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Abstract

Aiming at the problem that it is difficult to balance the thermal insulation
performance and structural reliability of the adjustable orifice valve insulation lining in
high temperature environment, the finite element analysis method is used to analyze
the distribution characteristics of the two temperature fields and stress fields of the
adjustable orifice valve lining structure with / without anchoring parts under high
temperature conditions. The parametric modeling of the adjustable orifice valve
insulation lining structure is carried out. Combined with the surrogate model and the
improved L-TIWOA optimization BP neural network algorithm, the multi-objective
optimization design of key parameters such as lining thickness and anchoring layout is
carried out, and the optimal combination parameters are obtained. The results show
that the optimal combination parameters obtained by optimization are anchorage
spacing of 196.5 mm, diameter of 9.6 mm, lining thickness of 119.1 mm and coating
thickness of 3.0 mm. The optimized insulation lining structure reduces the maximum
equivalent stress of the lining by about 36.3 %. The above research provides a
theoretical basis for the lightweight and long life design of high temperature valve

insulation structure.

Keywords: Thermal insulation lining ; Thermal-solid coupling ; Multi-objective

optimization ; Whale optimization algorithm ; High temperature valve ; Proxy model
1. Introduction

In the energy recovery system of modern refining and chemical industry, the
adjustable orifice valve is the core regulating equipment, and its internal flow channel
needs to withstand high temperature flue gas erosion above 770 °C [1,2]. In order to
protect the metal valve body, the composite lining structure of refractory castable and
metal anchorage is usually used [3]. However, this structural design faces severe
challenges : the thermal expansion coefficient of refractory materials and metals is quite
different, and the high thermal conductivity of metal anchors will destroy the

continuous thermal insulation layer of the lining, forming local hot spots, resulting in



thermal stress cracks[4].

In recent years, domestic and foreign scholars have carried out a lot of work in the
development of thermal insulation refractory materials for high temperature equipment,
stress analysis and numerical simulation optimization of lining structure, but few special
studies have been carried out on the structure and material of thermal insulation lining
of regulating valves in catalytic cracking unit. In the research of thermal insulation lining
structure and materials, the thermal conductivity and thermal shock resistance of new
high-temperature thermal insulation materials such as lightweight mullite, alumina
hollow spheres, silica aerogels have been continuously improved, which provides more
choices for lining design. Pan Yuelei et al. [3] systematically summarized the application
progress and technical challenges of silica aerogel thermal insulation materials in
industrial pipelines and other fields. Song Qingjun et al. [5] established a simulation
model of thermal insulation performance of plasma sprayed coatings and analyzed the
influence of adhesive layer materials and porosity, which laid a foundation for the
design of thermal insulation coatings. At the same time, the stress analysis of lining has
gradually shifted from single thermal stress analysis to thermal-solid coupling analysis.
The new refractory fiber module anchorage structure proposed by Tang Jiulin [4] has
significantly prolonged the service life of the lining in the transformation of high-
temperature heating furnace, which proves the key role of the anchorage system in the
reliability of the lining. Qian Jixiang et al [6] analyzed the failure causes and proposed
repair measures from the aspects of structure, material and construction for the lining
damage of catalytic cracking unit. Su Weiguang et al [7] also pointed out that accurate
analysis of the temperature and stress distribution of the refractory lining is the premise
to avoid stress concentration and optimize the lining structure. Foreign scholars Sun et
al. [8] and Samadi et al. [9] established the meso-mechanical model and high
temperature failure constitutive model of refractory materials. JA Santos et al. [10]
verified the energy saving effect of the optimized refractory lining configuration
through the finite element model of ladle thermal cycle. In the aspect of simulation
analysis and optimization method research, thermal-solid coupling finite element
technology has become the mainstream method to reveal the distribution law of
temperature field and stress field of high temperature equipment. Kang et al. [11] and
Liu et al. [12] used different models to carry out thermal-mechanical coupling analysis
of high temperature tunnel. Gasser et al. [13] verified the accuracy of thermal-
mechanical coupling modeling of high temperature masonry through laboratory test
bench. Lee et al. [14] ' s thermal-structural coupling analysis of gas turbine compressor
bleed valve also proved the applicability of this method in high temperature valve
research. At the same time, the multi-objective optimization method based on the

surrogate model has attracted more and more attention because it can significantly



reduce the computational cost. Zhang et al.[15] and Liu[16] used Kriging surrogate
model combined with genetic algorithm to realize the strength optimization and
lightweight design of gate valve body. Zong et al. [17] systematically studied the
optimization method of valve design based on surrogate model. Liu [18], Chen [19] and
Qingtong et al. [20] also combined multi-objective genetic algorithm with surrogate
model and simulation tool respectively. It provides a reference for multi-objective
optimization of complex engineering problems. However, there are still obvious
deficiencies in the existing research : there is a lack of research on the lining structure of
special regulating valves such as catalytic cracking adjustable orifice valves, and there is
a lack of quantitative analysis based on the mechanism of anchorage-lining interaction.
Most optimization studies aim at a single performance index, and the comprehensive
consideration of thermal insulation performance, structural strength and economy is
not sufficient. The application effect of surrogate model accuracy and optimization
algorithm convergence performance in complex engineering problems still needs to be
verified, and multi-objective collaborative optimization research for high temperature
valve insulation lining is still relatively rare. In view of the above shortcomings, this
paper takes the thermal insulation lining of the catalytic cracking adjustable orifice valve
as the research object, and uses the thermal-solid coupling numerical simulation
method to reveal the synergistic mechanism of the thermal insulation coating, the Q-
type anchorage and the lining. A high-precision surrogate model based on L-TIWOA
improved whale algorithm to optimize BP neural network is proposed to carry out
multi-objective collaborative optimization of thermal insulation performance, structural
strength and economy, which provides a theoretical basis for the engineering design of

high-performance thermal insulation lining of high-temperature valves.
2. Structural Design and Thermo-solid Coupling Analysis
2.1. Structural design

The research object is the typical thermal insulation lining structure inside the
adjustable orifice valve. The structure consists of an outer metal valve body ( SA-516 ),
an intermediate thermal insulation lining ( CO. material ), an internal Q-type metal
anchor and a new thermal insulation coating on the innermost layer. In the design and
application of large high temperature valves, the thermal insulation lining structure with
anchors is the key engineering technology to achieve efficient thermal insulation and
long-term structural integrity of the system. The structure forms a stable mechanical
connection network by welding Q-shaped anchors with array distribution on the inner
wall of the valve body, so as to enhance the bonding strength and integrity between
the heat-insulating refractory lining and the metal valve body matrix, and effectively

resist the interface thermal stress caused by the difference of thermal expansion



coefficient in the long-term high-temperature service environment, the continuous
erosion of high-speed medium fluid and the failure risk of lining cracking, peeling and
even overall shedding caused by thermal cycle fatigue and other factors. The spatial
arrangement, geometric parameters and density of the anchoring parts are reasonably
designed, which can realize the rational distribution of temperature gradient inside the
lining and at the interface, promote the minimum of thermal stress and the uniform and
smooth transition of temperature field, so as to ensure that the thermal insulation lining
can not only maintain its own micro and macro scale structural integrity under extreme
high temperature, high pressure and complex thermal shock conditions, but also
continue to play a stable and reliable thermal insulation performance. This designed
lining system essentially constructs a continuous and strong thermal barrier inside the
high-temperature valve, which significantly reduces the heat flux and wall temperature
transmitted to the pressure-bearing metal shell of the valve, so that it can work safely
within the allowable temperature range of the material, and fundamentally avoids a
series of faults such as material creep, strength reduction and sealing failure caused by
the high temperature of the shell. Therefore, the thermal insulation lining with
optimized anchoring system is not only the core component of the thermal protection
design of high temperature valves, but also the key technical measure to ensure the
long period, high reliability and safe operation of the whole valve system under harsh
process conditions. The overall structural layout of the thermal insulation lining is shown
in Figure 1, which is shown in Figure 2 of the three-dimensional model of the Q-type

anchorage.

Figure 2. Q type anchorage three-dimensional model diagram



2.2 Heat transfer mechanism of thermal insulation lining

In the metal-nonmetal composite structure composed of valve body and lining, the
heat carried by high temperature flue gas is transferred to the external atmosphere
through the heat insulation lining and the valve body wall in turn. Based on the heat
balance relationship, the heat obtained by the thermal insulation lining from the high

temperature flue gas is shown in equation 1.

Ql = Qz 1)

In the formula, Q: represents the heat transferred from the high-heat flue gas to
the lining, and Q: represents the heat released from the outer wall of the valve body to

the outside. The form of the total heat transfer equation is shown in formula 2:

g=At/R (2)

In the formula, g represents the heat transferred per unit area in unit time, W/m®*:
At represents the temperature difference, At = -1, ; R denotes the thermal resistance
per unitarea, R= R: + R>+ Rs + R, m*°C/W; t: represents the initial high temperature
flue gas temperature, °C; f, denotes ambient temperature, °C; R: represents the heat
transfer resistance of high temperature flue gas to lining, m*°C/W; R- represents the
thermal resistance of the lining, m*°C/W; Rs represents the thermal resistance of the
valve body, m*°C/W: R, represents the heat release resistance of the valve body to the
atmosphere, m*-°C/W.

The heat transfer inside the valve body mainly depends on the heat conduction
mode. According to the theory of heat conduction, the differential equation of heat

conduction in orthotropic solid materials is shown in equation 3.

oT
V~(k-VT)+qV=pcp5 (3)

In the formula, 7 represents the transient temperature of the valve, °C; f represents
the process time, s; kis a second-order tensor, which contains the thermal conductivity
of k, k, k-in three principal axis directions, m*-°C/W; p represents the density of the
material, kg/m’; g. represents the internal heat capacity strength of the material, W/m?;

c, represents the specific heat capacity of the material, J kg-°C.

The density, thermal conductivity and specific heat at constant pressure of the
material are all constant values, which are independent of temperature and time. If the

material is isotropic, that is, & = k& = k = k; then equation 4 can be simplified as:
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By introducing the diffusion rate formula 5, equation 4 can also be written in the

form of equation 6.

a=k/pc, (5)

NT+q /k=(/a)dT /ot (6)

For the solid heat transfer problem in the thermal-solid coupling analysis, the
solution of the temperature field depends on applying reasonable boundary conditions
and initial conditions to the governing equations. In mathematics, this ensures the
existence and uniqueness of the numerical solution. The boundary conditions
commonly used in engineering mainly cover three basic forms, which together
constitute the physical basis for simulating the heat exchange between the valve and

the external environment [21,22].

(1) The first kind of boundary condition is given directly the boundary temperature,

which is a known function of space coordinates and time.

T)”] :Tw (7)
Or
T, = f(x,y,2.1) 8)

In the formula, y: denotes the boundary of the first boundary condition of the
object ; 7w represents the known boundary temperature, °C; #x,y,z t) represents the

known boundary temperature function, °C.

(2) The second kind of boundary conditions directly give the boundary heat flux g, that
is, the derivative of the temperature along the normal direction of the boundary is a

known function :

~(oT /on)|,, =4, ©)

Or

—(8T/6n)|)"2 =g(x,3,2,1) (10)




In the formula, y» denotes the boundary of the second boundary condition of the
object ; g- denotes the known boundary temperature, °C; g(x,),zt) denotes the known

heat flux function, °C.

(3) The third type of boundary conditions, that is, there is a linear relationship between
the boundary heat flux and the boundary temperature and the external fluid

temperature, which is the convective heat transfer relationship :

~k(oT / én)|. =h(T-T, )|, a1

In the formula, y» denotes the boundary of the third boundary condition of the
object ; 7rrepresents the known boundary temperature, °C; 4 is the heat transfer
coefficient, W/m®. T:and A can be constants or functions varying with time and space. If
7rand A are not constants, their average values are often taken as constants in

numerical calculations.
2.3 Thermal-solid coupling analysis of thermal insulation lining
2.3.1 Thermal-solid coupling geometric model

When carrying out full-scale numerical simulation calculation for the overall
structure of high-temperature flue gas valves, due to the complex structure of the
model and the large scale of calculation, the numerical solution time is significantly
prolonged and the consumption of computing resources is sharply increased, which has
become a prominent bottleneck in the process of engineering design and optimization.
In order to ensure the reliability of physical field simulation in key areas while
reasonably controlling the calculation cost, this study proposes a local refined modeling
and efficient calculation method for key areas. On the premise of maintaining the
physical authenticity of its geometric details and boundary conditions, this method can
achieve efficient and accurate evaluation of the high temperature performance and
long-term reliability of the valve insulation lining structure under limited computing
resources. Based on thermodynamic analysis and actual working condition evaluation, it
is determined that the calculation area is simplified to a typical characteristic area of
600.00mm x 350.00mm, which can fully reflect the core heat transfer characteristics of
valve lining. The lining structure without the new thermal insulation coating is shown in
Figure.3, and the lining thickness is 125.00 mm. The lining structure of the thermal
insulation coating is shown in Figure.4, the thickness of the lining is 125.00 mm, and the
thickness of the new thermal insulation coating is 8.00 mm. The three-dimensional
structure of the Q-type anchorage is shown in Figure.5; the distribution of Q-type

anchorages is shown in Figure.6.



Figure 3 Lining structure without new thermal insulation coating

Figure 4 Lining structure of new thermal insulation coating

Figure 5 Q-type anchorage model diagram

Figure 6 Q-type anchorage distribution map

2.3.2 Grid division and independence verification

Mesh quality is one of the important factors affecting the accuracy and reliability of
simulation software. In order to ensure the balance between the accuracy and
computational efficiency of numerical simulation results, the geometric model of
composite thermal insulation lining structure is meshed and mesh-independent. In
order to ensure the balance between the accuracy and computational efficiency of

numerical simulation results, the geometric model of thermal insulation lining is



systematically meshed and mesh-independent. The mesh generation uses the ANSYS
Meshing module. In view of the complex geometric structure of the model, the multi-
region scanning division method, local size control and boundary layer mesh encryption
technology are comprehensively used. The critical areas for temperature field and
thermal stress analysis, including the metal wall of the valve body, especially the contact
interface between the thermal insulation lining and the anchor, are locally refined to
ensure that the thermal gradient and stress concentration can be accurately captured.
Among them, the hexahedral dominant grid is used in the thermal insulation lining and
the adjacent metal area to improve the grid scheme. Under the same boundary
conditions and material parameters, the steady-state temperature field and thermal
stress field of the thermal insulation lining under rated high temperature conditions are
solved. Based on the calculation results of scheme D, the value of the maximum value is
compared. As shown in Table 1, when the grid is encrypted from scheme C to scheme
D, the change rate of physical quantities at each monitoring point is less than 1 %.
According to this, it is determined that the mesh density of scheme C has met the mesh
independence requirements, and it is used as the final calculation model for all
subsequent thermal-solid coupling analysis, so as to effectively control the calculation
scale and solution time under the premise of ensuring the reliability of the results. The
mesh model is shown in Figure 3.5.

Table 1 Mesh independence test of thermal insulation lining

Scheme Number of elements Maximum stress value (MPa)
A 237689 209.38
B 261051 220.69
C 283828 22412
D 323576 226.89

Figure 7 Grid model diagram

2.3.3 Analysis of numerical simulation results of thermal insulation lining structure

without anchorage



The distribution results of temperature field and stress field of thermal insulation

lining structure obtained by simulation analysis are shown in Figure.8 to Figure.13.

When there is no thermal insulation coating, the minimum temperature of the lining

structure is 102.81 °C, and the maximum stress values of the valve body and the lining

are 67.54 MPa and 33.83 MPa, respectively. After the 8.00 mm thick insulation coating is

laid, the minimum temperature of the lining is reduced to 68.06 °C, a decrease of about

33.80%. The maximum stress of the valve body is reduced to 43.22 MPa, a decrease of

about 36.01%. The maximum stress of the lining is reduced to 21.55 MPa, a decrease of

about 36.30%. This comparative analysis shows that the thermal insulation coating

enhances the thermal resistance of the overall structure and makes the temperature

gradient distribution more gentle. At the same time, due to the reduction of heat flux

transfer, the thermal stress concentration caused by temperature difference is

significantly alleviated. From the perspective of engineering optimization, the coating

body has three aspects: at the thermal protection level, the efficiency is outstanding,

which greatly reduces the temperature of the lining and valve body, and helps to

prolong the service life of the refractory material; at the level of structural mechanics,

the stress level of the valve body and the lining decreases synchronously, which

improves the safety margin of the system under thermal-mechanical coupling load. At

the level of stress distribution, the decrease of peak stress and the decrease of stress

concentration area indicate that the coating alleviates the influence of interface due to

different expansion coefficients to a certain extent. These characteristics jointly verify the

applicability and superiority of the composite thermal insulation system in the

adjustable orifice valve, and provide theoretical basis and data support for the reliability

design and performance optimization of the thermal insulation structure under high

temperature conditions.
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Figure 9 Temperature distribution of coated thermal

insulation lining structure
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Figure 10 Valve body stress distribution diagram
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Figure 11 Stress distribution diagram of coated valve
body
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Figure 12 Lining stress distribution diagram

Figure 13 Stress distribution of coated lining

2.3.4 Analysis of numerical simulation results of thermal insulation lining structure with

anchorage

The anchor is the core stress component of the thermal insulation lining. Through

the mechanical anchoring effect, the lining layer is closely combined with the

equipment shell to ensure its structural stability. At the same time, it coordinates the

thermal stress between the lining and the shell through its own specific design, and

manages heat conduction to prevent weakening the overall thermal insulation effect.

Although the use of anchoring parts enhances the adhesion of the lining material to the

metal body, it will reduce the tensile, flexural and shear strength of the lining material

itself to a certain extent, and will cause the thermal conductivity of the lining structure

to be greater than the thermal conductivity of the lining material. Therefore, the

temperature and strength of the lining are analyzed and studied by adding anchors to

the lining material [23]. After finite element analysis, the temperature distribution of the

thermal insulation lining structure is shown in Figure 14 and Figure 15, the stress

distribution of the valve body is shown in Fig.16 and Figure 17, the lining stress is shown

in Figure 18 and Figure 19, and the Q stress diagram is shown in Figure 20 and Figure

21.
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Figure 20 Anchor stress distribution diagram Figure 21 Stress distribution diagram of anchorage with

thermal insulation coating

In order to analyze the synergy and trade-off relationship between the anchor and
the thermal insulation lining, the thermodynamic response of the lining structure with
anchors with or without thermal insulation coating is compared, and the simulation
results of the structure without anchors are compared. As shown in Figure 14 and
Figure 15, after adding a 8.00 mm coating, the temperature of the low-temperature
side of the lining structure decreased significantly from 109.42°C to 69.11°C, a decrease

of about 36.84% ; at the same time, the maximum stress of the valve body and the lining



decreased from 95.71MPa and 109.50MPa to 66.16MPa and 78.79MPa, respectively,
with a decrease of 30.87% and 28.05%. The comparison results clearly show that the
thermal insulation coating coated on the inner side of the lining can effectively reduce
the heat transfer from the high temperature flue gas to the valve body by increasing the
thermal resistance, reduce the overall temperature level and relieve the stress induced
by the uneven thermal expansion. The thermal insulation effect of the thermal insulation
coating is significant in the model with or without anchorage, indicating that the

function of the thermal insulation coating has universal applicability.

However, compared with the lining structure without anchorage, the lining
structure with anchorage causes complex local effects and mechanical reconstruction.
At the thermal level, the thermal bridge formed by the metal anchorage leads to the
local concentration of the surrounding heat flow, which makes the average temperature
of the valve body with anchorage model slightly higher than that of the non-anchorage
model, reflecting the influence of the anchorage on the ideal thermal insulation state. At
a more critical mechanical level, the Q-type anchorage changes the stress distribution
pattern of the structure. As shown in Figure 16 and Figure 18, the maximum stress point
is transferred to the geometric discontinuity: under the condition of no coating, the
maximum stress of the valve body is concentrated on the welding root of the anchoring
part, and the maximum stress of the lining appears at the contact interface between the
anchoring part and the castable. The stress values of the two are much higher than
those of the unanchored structure, which confirms that the anchoring part is a strong
local stress concentration source. It is particularly noteworthy that the anchorage itself
bears extremely high local stress under this working condition, with a peak value of
517.55MPa. (Note: This value is the theoretical extreme value under ideal binding
contact, which is higher than the actual situation, and can be significantly reduced by

setting a flexible buffer layer in the anchor).

Through comparative analysis, the dialectical relationship between a pair of cores in
the design of high temperature valve insulation lining is clarified. The thermal insulation
coating mainly undertakes the global thermal attenuation function, which can effectively
reduce the thermal load and stress level of the system. The Q-type anchorage is mainly
responsible for the mechanical anchorage function. While ensuring the integrity of the
lining structure, it will also cause a certain degree of stress concentration in the local
area, making it a weak link under the thermal-mechanical coupling load. It can be seen
that the design of high-performance lining must turn to the path of system
collaborative optimization : on the basis of global thermal attenuation by coating, the
fine design of anchorage system should be carried out, and the risk of stress

concentration caused by it should be effectively controlled under the premise of



ensuring the reliability of connection by optimizing the layout and geometric
configuration. This strategy of combining global thermal insulation with local force
regulation is the key to improving the reliability of long-term operation of valves under
extreme conditions, and also provides a clear theoretical basis for subsequent in-depth

research and engineering practice.
3 Multi-objective optimization of key parameters based on surrogate model
3.1 Defining variables and experimental design

There are many parameters affecting the thermal insulation performance of the
thermal insulation lining of the anchor system of the adjustable orifice plate valve,
including the arrangement interval of the anchoring parts, the height of the anchoring
parts, the diameter of the anchoring parts, the thickness of the lining layer and the
thickness of the thermal insulation coating. There are many evaluation indexes for the
influence of thermal insulation lining on thermal insulation performance, including valve
body stress, lining stress, maximum stress of anchorage, average stress of anchorage,
minimum temperature of valve body surface and so on. After consulting the literature
and investigation, the common failure mode in the catalytic cracking unit is the cracking
or even falling off of the lining layer. It may be that the layout and density of the
anchoring system cannot effectively absorb the thermal stress, resulting in the
concentrated cracking of the thermal stress and the poor stability of the traditional thick
lining [24,25]. Considering comprehensively, the anchorage arrangement interval
distance (X), lining layer thickness (Z:), anchorage diameter (D) and thermal insulation
coating thickness (/) are selected as design variables. Lining stress (}4), average stress of

anchorage (J») and material price ()s) are taken as optimization objectives.

The optimal Latin hypercube design can achieve uniform filling of sample points in
the design space while ensuring the horizontal equilibrium distribution of each design
variable, and effectively reduce the unsampled blank area, thereby significantly
improving the global prediction accuracy of the fitting model. According to this
method, combined with the level of each variable factor determined in Table 2, a

sample set of design schemes for subsequent modeling and analysis is generated.



Table 2 Variable factor levels

Factor
Levels
X (mm) L1 (mm) D (mm) L>(mm)
-1 180.00 110.00 7.00 2.00
0 195.00 120.00 8.50 6.00
1 210.00 130.00 10.00 10.00

Through the thermal-solid coupling simulation method, the design schemes shown

in Table 3 are calculated to obtain the corresponding evaluation index samples of each

scheme, as shown in Table 4.

Table 3 Sample design schemes

serial number X(mm) L1 (mm) D (mm) L>(mm)
1 186.25 113.33 8.88 9.33
2 192.50 115.00 9.25 2.33
3 187.5 128.33 8.00 8.33
48 208.75 117.50 7.38 7.00
49 206.25 127.50 7.88 5.33
50 200.00 130.00 9.50 6.67

Table 4 Sample simulation results of design scheme

serial number yi(MPa) 2 (MPa) 15(CNY)
1 4476 76.19 633.17
2 71.66 128.31 252.80
3 58.94 84.02 594.95
48 78.51 103.46 510.81
49 56.95 102.29 430.25
50 52.45 86.32 506.14




In order to construct a high-precision finite element surrogate model instead of
time-consuming, the standard BP neural network algorithm is improved, and the whale
optimization algorithm is introduced to reduce the possibility of falling into the local
optimal solution and improve the convergence speed and prediction accuracy of the

network.

The whale optimization algorithm (WOA) was proposed in 2016, which was inspired
by the special ' bubble net ' group predation strategy of humpback whales in nature.
[27] In the WOA setting, the position of each whale represents a feasible solution.
During the group predation process, each individual has three behaviors: randomly
searching for prey, identifying the location of prey and encircling it, and using bubble
nets to attack prey. Suppose that the position X of each whale in the n-dimensional sol

ution space is:

X =(x,%,,,x,) (12)

When attacking prey (p=0.5), in order to form a bubble net, the whale swims to

the prey in a spiral motion. Its position update formula is:

i -

e” cos(27l)+ X,

(13)

est

In the formula, X,.., is the position of the optimal individual in the population at
time t; X is the position of the whale individual at time ¢, bis a constant used to define

the shape of the spiral; /is a random number distributed in [-1,1].

When the prey is surrounded (p<0.5), the whale decides to perform a contraction
to surround the prey or randomly search the prey according to the size of A.
When|A|<1, the whale will swim to the individual with the best position to approach the

prey. Its position update formula is:

1+l t t t
Xi = Xbest _A‘CXbest _)(i (14)
When |A|=1, the whale will also randomly look for prey, randomly select an
individual in the group and approach it. Its position update formula is:
1
XiH :X;and _A‘C ;iand _Xi[ (15)

In the formula, X' is the position of the whale individual at t+7; X, is the position
of the random individual at time ¢ A and C are coefficients, and the calculation formula

is as follows:



A=2xaxr—a (16)

C=2xr (17)

In the formula, ris a random value in the interval [0,1]; @ is a linear convergence
factor. The advantage of WOA is that the operation is simple and easy to implement,
and there are few parameters to be adjusted. It is a way to randomly generate the initial
population, but this method has low search efficiency, weak global search ability, and is
easy to fall into the local optimal solution. In order to solve the above problems, the
Logistic-Tent (L-T) chaotic map is added to initialize the population, so that the
population is more evenly distributed in the search space. Combined with the adaptive
weight, a nonlinear decreasing adaptive sine factor w is introduced to update the
individual position of the whale [28,29].

The expression of L-T chaotic map is as follows:

xn+1 = 4_r(1_x ) (18)
[rxn(l—xn)+—"xn}modl,if x,>0.5

{rxn (l—xn)+%xn}modl, if  x,<0.5

n

In the formula, x, represents the value after the nth iteration, which is artificially
controlled, usually between 3.57 and 4.

A nonlinearly decreasing adaptive sine factor w is introduced to satisfy the complex
nonlinear changes in the WOA optimization process. Therefore, the position of the

whale individual is updated as follows:

W(Z) = Wain + (Wmax ™ Whin )Sil’l(Zﬂ' / Maxitemtion) (19)
XM =wXx! - A‘CW ‘X (20)

BP neural network is one of the most widely used machine learning models at
present. Its structure is shown in Figure 22. It includes three parts: input layer, hidden
layer and output layer. Each layer neuron node is fully connected with the adjacent layer
neuron nodes. BP neural network has a strong self-learning ability, which can grasp and
store the mapping relationship between input and output data without knowing the
mathematical equations that represent this mapping relationship in advance. However,
in practical applications, BP neural network algorithm has the problems of slow
convergence speed and easy to fall into local optimal solution. In order to solve these

problems, L-TIWOA with global optimization ability is used to optimize the initial



weights and thresholds of BP neural network, so as to reduce the possibility of falling
into local optimal solution, and improve the convergence speed and prediction
accuracy of the network [26]. The flow chart of L-TIWOA-BP is shown in Figure 23.

Input layer hidden layer output layer

™ kG s i, 9.

Figure 22 BP neural network structure diagram
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Figure 23 Flow chart of BP neural network optimized by L-TIWOA

The comparison diagram of the output effect between the predicted value of L-
TIWOA-BP, the original BP predicted value and the true value is shown in Figure 24 (a)
(c) (e). The predicted value of L-TIWOA-BP is much closer to the true value than the
original BP predicted value; the error comparison diagram between the L-TIWOA-BP
neural network and the original BP is shown in Figure 24 (b) (d) (f). The mean absolute
error, mean square error and root mean square error of the BP neural network
optimized by L-TIWOA are much smaller than the prediction error of the original BP. It
can be seen from Figure.24 that the improved strategy improves the prediction
accuracy of the surrogate model by magnitude, and the simulation progress fully meets
the requirements of the engineering optimization for the surrogate model, which
provides a reliable and efficient performance evaluation tool for the subsequent multi-

objective optimization.
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3.3 Optimization of key parameters of adjustable orifice valve insulation lining structure

The NSGA-II algorithm is a multi-objective evolutionary calculation method that

combines a non-dominated sorting mechanism and an elite retention strategy, which is

of landmark significance in the field of multi-objective optimization. The core principle

and implementation steps of the algorithm can be summarized as follows: first, the

initial construction of the population is completed, and then the hierarchy is divided




and sorted according to the dominance relationship between individuals, and the
fitness value of each individual is evaluated accordingly. On this basis, the diversity of
the population is maintained by genetic operations such as selection, crossover and
mutation, and whether to enter the next iteration is judged based on the convergence
degree of the current non-dominated frontier and the executed evolutionary algebra.
When the preset termination condition is satisfied, the algorithm outputs the final

optimized solution set [30 ~ 32].

In order to improve the speed of population optimization and avoid falling into
local optimum, an adaptive mutation operator is proposed. It uses the effect of
mutation to improve the convergence speed, improve the diversity and stability of the
population, and improve the quality of the Pareto optimal solution, so as to achieve

better convergence effect. The specific principle is as follows:

7(X)=2237(X)g(X) @
g(X)=%G(X) (22)

In the formula, yis the probability of individual mutation; g¢X) is the individual fitness,
which is calculated by the fitness function after scale transformation. wis the maximum
value of the fitness after transformation should be equal to the specified multiple of the

average value of the original fitness; g(X) is the fitness function.

Based on the surrogate model, the NSGA-II algorithm is improved to optimize the
structural parameters of the adjustable orifice valve insulation lining, and the process is

shown in Figure 25.
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The thickness of the lining, the thickness of the thermal insulation coating, the
diameter and distribution of the anchorage are selected as the key design variables, and
the factor levels are set respectively. In order to construct a surrogate model that can
accurately reflect the mapping relationship between design variables and system
response, it is necessary to adopt an experimental design method with good spatial
sampling characteristics. The improved NSGA-II algorithm based on the improved BP
surrogate model is used to optimize the lining with anchorage system. The initial
population size is set to 30, the maximum genetic algebra is 100 generations, and the
crossover probability is 0.9. The Pareto front solution set of the multi-objective
optimization problem is obtained as shown in Figure 26. Each point in the graph
represents the response value of the objective function of a set of design schemes. It
can be seen that there is a certain distribution difference in the pros and cons of the

response values of the three objective functions. When the response values of the two



objective functions tend to the optimal solution according to a certain law, the response

value of the third objective function does not tend to the optimal solution, and there is

no design scheme with three indicators all optimal.

Figure 26 Multi-objective optimization algorithm optimization results

Table 5 Specific numerical comparison of each scheme

Structural Parameter

Required Value

Compute

X (mm) L1 (mm) D (mm) L>(mm) 1 (MPa) 2 (MPa) 15 (CNY)

A 182.79 112.33 8.50 7.85 41.11 84.00 556.71

B 192.34 117.64 9.24 8.59 47.47 70.71 611.28

C 197.45 117.85 7.51 2.00 78.13 153.85 232.13
Initial value 1 200.00 125.00 8.00 0 109.50 201.50 136.50
Initial value 2 200.00 125.00 8.00 8.00 78.79 87.06 573.30
Optimized 197.46 119.11 9.62 3.00 56.53 119.10 293.87

According to the Pareto front solution set shown in Figure 26, the scheme A with

the smallest lining stress, the scheme B with the smallest average stress of the

anchorage, and the cheapest C can be obtained. Considering the design scheme of the

adjustable orifice valve and the structural characteristics of the thermal insulation lining




system, the optimal combination of structural parameters is obtained. The specific
parameters and response values of each scheme are shown in table 5. The optimized
results show that the design scheme improves the performance of the lining containing
the anchoring system while ensuring the economy, indicating that the improved

algorithm and optimization scheme are reasonable and play a good role.

3.4 Lining thermal insulation performance index comparison before and after

optimization and literature verification

Based on the multi-objective optimization algorithm of the surrogate model, the
optimal structural parameter combination of the lining with the anchoring system is
obtained, which is the spacing distance of the anchoring parts 196.47mm, the diameter
of the anchoring parts 9.62mm, the thickness of the lining layer 119.11mm and the
thickness of the thermal insulation coating 3.00mm. Using these parameters, the same
thermal-solid coupling method and related settings as the previous ones are used for
numerical simulation calculation. The simulation results are shown in Figure 27-29. It
can be seen that the numerical error between the maximum stress value of the lining
and the optimized value is 2.70%, and the average stress value of the anchor and the
optimized value is 1.19%, which shows the applicability and accuracy of the optimization

method.

Type: Equivalent (von-Mises) Stress
Unit: MPa
Time:1s

55.036 Max
51.126
47.216
43.306
39.396
35485
31.575
27.665
23.755
19845
15934
12024
81141
4.2039
0.29367 Min

Figure 27 Lining stress distribution diagram

Type: Equivalent (von-Mises) Stress
Unit: MPa
Time:1s

460.54 Max
42305
395.55
36306
33056
29807

26557
23308
200.58
16309
1356

1031

70.607
38112
5.6176 Min

Figure 28 Anchor stress distribution diagram



Results

Mininmum 5.6176 MPa
Ml aximum 460.54 MPa
Average 117.74 MPa

Figure 29 Anchor stress value

Comparing the verification results of this paper with those of Reference [33], the
simulation error of the maximum stress value of the lining in this paper is 2.70%, and the
simulation error of the average stress value of the anchorage is 1.36%, which are better
than the average relative error level of 7.00 % in Reference [33]. This shows that the
surrogate model constructed in this paper has higher prediction accuracy, and the
multi-objective optimization method based on the surrogate model has good
applicability and accuracy in dealing with the lining structure optimization problem with

anchorage system.
4. Conclusion

Aiming at the thermal-solid coupling behavior and structural optimization of the
adjustable orifice valve insulation lining of the catalytic cracking unit under high
temperature conditions, the finite element models of two lining structures with and
without anchors were established, and the temperature field and stress field distribution
under high temperature conditions were analyzed. On this basis, a multi-objective
optimization model is established with the minimum temperature of the outer wall of
the valve body and the minimum equivalent stress of the lining as the objectives, and
the key parameters such as the thickness of the lining and the spacing of the anchoring
parts are collaboratively optimized by the surrogate model method. The following

conclusions are obtained:

(1) Through the thermal-solid coupling numerical simulation, the functions of two key
parts of the thermal insulation lining are clarified. The thermal insulation coating
mainly undertakes the global thermal attenuation function, which can effectively
reduce the thermal load and stress level of the system, and is the core barrier to
ensure the overall thermal insulation performance of the lining. The Q-type
anchorage is mainly responsible for the mechanical anchoring function. While
ensuring the integrity and adhesion reliability of the lining structure, it will cause a
certain degree of stress concentration in the local area, which may become a weak

link under the thermal-mechanical coupling load.

(2) The improved L-TIWOA algorithm is introduced to optimize the BP neural network
to improve the convergence speed and prediction accuracy of the BP network. As a
surrogate model, the multi-objective optimization algorithm is used to optimize the

structure of the lining with the anchoring system. The optimal parameter



combination is obtained : the spacing distance of the anchoring parts is 196.47 mm,
the diameter of the anchoring parts is 9.62 mm, the thickness of the lining layer is
119.11 mm, and the thickness of the thermal insulation coating is 3.00 mm. The
same thermal-solid coupling method and related settings are used for numerical
simulation calculation. The maximum stress value of the lining is 2.70 % compared
with the optimized numerical error. The numerical error between the average stress
value of the anchor and the optimized value is 1.19 %, which shows the applicability
and accuracy of the optimization method, and improves the thermal insulation

performance of the lining structure while ensuring the economy.
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