081 20.96 0.0196
B? 2.286E-06 1 2.286E-06 0.0059 0.9435
C? 1.286E-06 1 1.286E-06 0.0033 0.9576
Residual 0.0012 3 0.004 - -
Total 0.0896 12 - - -

Table 6. M (x ) Response surface equation analysis of variance

Source Sum of Square df Mean Square F-value p-value

Model 3.52 9 0.3907 1.058E+06 <0.0001

A 3.37 1 3.37 9.136E+06 <0.0001

B 0.0052 1 0.0052 13994.66 <0.0001

C 0.0001 1 0.0001 138.16 0.0013

AB 0 1 0 92.70 0.0024

AC 4.9E-07 1 4.9E-07 1.33 0.3328

BC 1E-08 1 1E-08 0.0271 0.8797

A? 0.1058 1 0.1058 2.865E+05 <0.0001

B’ 5.58E-06 1 5.58E-06 15.12 0.0302

C? 0.0001 1 0.0001 404.97 0.0003
Residual 1.107E-06 3 3.692E-07 - -
Total 3.52 12 - - -

The ANOVA results of the quadratic response surface 3 SS, /k 3 MS ,
models for D(x) , S(x) , and M(x) are shown in - SS, /(n—k—l) - MS, “)

Tables 4, 5, and 6. For the precision analysis of the models,

the significance test values of model terms with p<0.05 5
indicate that the model relationships are significant, and those S i Al-
with p<0.01 indicate that the model relationships are highly 5 | VTV

significant. D(x) , S(x),and M(x) have F-values of R = ] - )
2.250E+07,25.46, and 1.058E+06, respectively, and | Yimy

correspond to the p-value is much less than 0.05, indicating
that the optimized model has good significance.

The model is further tested for goodness of fit by using " LN, ?
R? (coefficient of determination); the more the R? value , n=12, (y 1=y lj
tends to 1, the more the model matches the real situation. As R adj = 1- _ (©)
the variables increase, the R2 value also increases, which n—k-12", ( yi— yj
does not accurately reflect the true impact of the variables on
the model, so an error analysis is performed using Rzadj In the formula: 7 is the sample size;
(corrected coefficient of determination).The formulas for k is the total number of variables of each order of the

F ., R?and Rzad/. are as follows(4),(5),(6): model can also be expressed as degrees of freedom;
Vi is the experimental value;

j, is the average of the experimental values;
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model fits [8]. The analysis of the model coefficient of

A
- 1s the response value obtained from the optimization S . .
Vi P vaiu phimiz determination is shown in Table 7. it can be seen that the 2

model. values of the R? models are 1, 0.9871 andl, respectively,
. . 2
The closer the values of the correction coefficient R adj and are close to the values of Rza g R? , indicating that the
and the prediction coefficient R? are to each other, while 2 models have a high degree of fit.

the closer they are to 1, the more reasonable the optimization

Table 7. Type determination coefficient analysis

Models R? R*, " Adeq Precison
D(x) 1 1 17006.3499
S(x) 0.9871 0.9483 14.2021
M (x) 1 1 2532218

4. Multi-obiective Optimization Results widely used in multi-objective optimization problem solving.
: J p In order to ensure the convergence and accuracy of MOGA,

AnalySIS the maximum allowable Pareto percentage is set to 70%, the

Multi-objective genetic algorithm (MOGA), as a global ~ convergence stability percentage is set to 2%, and the
optimization algorithm, has a strong global search capability maximum number of iterations is set to 20. The trends of the

and can obtain a series of Pareto frontier solution sets, so it is rotary kiln stall thicknesses during the optimization search are
shown in Figures 7 to 9.

Thickness of cylinder section*1043)

chack numbers(*10%3)

Figure 7. Trends in the optimization process of the thickness of the cylinder section

check numbers1989)

Figure 8. Trend of transition section thickness during the optimization process

Gear Gear Thickness("1043)

3
check numbers(*10~3)

Figure 9. Trends in the process of optimization of the thickness of gear segments
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Setting the number of candidate points as 3, 3 sets of Pareto process in the above figure, as shown in Table 8.

optimal solutions are finally obtained after the iterative

Table 8. Pareto optimal solution

Thermal structure

Diameter of Transition Gear section Maximum i lind
Optimization cylinder section i Quality  deformation of coupling cylinder
. . . . diameter & . maximum

variables section d diameter J (kg) static structure .

(mm) . deformation
(mm) (mm) cylinder (/mm) (mm)
Initial Value 2790 2814 2830 154750 1. 1755 73. 245
Candidate point 1 2790 2794 2819. 4 133230 1.1254 73.321
Candidate point 2 2790 2794 2820. 2 133420 1.124 73. 326
Candidate point 3 2789.9 2794 2819. 6 133240 1.126 73.315

4.1. Analysis of optimization results

After rounding, the optimized variables were finally d
=2790 , J =2794 , & =2820, and the optimal size was re-
modeled and analyzed as the design size of the rotary kiln
cylinder diameter, and the optimized stress-strain cloud
diagram of the rotary kiln cylinder was obtained figure10 and
figurell. The comparison of rotary kiln cylinder diameter
parameters before and after optimization is shown in Table 9.
According to the finite element results of the optimized rotary

kiln barrel, the mass of the rotary kiln barrel is 133,380 kg ,

to the first value of 139.93 MPa , and the maximum stress of
the static structure is 14.007 MPa . The maximum
deformation of the static structure and thermal structure
couplingis 1.1211 mm and 73.323 mm . Compared with the
original model, the mass of the rotary kiln cylinder and the
maximum deformation of the static structure are reduced, and
the maximum deformation of the thermal structure coupling
is increased, but the increase has almost no effect on the
whole cylinder. The maximum stress of the static and thermal
structure coupling increases, but it is still less than the yield

limit of O, , =345 and within the safe range, so the

and the location of the maximum stress of the thermal

lightweight design of the rotary kiln cylinder is achieved.
structure coupling has been changed from the third position 1gitwelght desigh of the rotary Xtin cylinder 1 achieve

Table 9. Comparison of parameters of rotary kiln barrel before and after optimization

Thermal

- Stati . Maximum
Diameter of ~ Transition seGr?ernt ‘ s trui tllfre dl\/;ammu'm structure  deformation of
Optimization cylinder section fmeter Quality o o eo‘tfr:::glcon coupling thermal
variables dsectlon diameter J g (kg) stress structure mz‘rl:;sm structure
(mm) (mm) coupling
(mm) (Mpa) (mm) (Mpa) (mm)
Before 2790 2814 2830 154750 10.149 1.1755 133.6 73.245
optimization
.Af.ter. 2790 2794 2820 133380 13.872 1.1211 139.93 73.323
optimization

Figure 11. Maximum deformation and maximum displacement of the optimized static structure
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5. Conclusion

Firstly, the structural parametric modeling of the rotary kiln
equipment was carried out, and then the model was subjected
to coupled finite element static structure and thermal structure
analysis to obtain the maximum displacement and maximum
deformation values and locations. The response surface
function between the diameter parameters of the rotary kiln

and the values of D(x), S(x) , M(x) was

established by the response surface method, which was
verified to have high prediction accuracy. The multi-objective
genetic algorithm was used to find the optimal design
parameters for the constructed model, and three sets of Pareto
optimal solutions were obtained, and then the obtained three
sets of solutions were compared to select the best structural
parameters. The optimized structural parameters were re-
modeled and finite element analyzed, and the results showed
that the maximum deformation position of the optimized
rotary kiln equipment was unchanged and the maximum
stress position was changed; the deformation of the cylinder
was reduced by 4.3% and the mass was reduced by 13.6%
under the static structure, and although the maximum stress
was increased, it was much smaller than the yield strength of
the material and had a high safety margin. The optimized
cylinder mass, maximum stress and maximum deformation
under static structure, maximum deformation and maximum
stress under thermal structure coupling are in good agreement
with the numerical test results, and the deviation is within 1%,
which proves the effectiveness of the optimized design
method of rotary kiln cylinder device, and greatly improves
the performance of rotary kiln cylinder and reduces the
production cost, and provides a good solution for the rotary
kiln This method has proved the effectiveness of the
optimized design of rotary kiln cylinder device, greatly
improved the performance of rotary kiln cylinder and reduced
the production cost, and provided a reference for the research
of optimized design of rotary kiln cylinder thickness.
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