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Abstract: The metal fibre surface combustion structure has the characteristics of strong thermal
matching ability, short response time, and strong shape adaptability. It has more advantages in the
thermal test of complex hypersonic vehicle surface inlet, leading edge, etc. In this paper, a method
of aerodynamic thermal simulation test based on metal fibre surface combustion is proposed. The
aim of the study was to create a uniform target heat flow on the inner wall surface of a cylindrical
specimen by matching the gas jet flow rate and the geometry of the combustion surface. The research
adopted the optimisation design method based on the surrogate model to establish the numerical
calculation model of a metal fibre combustion jet heating cylinder specimen. One hundred sample
points were obtained through Latin hypercube sampling, and a database of design parameters and
heat flux was established through numerical simulation. The kriging surrogate model and the non-
dominated sequencing genetic optimisation algorithm with elite strategy were adopted. A bi-objective
optimisation design was carried out with the optimisation objective of the coincidence between the
predicted and the target heat flux on the inner wall of the specimen. The results showed that the
average relative errors of heat flow density on the specimen surface were 8.8% and 6% through the
leave-one-out cross-validation strategy and the validation of six test sample points, respectively. The
relative error values in most regions were within 5%, which indicates that the established kriging
surrogate model has high prediction accuracy. Under the optimal solution conditions, the numerical
calculation results of the heat flow on the inner wall of the specimen were in good agreement with
the target heat flow values, with an average relative error of less than 5% and a maximum value of
less than 8%. These results show that the optimisation design method based on the kriging surrogate
model can effectively match the thermal test parameters of metal fibre combustion structures.

Keywords: metal fibre combustion; thermal test; cylindrical specimen; kriging surrogate model;
optimal design

1. Introduction

The hypersonic vehicle inlet, leading edge, wing rudder structure, and other key parts
form a complex surface design. In the process of a hypersonic flight, the surface heat
load distribution gradient is large. At the same time, due to the flight process, hypersonic
vehicles often manoeuvre or ultra-manoeuvre orbit changes, have thermal loads with a
high impact rate, and have non-linear characteristics. These aspects make the vehicle
structure face a serious stress overrun, so a full-scale structural thermal test needs to be
carried out. Such extreme working conditions make it very difficult to accurately simulate
the aerodynamic thermal environment in ground tests.

Over the years, various kinds of ground test systems have been developed at home
and abroad to simulate aerodynamic heat by radiation or convection, such as quartz lamps,
electric arcs, high-temperature gas burners, etc., so that the technical parameters of the test,
such as the temperature, size, and time, are constantly improved.
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The NASA Dryden Flight Research Centre, the NASA Flight Load Laboratory, the
Russian National Institute of Aerodynamics, and other institutions have conducted re-
search on quartz lamp heaters to achieve a high temperature of more than 1800 K for a
long time [1,2]. The thermal test control system developed by Wu Dafang et al. realises
the automatic tracking of the preset temperature curve on the surface of the material or
structure by adjusting the electric power of the infrared radiant heater. Here, the maximum
temperature reaches more than 2000 K, the tracking error between the control curve and
the preset curve is not more than 1.5%, and the system control accuracy is high [3–5].

NASA Ames conducted the X-33 local large structure investigation using the IHF
arc wind tunnel [6]. The Italian Centre for Aerospace Research (CIRA) carried out a
thermal assessment of the HYFLEX vehicle nose cone model using the Scirocco arc wind
tunnel. China Aerodynamic Research and Development Centre (CIRA) conducted a large
number of evaluation tests on key hypersonic vehicle components, such as the leading-edge
structure, wave-transparent structure, wing/rudder rotating parts, etc., using arc wind
tunnels and achieved satisfactory simulation results [7].

The feasibility and method of high-temperature gas flow testing for typical specimens
have been studied in the literature [8]. The research results show that under the premise
of existing heating technology, the method of high-temperature gas heating can simulate
the stationary heat flow density and stationary temperature on the surface of the specimen
under real flight conditions and can simulate the temperature distribution on the surface of
the specimen within a certain range of accuracy.

However, the existing testing methods still have certain shortcomings for the thermal
testing requirements of complex structures. On the one hand, it is difficult to combine the
ability to simulate large-gradient heat flow distribution on the surface with the ability to
simulate non-linear, time-varying heat flow with a high impact rate. From the perspective
of traditional testing methods, high-temperature wind tunnels are mostly used to achieve
non-steady thermal environment simulation in the form of stepped thermal power rise and
fall, which makes it difficult to accurately simulate rapid changes in the complex non-linear
thermal environment. With quartz lamps and other radiant heating equipment, although
the control of the electrical control performance is excellent and they can achieve simulation
of high-impact non-linear, time-varying heat flow, it is difficult to accurately simulate the
structure of the surface of large-gradient heat flow distribution. On the other hand, due to
the installation form of the test system, it is difficult to adapt to the load of heat flow on the
surface of large complex structures. Traditional high-temperature wind tunnel specimen
size is limited, so it is difficult to achieve the full-size simulation of components. With
quartz lamps and other radiant heating equipment, it is difficult to adapt to the complex
aerodynamic shape. The high-temperature gas flow test method improves the aerodynamic
thermal simulation capability of complex structures to a certain extent, but for specific
structures and working conditions, such as inlet structures, there are still problems of
insufficient impact rate and poor adaptability [9].

In this study, an aerodynamic thermal simulation test method based on metal fibre
surface combustion is proposed. In this method, metal fibre is used as the attachment
surface for combustion, and a pre-mixed homogeneous air–fuel mixture is burned on
the surface of the metal fibre fabric to simulate the aerodynamic heating process of the
hypersonic vehicle by heating the test specimen by radiation and convection. This method
has the ability to simulate high-impact-rate, non-linear, time-varying heat flow; adapt
to complex structural profiles; and simulate large-gradient heat flow distributions. For
a cylinder specimen, the radial jet heating characteristics are analysed, and structural
improvement of the combustion surface is proposed. Furthermore, a kriging surrogate
model is established, and a non-dominated sorting genetic algorithm (NSGA-II) with an
elite strategy is used to perform bi-objective optimisation, complete the matching design
of the thermal test parameters, and obtain reasonable values of the test parameters. This
study lays the foundation for carrying out a thermal test of the combustion structure of
metal fibre surfaces.
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2. Thermal Test Method for the Combustion Structure of Metal Fibre Surfaces

Metal fibre surface combustion is a fully pre-mixed combustion method with metal
fibre as the attachment surface. It has high combustion thermal intensity, a large adjustment
range, a short response time, and excellent shape adaptability [10]. This paper proposes
a structural thermal test method based on metal fibre surface combustion, which makes
use of the above characteristics to provide a new solution to the problem of aerodynamic
thermal simulation of complex structures.

The thermal test apparatus of the metal fibre surface combustion structure, as shown
in Figure 1, consists of a fuel supply subsystem, an air supply subsystem, a combustion
subsystem, a measurement subsystem, and a control subsystem. The metal fibre can be an
iron–chromium–aluminium alloy with a 2 mm thick braid layer.

1 
 

 

 
Figure 1. Schematic of the thermal test device for the metal fibre surface burning structure.

The fuel supply subsystem is used to provide the specified fuel flow rate to the
combustion subsystem and consists of a gaseous fuel source, a manual valve, a pressure-
reducing valve, a pressure gauge, a flowmeter, and a check valve. The air supply subsystem
is used to provide the specified flow rate of air to the combustion subsystem, which has
a similar composition to the fuel supply system. The combustion subsystem is used to
mix the gaseous fuel and air and combust on the surface of the metal fibre. It consists of a
proportional valve, a mixer, an igniter, and a combustion surface. The proportional valve is
used to control the proportion of gaseous fuel and air supplied to the combustion subsystem.
The mixer is used to evenly mix the gaseous fuel and air in a confined space. The igniter
is used to initiate combustion of the air–fuel mixture. The combustion surface is made of
metal fibre and is used to provide support for the flame. The measurement subsystem is
used to measure the temperature and surface heat flow of the specimen in real time during
the test and to provide measured parameters to the control subsystem, which consists of a
sensor and a data collector. The control subsystem is used to control the heat flow in real
time during the test and consists of a computer and a flow controller. By controlling the
flow controller through the computer, the air–fuel mixture flow is adjusted to control the
heat flow, which automatically follows the preset target value of the heat flow and achieves
loading with a fast impact rate and large non-linear, time-varying heat flow. The metal
fibre burning head can be made into different shapes to meet the testing requirements of
specimens with different appearances. In addition, the metal fibre burning surface can be
divided into zones so that the heating intensity can be independently controlled according
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to the different surface heat flow requirements of different areas of the specimen, thus
realising simulation of the heat flow gradient.

For a cylindrical specimen, the metal fibre combustion surface can be formed into a
cylindrical shape so that the gas flow is injected radially against the inner wall surface of
the specimen, as shown in Figure 2.
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3. Radial Jet Heating Performance of Cylindrical Combustion Surface
3.1. Numerical Calculation Model

The hypersonic vehicle inlet generates severe temperature gradient and temperature
shock effects under aerodynamic heating, which leads to large thermal stresses in its
structure [11,12]. For example, a hypersonic vehicle inlet is simplified into a cylindrical
type for a particular inlet structure, as shown in Figure 3. The radial length of the cylindrical
sample is L = 175 mm, the inner diameter of the sample is D2 = 139 mm, the thickness of
the sample is h = 10 mm, and the outer diameter of the combustion surface is D1 = 75 mm
for the preliminary design.
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Figure 3. Profile drawing of the simplified cylinder specimen of the air inlet.

In this study, the commercial software Fluent was used for numerical calculations
with a semisymmetric model, and the grid model is shown in Figure 4. Three sets of coarse
(2 million), dense (3.5 million), and precision (4.5 million) grids were used to perform
the grid-independent validation. The turbulence model was based on the standard k-ε
two-equation model, and the wall function was treated with an enhanced wall treatment to
keep y+ around 1. In Figure 5, the density distribution of the heat flow at the wall surface
under different grid sizes is shown. The deviation between the dense grid and the precision
grid calculation results was small, and 3.5 million grids were selected for calculation in
this study.
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High-temperature burning gas is produced by the combustion of methane in air.
Assuming a fuel equivalence ratio of 1, the methane was completely burnt. NOx and
other trace gases were omitted, so the main components of the gas were N2, CO2, and
H2O. To improve the accuracy of the numerical calculations, the variation of the physical
parameters with temperature must be taken into account [13]. The constant pressure
specific heat capacity, thermal conductivity, and kinetic viscosity were calculated using
the fitting function of temperature [14]. According to the physical parameters of each gas
phase component, the variation of physical parameters of the combustion gas mixtures
with temperature was obtained as shown in Table 1.

The combustion gas temperature was set at 1700 K, and the surface temperature of
the metal fibre was set at 1100 K [15]. The calculation of the heat flow on the specimen
surface under different working conditions was carried out by changing the incoming flow
rate. The surface temperature and heat flow distribution of the specimen was analysed
by taking into account one of the working conditions, the combustion gas temperature
distribution of the domain between the inner surface of the specimen and the surface of
the metal fibre, as shown in Figure 6. The distribution of the heat flow was avoided in the
cylindrical specimen, as shown in Figure 7.
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Table 1. Physical properties of combustion gas.

Temperature
t/K

Specific Heat
Capacity

Cp/J/(kg·K)

Thermal
Conductivity

λ/W/(m·K)

Dynamic Viscosity
M × 106/kg/(m·s) Pr

273 1074.6 0.0206 15.19 0.792
373 1103.8 0.0283 19.66 0.766
473 1130.4 0.0357 23.65 0.750
573 1157.9 0.0428 27.28 0.739
673 1187.9 0.0496 30.63 0.733
773 1220.3 0.0563 33.75 0.731
873 1253.4 0.0628 36.68 0.732
973 1283.8 0.0691 39.45 0.733

1073 1308.6 0.0752 42.08 0.732
1173 1331.0 0.0812 44.59 0.731
1273 1351.4 0.0869 47.00 0.730
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3.2. Calculation Result Analysis

When both the combustion surface and the specimen wall were cylindrical, it can
be seen from the above heat flow distribution cloud diagram that the heat flow on the
specimen surface increased along the axial direction of gas flow, and the heat flow near the
exit position was the largest. Through the optimised design of the cylindrical combustion
parameters, the difference between the calculated and target heat flow was still significant.
The results indicated that the axial heat flow gradient was significant when the combustion
surface was parallel to the specimen surface. As the flow was radial from the combustion
surface to the inner wall surface of the specimen, the flowrate increased from the origin to
the x-direction, which made it difficult to achieve uniform heat flow.

In order to obtain a specified rate of uniform heat flow on the surface of the specimen,
the structure of the combustion surface was improved by adopting a conical combustion
surface, as shown in Figure 8, so that the distance between the combustion surface and the
surface of the specimen increased axially to gradually expand the flow path, thus avoiding
the uneven distribution of heat flow caused by the increase in the flow rate. For the radial jet
heating scheme of the conical combustion surface, the parameters that affect the magnitude
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and uniformity of the heat flow on the specimen include the air–fuel mixture flow rate G,
the diameter of the top surface of the conical combustion surface D11, and the diameter
of the bottom surface D12 [16]. Therefore, this study took these three parameters as the
optimisation design variables. The optimisation objective was the consistency between the
inner wall surface heat flow and the target heat flow. The optimisation was performed to
obtain the optimal test solution.
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4. Surrogate Model and Optimisation Method

The radial jet heating characteristics of the conical combustion surface are complex,
and it is difficult to obtain the relationship between the heat flow distribution and the
optimisation variables by analytical methods or empirical formulae. An iterative optimisa-
tion based solely on CFD numerical calculations requires a large number of calculations,
which is not efficient. The use of the surrogate model instead of the original numerical
analysis model for iterative optimisation has the characteristics of high accuracy and good
robustness [17,18], which can greatly improve the computational efficiency when applied
to the design of a radial jet heating system for conical combustion surface optimisation.

4.1. Experimental Design Method

Experimental design methods are used to reasonably distribute the design sample
points to be simulated in the design space, which is an important statistical method in the
optimisation process loop. Among the commonly used experimental design methods, the
Latin hypercube design method is characterised by good spatial homogeneity and coverage
and can obtain a large amount of information required for constructing a surrogate model
with a smaller number of simulations.

The Latin hypercube design method uses a stratified sampling method, and Equa-
tion (1) shows the method of generating the design points for its trials. Here, i denotes
the ith trial, p denotes the pth design variable, n is the number of sample points, π is the
independent random permutation of π, and U is the random number in the interval [0, 1].

x(i)p =
π
(i)
p + U(i)

p

n
(1)

In this study, the lhsdesign function in Matlab R2014a was used to optimise the
sampling method, i.e., for the optimal Latin hypercubic sampling method, the standard
parameter of lhsdesign function sampling was set to maximin, and the number of iterations
was 100 times.
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4.2. Kriging Surrogate Modelling Approach

In the matching design of thermal test conditions and specimen surface heat flow, the
surrogate model can be used to obtain the surrogate relationship between thermal test
conditions (design variables) and specimen surface heat flow (system response), which
can be used as a substitute for direct CFD analysis and improve the optimisation design
efficiency of parameter matching under the premise of ensuring credibility of the analysis.
Commonly used surrogate modelling methods include the response surface model, the
radial basis function model, and the kriging model. Among them, it is easier to obtain
ideal fitting results with the kriging model when solving problems with a high degree
of non-linearity [19]. Therefore, this study adopted the kriging method to establish the
surrogate model.

The kriging model is a method for finding linearly optimal, unbiased interpolation
estimates for data points distributed in space, and its mathematical expression can be
expressed as follows:

f (X) = g(X) + z(X) (2)

where g(X) is the global approximation model on the matrix X within the design space,
and z(X) is a stochastic process with zero mean, σ2 variance, and non-zero covariance.

The covariance matrix of z(X) can be expressed as follows:

Cov
[
z(Xi), z(Xj)

]
= σ2R

[
R(Xi, Xj)

]
(3)

where R is the correlation matrix, R is the correlation function, and i = 1, 2, . . ., n, j = 1, 2, . . .,
n (n is the number of sample points). R is a symmetric matrix, and its diagonal element is 1.
R takes the Gaussian correlation function, which can be expressed as follows:

R(Xi, Xj) = exp

[
−

m

∑
k=1

θ
∣∣∣xi

k − xj
k

∣∣∣2] (4)

where m is the number of design variables, and θ is the vector of unknown correlation
parameters.

Introducing the correlation vector,

r(x) =
[

R(x, x1), R(x, x2), . . . , R(x, xn)
]T

(5)

The kriging model can be expressed as follows:

f (x) = β + rT(x)R−1(y − gβ) (6)

where β is the unknown parameter, σ2 and R are both functions of θ, and y is an n-
dimensional column vector consisting of the response values of the sample points
g =

[
g(x1), g(x2), . . . , g(xn)

]T.
β and σ2 can be obtained by least squares estimation. The relevant parameter θ can be

obtained by optimising the great likelihood estimation.

4.3. Bi-Objective Optimisation Method

In this study, the objective was to obtain a uniform heat flow on the inner wall surface
of a cylindrical specimen of a certain size, so the heat flow distribution on the surface of
the cylindrical specimen predicted by the simulation must be as similar as possible to that
of the objective. The cylindrical specimen is divided into two segments along the axial
direction on an average basis so that the average relative errors of the heat flow in these
two segments are minimised by matching the conical combustion surfaces. Therefore, the
objective function can be expressed as follows:

→
f (

→
x ) =

[
f1(

→
x ), f2(

→
x )

]
(7)
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where f1(
→
x ) denotes the average relative error δ1 of heat flow on the inner wall surface

of the specimen with the x coordinate range of (0, 1/2L], as shown in Figure 8, and f2(
→
x )

denotes the average relative error δ2 of heat flow on the inner wall surface of the specimen
with the x coordinate range of (1/2L, L]. The average relative error value can be calculated
by Equation (8):

δ =
1
N

N

∑
i

∣∣∣qobj,i − qsim,i

∣∣∣
qobj,i

(8)

where qobj is the target heat flow on the inner wall surface of the specimen, qsim is the
predicted heat flow on the surface of the specimen, and N is the number of nodes on the
surface of the specimen in the calculation region.

→
x denotes the optimised design variable matrix, which consists of three adjustable

parameters in the thermal test:
→
x = [G, D11, D12] (9)

where G is the airflow rate in kg/s, D11 is the diameter of the top surface of the conical
burning surface in mm, and D12 is the diameter of the bottom surface in mm.

Considering that the diameter of the inner wall surface of the cylindrical specimen
was 139 mm and the combustion surface was conical, the range of values of the design
optimisation variables are listed in Table 2.

Table 2. Value range of design variables.

Design Variables
Range of Values

Lower Limit Upper Limit

D11 (mm) 35.0 124.8
D12 (mm) 70.0 130.0
G (kg/s) 0.01 0.04

For the above bi-objective optimisation problem, this study adopted the non-dominated
sorting genetic algorithm (NSGA-II) [20] with an elite strategy to carry out the optimisation
design. The computational flow is shown in Figure 9. First, initial parent populations
(G = 1, where G is the number of population generations) were randomly generated within
the range of values of the optimisation variables. Then, the parent population generated
offspring populations of the same size. The parent and offspring populations were merged
to form a population of size 2N. The newly generated population was subjected to non-
dominated fast sorting, and the degree of crowding was calculated for all individuals in
this population of size 2N. According to the degree of crowding relationship between the
individuals and the degree of crowding of the individuals, the appropriate individuals
were selected to form a new parent population of size N. The new parent population was
then selected by the traditional genetic algorithm (NSGA). Then, the crossover, mutation,
etc. of the traditional genetic algorithm (NSGA) was used to generate a child population
of size N, which was merged with its parent population. The above non-dominated fast
sorting process was repeated until the number of population generations was equal to the
preset number of generations.

The bi-objective optimisation of the experimental simulation accuracy was performed
using NSGA-II by setting the initial population and finally obtaining the constraint-
compliant and relatively optimal solution set through selection, crossover, and mutation
operations. The relevant parameters during the NSGA-II operations are listed in Table 3.
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Table 3. Parameter settings of the NSGA-II algorithm.

Parameter Value

Number of populations 10
Number of population generations 200

Crossover probability 0.9
Variability probability of real vectors 1.0

Binary string variation probability 1.0
Real cross-assignment index 20

Real number variation assignment index 20

4.4. Flow of Optimised Design Based on the Kriging Surrogate Model

Figure 10 shows the flow chart of the design method for matching the thermal test
parameters of metal fibre surface combustion structures based on the kriging surrogate
model and dual-objective optimisation design. It mainly includes the experimental design,
construction of a design scheme for matching the test parameters, construction of the
surrogate model for the heat flow on the inner wall surface of the specimen, accuracy
analysis of the surrogate model, and bi-objective optimisation design.

First, the Latin hypercubic test design method was applied to sample the design
variables in the determined design space to ensure the homogeneity and orthogonality
of the sample points in the design space, and the sample point set I(i) was established.
According to the values of the sample points, the geometric model of the corresponding
test program was established, the grid was divided, and CFD solution batch processing
was carried out.
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where CFDq  is the heat flow on the surface of the specimen calculated by CFD. i = 1, 2, …, 
A, and A is the number of nodes on the surface of the specimen in the numerical calcula-
tion model. 
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Figure 10. Flow chart of parameter optimisation based on the surrogate model.

The CFD results were analysed to obtain the heat flow distribution on the inner wall
of the cylindrical specimen corresponding to each sample point, and the kriging surrogate
model was constructed based on the set of sample points and the corresponding heat flow
results. The accuracy of the constructed surrogate model was analysed; if the accuracy
did not meet the requirements, the number of sample points was increased according to
the point addition criterion, and the surrogate model was reconstructed until it met the
accuracy requirements.

Finally, the optimal design was carried out to obtain the optimal solution set. The
optimal values of the design variables were selected according to the design requirements,
and the optimal design of the parameters based on the surrogate model was completed.

In the above step, the average relative error and correlation coefficient were used to
quantitatively evaluate the accuracy of the surrogate model, and for each sample point, the
average relative error was calculated by Equation (8), where the CFD calculation was taken
as the target heat flow. The correlation coefficient was calculated by Equation (10):

R2 =

[
A
∑

i=1
(qCFD,i − qCFD,i)(qsim,i − qsim)

]2

A
∑

i=1
(qCFD,i − qCFD,i)

2 A
∑

i=1
(qsim,i − qsim)

2
(10)

where qCFD is the heat flow on the surface of the specimen calculated by CFD. i = 1,
2, . . ., A, and A is the number of nodes on the surface of the specimen in the numerical
calculation model.

5. Optimisation Results and Analysis
5.1. Kriging Surrogate Model Establishment

According to the range of the design variables shown in Table 2, one hundred initial
sample points were obtained by the Latin hypercube test design method. The CFD numeri-
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cal calculation of one hundred working conditions was completed as the input conditions
of the kriging surrogate model.

The DACE toolbox of Matlab software was used to establish the kriging surrogate
model for the heat flow density at each node of the specimen surface in the design space,
the heat flow error at the stationary point, and the heat flow error in the flat zone. The
Gaussian correlation function was used for the correlation function. The anisotropic effect
was considered, and each design variable was individually assigned θ value in the range of
[0.1, 20] with an initial value of 10.

5.2. Kriging Surrogate Model Accuracy Analysis

The evaluation criteria for the accuracy of the kriging surrogate model include the
average relative error, the root mean square error, and the correlation coefficient. In this
study, the average relative error was calculated using the leave-one-out cross-validation
strategy, i.e., the ith sample point was taken as the test point, and the heat flow value was
obtained by substituting it into the kriging model constructed by the remaining 99 sample
points. This calculation was performed for all sample points. Figure 11 shows the relative
error value of the specimen surface at each sample point calculated by the leave-one-out
method. The average relative error value of all sample points was 8.8%, and the relative
error value is within 5% in most areas. A few sample points had larger relative error values
near the exit position of the specimen, which was due to the sudden expansion of the
flow channel at the exit position. The flow field changed drastically, and the degree of
non-linearity was high, resulting in a relatively low accuracy of the surrogate model.
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In addition, six sample points were randomly taken in the design space listed in
Table 2 using the Latin hypercube experimental design method to evaluate the accuracy
of the developed kriging surrogate model. The values of the sample points are given in
Table 4.

Table 4. Values of the test samples.

No. D11 (mm) D12 (mm) G (kg/s)

1 116.2 122.0 0.0156
2 93.8 122.6 0.0271
3 69.0 80.8 0.0184
4 65.8 96.6 0.0228
5 64.2 114.4 0.0301
6 56.4 90.4 0.0382



Aerospace 2024, 11, 668 13 of 17

Taking the No.1 test sample as an example for analysis, the relative error between
the CFD calculation results of heat flow on the surface of the specimen and the prediction
results of the surrogate model under the case is shown in Figure 12. The prediction results
of the surrogate model were in good agreement with the CFD calculation results, and the
maximum relative error value did not exceed 7%. For further quantitative analysis, the
average relative errors and correlation coefficients of the test sample points were calculated,
as shown in Table 5. The average relative error values of the six test conditions were less
than 6%, and the correlation coefficients were more than 90%.

1 
 

 
Figure 12. Relative error of surface heat flux of the No.1 test sample.

Table 5. Errors of the test samples.

No. Relative Error
δ (%)

Correlation Coefficient
R2 (%)

1 4.16 99.1
2 5.24 95.4
3 3.62 92.4
4 4.53 91.2
5 4.92 96.8
6 4.47 93.4

According to the leave-one-out cross-validation strategy and the test sample test, the
prediction accuracy of the kriging surrogate model developed in this study is high enough
to satisfy the engineering design requirements without adding more sample points.

5.3. Optimisation Results

In this study, the heat flow value of the inner wall surface of the cylindrical specimen,
Q = 0.13 MW/m2, was taken as the test simulation objective for analysis, and test parameter
adjustment was carried out according to the optimisation design process described in
Figure 10. Because the dual-objective function cannot reach the optimal solution at the same
time, a Pareto optimal solution set is used in the optimal design result, which corresponds
to the frontier curve in the objective space. The solutions in the Pareto optimal solution
set all have better objective function values than those corresponding to feasible solutions
outside the solution set. The Pareto optimal solution set in this study is shown in Figure 13.
In the optimisation, it is necessary to minimise the relative error of the surface heat flow
in both the front and back of the specimen, corresponding to the horizontal and vertical
coordinates, respectively.
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As shown in Figure 13, the optimal solutions are mainly distributed in the boundary
region of the target space near the coordinate origin. Without any additional conditions, all
Pareto optimal solutions were equivalent. For the cylindrical specimen, the relative error
values of the surface heat flow should be minimised in both the front and back segments,
which means that the distance from the optimal solution to the origin of the coordinates is
minimised. Based on this evaluation criteria, the optimal solutions were further screened.

The distance ∆ of the Pareto optimal solution relative to the coordinate origin was
calculated by Equation (11):

∆ =

√
δ1

2 + δ2
2 (11)

The selected Pareto optimal solutions with ∆ less than 2% are listed in Table 6.

Table 6. Pareto optimal solution and distance from the coordinate origin.

No. D11 (mm) D12 (mm) G (kg/s) δ1 (%) δ2 (%) ∆(%)

1968 91.6 121.6 0.0181 0.91 0.58 1.08
1903 93.8 122.4 0.0170 0.72 0.85 1.11
1166 91.6 122.2 0.0180 1.00 0.53 1.13
1621 94.0 122.4 0.0170 0.69 0.93 1.16
857 93.2 121.2 0.0181 0.66 1.13 1.31
872 93.6 121.6 0.0178 0.66 1.16 1.33

1842 94.6 122.4 0.0169 0.62 1.18 1.34
829 93.6 121.6 0.0178 0.66 1.18 1.35

1908 89.2 121.6 0.0196 1.38 0.46 1.45
1955 94.0 120.6 0.0181 0.55 1.52 1.62
1040 94.0 121.2 0.0180 0.55 1.54 1.64
746 94.4 121.2 0.0179 0.50 1.71 1.78

1662 94.8 121.4 0.0177 0.49 1.77 1.84

According to the distance of the optimal solution relative to the coordinate origin
listed in Table 6, point No. 1968, which was closest to the coordinate origin, was selected as
the optimal solution and further checked.

5.4. Validation of the Optimisation Results

Optimal solution No. 1968 was used to verify the results of the optimisation, i.e.,
[D11, D12, G] = [91.6, 121.6, 0.0181]. The heat flux distribution on the inner surface of the
specimen calculated by CFD for optimal solution conditions is shown in Figure 14, which
shows a significant improvement in uniformity compared to the heat flux distribution of
the cylindrical metal fibre in Figure 7.
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Firstly, the accuracy of the surrogate model for the optimal solution was verified. The
relative error values between the CFD calculation results of the heat flow on the inner
wall surface of the specimen and the prediction results of the surrogate model under the
conditions of the optimal solution are shown in Figure 15. As can be seen from Figure 15,
in the specimen, the inlet and outlet positions of the runner size changed greatly. The
calculation of the relative error was correspondingly large, but the maximum value did
not exceed 8%. The average relative error value of the heat flow density on the whole
surface of the specimen was 5.5%. The prediction results were more consistent with the
CFD results, and the correlation coefficient between the two was more than 90%. The
above analysis results show that the surrogate model established in this paper has a high
accuracy and can be used as an alternative to CFD calculation in the optimisation design of
parameter matching.
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Furthermore, to analyse the agreement between the optimum solution and the op-
timisation objective, the relative error of the heat flux density on the inner wall surface
of the specimen under the optimum solution with respect to the optimisation objective is
shown in Figure 16. The relative error was larger at the position of the specimen inlet and
outlet, but the maximum value was less than 8%, and the average relative error value of the
heat flow density on the whole specimen surface was 4.9%. It can be seen that the conical
combustion surface under the combustion test condition of the metal fibre surface can well
simulate the heat flow distribution under the given condition. In addition, by establishing
the kriging surrogate model for metal fibre combustion heating and adopting the non-
dominated sorting genetic algorithm (NSGA-II) optimisation method with elite strategy,
the test parameters corresponding to the given condition can be efficiently adjusted.
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6. Conclusions

For the cylindrical specimen thermal test, an aerodynamic thermal simulation test
method for the combustion of conical metal fibre surfaces is proposed in this paper in
order to form a uniform target heat flux on the inner surface. The kriging agent model
and the non-dominated sorted genetic optimisation algorithm with elite strategy were em-
ployed to optimise the fitting design of the test parameters, and the following conclusions
were drawn:

1. The kriging surrogate model established using Latin hypercubic sampling has high
accuracy. The average relative error of all samples was 8.8% as calculated by the
leave-one-out cross-validation strategy, and the relative error value was within 5% in
most regions, which can meet the requirements of engineering design.

2. The accuracy of the surrogate model was further verified by six test samples. The
average relative error value of the six test conditions was less than 6%, and the
correlation coefficient was greater than 90%. This indicates that the established
kriging surrogate model has a high prediction accuracy for optimisation design.

3. For the optimal solution obtained by the optimisation design, the average relative
error between the prediction results of the proxy model and the CFD calculation
results was 5.5%, which appears to be a satisfactory arrangement. This indicates that
the surrogate model can be used instead of numerous CFD calculations to find the
optimum parameterised design. Meanwhile, the average relative error value between
the CFD calculation results and the target heat flux under the optimal solution was
4.9%. Consequently, the optimal test parameters obtained by the kriging surrogate
model-based optimisation design can provide the conical combustion surface with a
uniform heat flux distribution on the inner surface of the cylindrical specimen.
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