
Int. J. Metrol. Qual. Eng. 15, 11 (2024)
© Q. Wang et al., Published by EDP Sciences, 2024
https://doi.org/10.1051/ijmqe/2024009

International Journal of
Metrology and Quality Engineering

Available online at:
www.metrology-journal.org
RESEARCH ARTICLE
Structure optimization design of gasket test rig based
on response surface model
Quan Wang1, Zhenyu Zhang1,*, Jiayan Chen1,*, and Lu Wang2

1 Quality and Safety Engineering College, China Jiliang University, Xueyuan Street, No. 258, 310018, Hangzhou, China
2 Hefei General Machinery Research Institute Co., Ltd., Changjiang Road(W), No. 888, 230031, Hefei, China
* Correspo

This is anO
Received: 20 July 2023 / Accepted: 12 May 2024

Abstract. In order to enhance the temperature regulation response speed of the gasket test rig and reduce the
hysteresis of the temperature control system, structural optimization is implemented in the hardware part of the
test rig. Firstly, a multi-physical field coupling method is employed for comprehensive performance testing of
high-temperature and high-pressure gaskets, establishing a heat-fluid-solid coupling simulation and analysis
model based on ANSYS. Then, internal temperature distribution of the gasket test device is calculated
considering initial and boundary conditions. Next, data is collected using Latin hypercube samplingmethod, and
optimal structural parameter combinations are determined through a multi-objective optimization approach
utilizing response surface method and improved genetic algorithm. Finally, collected data is further utilized with
response surface method and improved genetic algorithm multi-objective optimization technique to obtain
optimal structural parameter combinations for the gasket test device which are verified by heat-fluid-solid
coupling simulation. The temperatures tested before and after optimization are analyzed for comparison
purposes. The results demonstrate that optimized gasket test rig significantly enhances its temperature control
performance.

Keywords: Structure optimization / gasket test rig / finite element analysis / response surface /
advanced genetic algorithm / temperature control
1 Introduction

Gasket Test Rig (GTR) is utilized for the purpose of
conducting mechanical characterization tests on gasket
materials [1–3]. With the development of petrochemical
plants and novel gasket materials, the service environment
of the gasket is developing toward high temperature and
pressure. Gaskets are important sealing components that
determine the performance of pressure-bearing equipment
[4]. However, the quality of the products and testing
methods are not fully adapted to the level of development
of the equipment, resulting in an increasing number of cases
due to seal failure during long service at high temperatures.
This has led to a demand for developing a comprehensive
high temperature and pressure test rig for related gaskets.

Literature [5] monitored the amount of deformation by
three displacement transducers located at different
positions during the hot seal test, and this measurement
method increased the accuracy of the measurement. Sawa
[6] investigated the sealing performance of large diameter
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bolted joints at elevated temperatures, where internal
pressure changes were monitored by pressure transducers
and strain gauges attached to the bolt rods were used to
monitor axial bolt forces. However, this test setup leaves
little space for the heater to heat up to 200 °C. Jeya and
Bouzid [7] utilized the Universal Gasket Rig (UGR) can
achieve temperature conditions up to 450 °C, but the
electro-ceramic band heater it uses is ineffective in
temperature control and temperature retention and is
not suitable for higher temperature test conditions.
Literature [8] developed a high-temperature gasket
comprehensive performance testing machine, and con-
ducted compression resilience, creep relaxation, and sealing
performance tests for a variety of gaskets, achieving very
good test results, but it carries out the test temperature
does not exceed 500 °C. Ouzid and Das [9,10] evaluated the
high temperature performance of flexible graphite gaskets
in service environments by using a High-temperature Aged
Leakage Relaxation (HALR) fixture, which is mainly used
to evaluate various types of gaskets in the range of 430–
550 °C. However, the designed fixture cannot provide large
loads and is not suitable for gasket performance testing in
high pressure environments. Wang Yulong [11] designed a
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Fig. 1. Gasket test rig.

Table 1. Geometrical model parameters.

Part name Diameter/mm Height/mm

Cold plate 210 55
Insulation plate 210 20
Heat plate 210 40
Press plate 210 50
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high-temperature sealing gasket performance testing
device, its heating device using resistance disc to achieve,
heat insulation screen and pressure plate filled with
insulation cotton material for insulation, can achieve room
temperature to 500 °C range of temperature control.

Although the above methods have achieved some
results in the structural design of the gasket test rig, they
have not fully considered test conditions under high
temperature conditions. In order to further improve the
temperature regulation response speed of the gasket test rig
and reduce the hysteresis of the temperature control
system. In this paper, the thermal-fluid-solid coupling
simulation model of the gasket test rig is established by
ANSYS, and the optimal structural parameter combina-
tions press plate (HP), the height of the heat shield (HS),
and the height of the gasket contact board (HC) are
obtained by themulti-objective optimizationmethod of the
response surface method and the improved genetic
algorithm, and the reliability analyses are carried out
with the help of finite element software. Finally, the
temperature test of the gasket test rig before and after
optimization are compared and analyzed with examples.

2 Finite element model of gasket test rig

The research object of this paper is a set of comprehensive
performance gasket test rig. The gasket test rig is based on
the electric pressure tester as the main platform, including
cold plate, heat insulation plate, heating plate and pressure
plate. Driven by amotor and a hot plate, the test bench can
perform compression recovery, creep and stress relaxation
tests up to a maximum temperature of 600 °C and a
maximum pressure of 20MPa. A cold plate is placed under
the indenter of the motorized pressure tester to avoid high
temperatures. An insulating plate made of mica was used
to avoid heat loss from the heated plate to the cold plate
and the surroundings. Heating of the gasket is achieved by
means of two resistance heating plates placed close to the
press head. The test measures both creep and compression
resilience of the gasket material under high compression
loads. Three optical encoders (OE) are used to monitor
axial displacement or thickness changes of the gasket.
Temperature is monitored by thermocouples inserted in
the middle plane of the platen and connected to a computer
via a data acquisition and control system. The physical
object is shown in Figure 1.
2.1 Establishment of finite element model

The components involved in heat transfer calculations
and key performance tests in the test set are modelled with
the gasket placement plane as the symmetry plane, and
the structure of the upper and lower parts of the test set is
the same, so only the upper part is taken to carry out the
heat transfer analysis in order to reduce the workload
caused by repeated calculations. The upper half of the
model contains the cold plate, insulation plate, heat plate
and press plate. The geometrical model parameters are
shown in Table 1.
A SolidWorks 3D model is built according to the design
of the gasket test rig, to simulate the distribution of the
temperature field, as shown in Figure 2. The fluid domain
model, as shown in Figure 3.

2.2 Grid division

A tetrahedral mesh is used for the chilled water tray, fluid
domain and platen components, a hexahedral mesh is used
for the insulation plate and heating plate, and the mesh is
refined by controlling the number of parts at the boundary
lines of the fluid domain at the entrances and bends, and at
the entrances and exits of the water cooler tray. The model
is set up according to the above settings, and the resulting
mesh has an average mesh mass of 0.853 and an average
mesh skewness of less than 0.2. Figure 4 shows the mesh of
the solid domain and the fluid domain.

2.3 Materials models

The material characterization is important for defining its
deformation behavior and thermal performance under
loading and elevated temperature. The cold plate is made
of steel (SS316L), the heat shield is made of mica, and the
heat plate and press plate are made of K465. As a kind of
high-temperature alloy, K465 is widely used in aerospace
and has high temperature strength and good heat
resistance and corrosion resistance [12]. The thermophys-
ical properties of SS316L, mica and K465 are listed in
Table 2.



Fig. 2. Schematic diagram of gasket test rig model.

Fig. 3. Fluid domain model.

Fig. 4. Meshing results.

Table 2. Material properties of test rig.

Material Density/
(kg/m3)

Specific
heat (J/kg.K)

Conductivity
W/(m.K)

Stainless
steel (316L)

7930 588 22.2

Mica 3200 880 4.0
K465 8314 622 22.7
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2.4 Boundary condition

In this study, the boundary conditions are specified as
follows:

–
 The initial temperature of the test rig is set as 34 °C.

–
 The compressibility of cooling water is not considered,
and the inlet and backflow are stable at a temperature of
10 °C and a velocity of 1.54m/s according to the cooling
requirements.
–
 The heat convection between the test rig boundary and
air is stable, and the environment temperature oscillation
is not considered.

2.5 Discussion of simulation results

The model with the initial and boundary conditions is
solved iteratively using ANSYS Fluent [13], considering
the k-e turbulence model and the SIMPLEC algorithm.

Figure 5 shows the temperature distribution along the
vertical direction of the gasket test rig after 6000 s.
The temperature of the surface of the press plate and
heat plate is within the same color scale. It can be observed
that the maximum temperature of the press plate and heat
plate is 608 °C. The temperature of the area between the
heat plate and heat shield appears lower than 548 °C
because of heat conduction. Compared to the lower surface,
the upper surface of heat shield is 400 °C lower, proving the
heat shield’s excellent insulation performance.
3 Structural optimization of gasket device
based on response surface methodology and
improved genetic algorithm

The experiments are based on validation using probabilis-
tic and statistical tools [14]. When carrying out the
structural optimization of the gasket test rig, it is necessary
to consider both the mechanical properties of the device
under large loads and the temperature oscillation, so the
problem is considered a multi-objective optimization
problem to ensure that the test rig resists deformation
as much as possible when optimizing the temperature
response efficiency of the gasket test rig.

3.1 Modelling response surfaces
3.1.1 Optimization variable

Fluent cannot express the complete interference factors,
such as unstable output power of the heat plate in the
simulation process, so it cannot directly measure the
response efficiency of the temperature control system, but
the temperature difference between the heat plate and
the thermocouple can reflect the control efficiency of
the temperature control system. The smaller the tempera-
ture difference, the faster the temperature adjustment



Fig. 5. Contour of vertical plane.

Table 3. The ranges of structure parameters.

Parameter Max Min

HS (mm) 30 10
HP (mm) 50 20
HC (mm) 14 2

4 Q. Wang et al.: Int. J. Metrol. Qual. Eng. 15, 11 (2024)
when the temperature of the heat plate changes. At the
same time, the total volume of the gasket test rig reflects
the ability of the gasket test rig to resist deformation in a
high temperature and pressure environment.

In this study, the height of the press plate (HP), the
height of the heat shield (HS), and the height of the gasket
contact board (HC) are selected as three input parameter
variables. Two parameters of the gasket test rig, the
temperature difference (DT) and volume (V), are selected
as the output response. DT is the temperature oscillation
range, the difference between the maximum value and the
minimum value. V is the total volume of the gasket test rig,
excluding the volume of the cold plate. The ranges of design
variables are shown in Table 3.

In order to construct an accurate response surface
model, an appropriate experimental design method is
required to obtain the exact relationship between the
design variables and the response values with minimum
sample points. Latin hypercube sampling (LHS) [15] is
selected as the experimental design method. As a type of
stratified Monte Carlo Sampling, Latin hypercube sam-
pling can divide the design variables into several equal
parts uniformly without duplication, thus enabling full
coverage of the range of design variables and effective study
of the influence of each design variable on the response
values in the design space.

3.1.2 Establishment of response surface model

The response surface method is a statistical analysis
method based on the design of experiments for modelling
and analyzing multivariate problems [16,17]. The principle
of the method is to create a hypersurface in a certain way to
make the implicit function explicit when the actual
function values of some points around a point are known.
In the region around that point, this approximate surface
can be used instead of the actual function for calculations.
A standard multivariate second-order response surface
model is shown in equation (1):

y ¼ b0 þ
Xk

i¼1
bixi þ

Xk

i¼1
biix

2
iþ

Xk

i<j
bijxixj þ e ð1Þ

whereb0,bi,bii,bijare the coefficients tobedetermined, xi, xj
are design variable, e is the is the approximation error, and
the range is determined according to the required accuracy.

By the method of Latin hypercube sampling, 25
sampling points are determined. The temperature differ-
ence and volume of the 25 samples are obtained from
Fluent, as shown in Table 4.

3.1.3 Verification of response surface model

The fitting accuracy of the constructed response surface
model can be evaluated based on the evaluation coefficient
R2, as shown in equation (2):

R2 ¼ 1�
Pn

i¼1 ðyi � bylÞ2Pn
i¼1 ðyi � bylÞ2 ; ð2Þ

Where yl is the prediction value; yl is the mean of the true
response value; yi is the sample point true response value.

The closer the value of R2 is to 1, the better the fitting
effect. The comparison of predicted values and simulated
values are shown in Figure 6. The agreement between
predicted values and simulated values is great [18].
3.2 Improved genetic algorithm

In this paper, based on the classical genetic algorithm, the
mathematical model, the coding and decoding method
and the operational setup parameters are determined.
Mathematical model, coding and solving method and
operation parameters are determined, in order to improve
the iterative speed of the optimal solution process and the



Table 4. Response values of each group of samples.

No. HS (mm) HP (mm) HC (mm) DT(°C) DV(cm3)

1 12.80 28.52 9.82 4.20 2890.17
2 19.20 47.70 12.12 6.41 3793.28
3 21.59 43.59 8.11 8.40 3703.11
4 27.28 37.67 7.44 10.97 3690.03
5 11.73 49.18 6.31 9.28 3541.54
6 10.56 40.66 6.72 5.33 3209.22
7 22.53 39.38 4.90 7.81 3565.39
8 24.21 32.54 13.69 5.37 3453.89
9 15.30 21.28 13.06 6.11 2750.83
10 28.57 24.83 7.07 9.31 3287.36
11 14.19 45.34 10.61 14.04 3526.61
12 16.66 27.70 2.40 4.21 2938.75
13 17.23 36.62 12.82 6.20 3346.86
14 25.33 23.78 4.06 3.35 3115.86
15 11.04 31.79 4.53 4.90 2902.05
16 27.62 20.08 11.58 3.83 3124.48
17 12.44 29.45 11.92 4.54 2925.95
18 18.52 30.72 9.08 5.00 3158.70
19 26.72 33.64 3.42 9.63 3500.43
20 24.95 27.04 2.84 3.39 3206.25
21 20.04 46.88 10.82 6.92 3784.05
22 29.21 38.53 3.67 16.83 3757.83
23 20.44 34.98 8.43 5.29 3367.68
24 13.48 41.78 5.43 11.98 3339.23
25 15.94 44.58 9.53 6.01 3552.63

Fig. 6. Comparison of actual and predicted values.
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accuracy of the optimal solution, the classic iteration speed
and the accuracy of the optimal solution, the classical
genetic algorithm is improved to compensate for the
difficulty in finding the optimal solution. In order to
improve the iteration speed and accuracy of the optimal
solution, the classical genetic algorithm is improved to
make up for its tendency to fall into local optimality when
finding the optimal solution.
3.2.1 Improvements in adaptive crossover, variational
operators

Since the excellent individuals in the population at the
early stage of evolution have large fitness values,
the crossover rate and variation rate are relatively low,
and the search is easy to fall into local convergence [19].
To address this problem, under the premise of retaining



6 Q. Wang et al.: Int. J. Metrol. Qual. Eng. 15, 11 (2024)
high fitness individuals, the number of individuals near the
average fitness should be increased to form a stable
population, so the S-shaped growth curve function is
introduced as an adaptive adjustment curve for crossover
rate and mutation rate. The upper and lower segments of
the S-shaped growth curve change gently, and the middle
segment changes rapidly and nearly linearly. The adaptive
genetic operators constructed in this paper are shown in
equations (3) and (4):

Pc ¼
Pmmax

ðefavg� efmaxÞ;PcmaxPcmin

ðefavg � efÞPcmax þ ðef � efmaxÞPcmin

;

; f � favg
; f < favg

;

8<
:

ð3Þ

Pm ¼
Pmmax

ðefavg � efmaxÞPmmaxPmmin

ðefavg � efÞPmmax þ ðef � efmaxÞPmmin

;

; f � favg
f > favg

8<
:

ð4Þ
Where: Pc is the crossover probability; Pm is the mutation
probability; fmax is the maximum value of fitness in each
generation; favg is the average value of fitness in the
population in each generation; f is the fitness value of the
individual to be mutated; Pc min, Pc max are the minimum
and maximum value of crossover probability respectively;
Pm min, Pm max are the the minimum and maximum values
of the variance probability.
3.2.2 Improving the fitness function

Genetic algorithms use the fitness function to evaluate the
degree of individual superiority and inferiority, and the
effectiveness of the fitness function in evaluating the
individual characteristics of the population determines the
search direction and evolutionary ability of the algorithm
[20]. In this paper, the fitness function of classical genetic
algorithm is improved by using small habitat operation,
which ensures the diversification of the solution process and
makes the optimal solution stable and reliable at the same
time.The small habitat operation is derived fromthe sharing
function [21], and the closeness of the relationship between
individuals of the population is represented by the sharing
functionS(dij),wheredij is somekind of relationshipbetween
two bodies.

Let d1(si,xj) be the Hemming distance, d2(si,xj) be the
fitness distance of individual i,j .s1, s2, represent the radius
of the niche, then the sharing function can be expressed as
equation (5):

SðdijÞ¼
1�d1ðxi;xjÞ=s1

1�d1ðxi;xjÞ=s2

1�d1ðxi;xjÞd2ðxi;xjÞ=s1;s2

0

d1ðx1;xjÞ<s1;s2ðxi;xjÞ≥s2

d1ðxi;xjÞ≥s1;d2ðxi;xjÞ<s2

d1ðxi;xjÞ<s1;d2ðxi;xjÞ<s2

otherconditions

8>><
>>:

ð5Þ
The fitness function of an individual adjusted to the
sharing function obtained from the small habitat operation
is equation (6):

F 0
iðxÞ ¼

FixPM
j¼1 SðdijÞ

ð6Þ

where Fix is the individual fitness function before
sharing; F 0

iðxÞ is the individual fitness function after
sharing; M is the number of evolutionary generations.

After the above improvements, the genetic algorithm
can be improved in local search capability, population
diversity generalization performance and search direction
to a certain extent. ability, the generalization performance
of population diversity and the search direction can be
improved to some extent. The improved genetic algorithm
can improve the local search ability, population diversity
generalization performance and search direction to a
certain extent, which can make the optimization solving
process run stably. The basic steps of optimization using
the improved genetic algorithm are as follows:

–
 Determine the basic parameters of the genetic algorithm.

–
 Perform basic variance calculations for the genetic
algorithm.
–
 Initialize the algorithm chromosome set.

–
 Judge the initial conditions and recalculate if the
conditions are not met.
–
 Calculate the objective function value and the basic
fitness function according to the current situation.
–
 Improve the calculation of the results of the fifth step,
using the adaptive variation rate to improve the
variation operator and the small habitat operation to
improve the fitness function.
–
 If the optimal conditions aremet, terminate the iteration,
otherwise derive a new population and iterate the
calculation again until the optimal appears.

Figure 7 shows the solution process of the improved
genetic algorithm.

3.3 Multi-objective optimization

The mathematic model of multi-objective problem can be
expressed as equation (7):

Objective: MinimizeT(HS, HP, HC)

MaximizeV ðHS;HP ;HCÞ
Subjectto : 10 � HS � 30;
20 � HP � 50; 2 � HC � 14

ð7Þ

Fifty groups of initial samples are generated, and the
subsequent iterations are made up of a population of
50 groups of samples. Three samples with the highest
fitness are selected as candidate points after 80 iterations.
The Pareto optimized solution set is calculated and
obtained by the improved genetic algorithm, and the
Pareto-optimal front is shown in Table 5. It can be referred
that the large decrease in HP and HC are the main reasons
for the changes in the response values of the optimization
objective.



Table 5. Optimization of design candidates.

Design variables Group 1 Group 2 Group 3

HS (mm) 25.33 24.65 18.93
HP (mm) 23.78 28.61 32.66
HC (mm) 4.06 2.11 6.48
DT(°C) 2.81 3.12 3.52
DV(cm3) 3115.9 3244.8 3220.3

Table 6. Design variables comparison before and after
optimization.

Design
variables

Before
optimization

After
optimization

Revised
value

HS(mm) 10.00 24.65 24.50
HP(mm) 40.00 28.61 28.50
HC(mm) 7.00 2.11 2.00

Fig. 7. Improved genetic algorithm solution process.
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According to the principle of the smallest temperature
difference value, the parameters of group 1 can be selected
as the optimized value. But its HP is too small to resist
deformation under large load, increasing the difficulty of
installing the optical encoders. Therefore, group 2 is
selected as the optimal solution. As shown in Table 6.

The optimal solution is revised to facilitate the
manufacturing and installation of the equipment. Accord-
ing to the revised values of the optimized design
parameters, the effectiveness of the optimization is verified
by establishing a new finite element model and tempera-
ture field analysis.

The predicted values and corresponding simulated
results are listed in Table 7. The optimization result of
temperature difference is less error with the simulation
result. The temperature difference is reduced by 41.13%
compared with the initial parameters, and the volume
increased by 2.39%, which effectively improves the
temperature control performance of the gasket test rig.

4 Optimization validation

The press plate and heat shield are manufactured
according to the optimized parameters. The optimized
gasket test rig is shown in Figure 8. It can be observed from
Figure 8 that the height of press plate and gasket contact
board were sharply reduced.
Improving the responsiveness of the temperature
control system can reduce steady-state temperature
oscillations. The better the responsiveness of the tempera-
ture control system, the smaller the temperature oscillation
range and overshoot of the controlled object.

By conducting gasket test under temperature of 500 °C
and 600 °C, the temperature overshoot and the tempera-
ture oscillations in steady-state conditions are recorded by
thermocouple and data collection system. The results
after optimization are compared to those before optimi-
zation.

The record of oscillation started from the temperature
entered steady-state oscillation phase which the tempera-
ture variation is much smaller than the overshoot phase.

4.1 Comparison of before and after optimization
of 500 °C temperature rise

Comparison of 500 °C temperature rise curve of the gasket
test rig before and after optimization are shown in Figures 9
and 10.

In terms of overshoot, it can be observed that the
maximum temperature reached 500.45 °C, which exceeds
the set value by 0.11%. Compared with the temperature
rise before optimization, the fallback temperature is less
than 0.5 °C, and soon entered the steady-state phase. The
overshoot is reduced by 2.2 °C, which highly improves the
substantial adjustments in the overshoot phase. It is
important to point out the steady-state temperature
oscillation in the interval of [499.9,500.45]. The range is
0.55 °C, 1.45 °C lower than before optimization, and the
trend shows steady and consistent oscillation, indicating a
predictable pattern to the temperature variations. as
shown in Table 8.



Table 7. Optimization results comparison.

Optimization objectives Before optimization After optimization Simulated value Percentage change

DT(°C) 5.30 3.12 3.08 �41.13%
DV(cm3) 3169.13 3244.8 3244.8 2.39%

Fig. 9. Temperature overshoot comparison (500 °C).

Fig. 8. Optimized gasket test rig.
Fig. 10. Temperature oscillation comparison (500 °C).
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4.2 Comparison of before and after optimization
of 600 °C temperature rise

Comparison of 600 °Ctemperature rise curve of gasket test rig
before and after optimization are shown in Figures 11 and 12.

Due to the output power limitation of the heat plate,
the optimization on overshoot of the test under the
temperature of 600 °C is not significant. However, in
Figure 12, the lower temperature limit of fallback in the
phase of overshoot is greatly optimized. Similarly, during
the steady state phase, the temperature rarely exceeded the
setting temperature. Once the temperature reaches
599.6 °C, it starts dynamic balance. This shows that the
optimized heat transfer path was more in line with the
design requirements, so the temperature exhibits continu-
ous fluctuations within a relatively stable range, indicating
a consistent oscillation pattern. The optimized tempera-
ture oscillation is located in the [599.9. 600.2] interval, the
range is 0.3 °C. As shown in Table 9.

5 Conclusion

In this paper, multi-objective optimization of the structure
of the gasket test rig is carried out to improve the response
speed of the temperature control system, which is of some
significance in guiding and reference for the optimal design
of gasket test rigs under high temperature and high
pressure conditions in the future.

The research conclusions are as follows:

–
 Based on the response surface model and improved
genetic algorithm, amulti-objective optimal design of the
structure of the gasket test rig was carried out. In the
response surface model, the coefficient of determination
R2 between the predicted values of the response surface
model and the results obtained by numerical calculation
is greater than 0.9, which indicates that the fit between
the response surface model and the Fluent simulation
values is high. At the same time, the effectiveness of the
optimization effect is verified by finite element model and
temperature field analysis based on the heights of the
pressure plate, heat insulation plate and gasket contact
plate obtained through the improved genetic algorithm.
–
 The structural parameters of the optimized gasket test
rig are investigated, and testing the performance of an
optimized gasket test rig. The results show that the
optimized gasket test rig has excellent temperature
control performance. By testing the gasket test rig at
500 °C and 600 °C, the results show that the fluctuation
range is kept below 0.11% and the temperature
oscillation range is kept below 0.55 °C.



Table 8. Test comparison (500 °C).

Parameter name Before optimization After optimization Range of variation

Maximum temperature/°C 502.65 500.45 �2.2
Volatility ratio 0.40% 0.11% �0.29%
Interval of temperature oscillation/°C [499.35,501.35] [499.9,500.45] –

Range of temperature oscillation/°C 2 0.55 �1.45

Fig. 11. Temperature overshoot comparison (600 °C). Fig. 12. Temperature oscillation comparison (600 °C).

Table 9. Test comparison (600 °C).

Parameter name Before optimization After optimization Range of variation

Maximum temperature/°C 600.9 600.2 �0.7
Volatility ratio 0.22% 0.05% �0.17%
Interval of temperature oscillation/°C [598.9,600.2] [599.9,600.2] –

Range of temperature oscillation/°C 1.3 0.3 �1
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