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Abstract: With the continuous increase in power demand in aerospace, shipping, electricity, and
other industries, a series of manufacturing requirements such as high precision, complex structure,
and thin wall have been put forward for gas turbines. Gas turbine blades are the key parts of the gas
turbine. Their manufacturing accuracy directly affects the fuel economy of the gas turbine. Thus, how
to improve the manufacturing accuracy of gas turbine blades has always been a hot research topic. In
this study, we perform a quantitative study on the correlation between process parameters and the
overall wax pattern shrinkage of gas turbine blades in the wax injection process. A prediction model
based on a generalized regression neural network (GRNN) is developed with the newly defined
cross-sectional features consisting of area, area ratio, and some discrete point deviations. In the
qualitative analysis of the cross-sectional features, it is concluded that the highest accuracy of the wax
pattern is obtained for the fourth group of experiments, which corresponds to a holding pressure of
18 bars, a holding time of 180 s, and an injection temperature of 62 °C. The prediction model is trained
and tested based on small experimental data, resulting in an average RE of 1.5% for the area, an
average RE of 0.58% for the area ratio, and a maximum MSE of less than 0.06 mm? for discrete point
deviations. Experiments show that the GRNN prediction model constructed in this study is relatively
accurate, which means that the shrinkage of the remaining major investment casting procedures can
also be modeled and controlled separately to obtain turbine blades with higher accuracy.

Keywords: gas turbine blade; process parameter; GRNN; shrinkage; cross-section

1. Introduction

With the development of aerospace, shipping, electricity, and other industries, the
production scale for gas turbines is growing, and performance demands are on the increase.
To better adapt to the harsh working environment, a gas turbine blade, as the critical
component of the gas turbine, has been put forward with high precision, complex structure,
thin wall, and a series of other requirements.

Dimensional variation control of turbine blades has always been a difficult task for the
gas turbine factory. At present, the mass production of turbine blades is mainly manufac-
tured by investment casting (IC). It is a fabrication method of the precise metal product
without further processing by pouring the liquid metal into a pre-shaped pattern [1].
Howbeit, the qualification rate of the single-crystal turbine blades independently manu-
factured in China is less than 40%, among which the unqualified rate of the blades due
to size deviation accounts for 50% [2]. It is the sophisticated IC procedures, numerous
process parameters, and non-uniform shrinkage of the wax pattern and alloy that make the
dimensional deviation of the turbine blade extremely difficult to control.
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In the IC process, wax pattern production, ceramic shell fabrication, and casting are
the three main procedures. As the first of these main procedures, wax pattern production
is directly related to the dimensional accuracy of the final casting. According to the litera-
ture [3], the greatest dimensional deviation of the final casting comes from the dimensional
deviation of the wax pattern. The precision of the wax pattern is impacted by the wax
material, pattern geometry, and process parameters. During the research on the effects
of these influence factors on the precision of the wax pattern, more attention has been
paid to the influence of process parameters, such as holding pressure, holding time, and
injection temperature.

Many researchers usually adopt the Taguchi approach or design of experiments (DOE)
method to investigate the effects of process parameters on dimensional accuracy [4—6]. The
response indicators are usually defined as dimensional shrinkage, discrete point deviations,
or other performance indexes. When multiple indexes are taken as responses, the research
will be combined with a multi-objective optimization algorithm [7] or converted into a
single-response optimization problem with fuzzy logic [8]. Different researchers have
come to different conclusions, and some of them even conflict with one another, so they
have not yet been widely adopted. The relationship between the shrinkage of the wax
pattern and the process parameters, it appears, has not yet been thoroughly and extensively
researched [9].

When studying the relationship between process parameters and wax pattern shrink-
age, researchers have omitted to consider or completely overlooked the influence of wax
pattern geometry, which is one of the causes of the inconsistent results. Rezavand and
Behravesh [10] extracted two design models from the blade geometry covered with the air-
foil lunate (curvature) and the non-uniformity of the airfoil, respectively, and subsequently
investigated the interrelationship between these two models and the process parameters
and dimensional stability. The results indicated that the effects of blade curvature and
non-uniform thickness are different. Hence, when studying the relationship between the
shrinkage of the wax pattern and the process parameters, we have to take into account the
influence of the complex structure on the shrinkage of the wax part.

With the development of deep learning methods, neural networks have been intro-
duced to several fields related to the IC process, such as pressure casting process optimiza-
tion [11-13], gating system design [14], the mechanical properties of the final casting [15],
etc. Compared with using finite element or regression fitting methods to predict the di-
mensional variation of complex parts in the IC process, higher prediction precision can be
achieved by applying neural networks appropriately.

Since it is particularly difficult to predict shrinkage in the IC process based on geo-
metric parameters, the introduction of the neural network makes it one of the emerging
research fields in the IC process. In the study of structural correlation shrinkage based on
neural networks, Tian et al. [16] proposed a shrinkage prediction method for IC through the
known geometric parameters of the CAD model and predicted the discrete point shrinkage
for different contours. Based on a back-propagation neural network (BPNN) with input
parameters of the geometric parameters of the designed I-beam castings, the final prediction
accuracy they obtained is higher than that of the regression fitting method. Feng et al. [17]
developed a BPNN-based prediction model between geometric parameters and radial
shrinkage of the final casting based on the designed barrel casting (a hollow thin-walled
casting) and also verified a higher prediction accuracy of the model compared to the re-
gression model. To investigate the relationship between complex structural parameters
and the shrinkage of hollow turbine blades, Dong et al. [18] simplified the turbine blade
into a hollow thin-walled structure with resistance and non-resistance. Then, two mapping
models based on a BPNN reflecting the relationship between structural parameters and
the section shrinkage ratio of final casting were modeled for the transition section and
common section, respectively. The average deviations were 5.8% and 2.4%, respectively,
which improved the accuracy compared to existing studies. After that, the authors [19]
further predicted the shrinkage of complex castings during IC based on convolutional
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neural networks (CNNs) and obtained a higher precision. In contrast to the previous
unpredictability, the introduction of neural networks has made it possible to clarify the
coupling relationship between geometry and the shrinkage of turbine blades.

However, we note that most of the current related studies focus on the shrinkage
of the final casting caused by geometric parameters. The shrinkage deformation of key
procedures in the IC process, such as the wax pattern production, has only been well-
studied quantitatively by a few researchers. Pattnaik et al. [20] set injection temperature,
injection pressure, and holding time as input parameters. Then, they predicted the quality of
the wax pattern, including linear shrinkage and surface roughness, based on a fuzzy-based
artificial neural network. The predicted results are well-consistent with the experimental
results, as the magnitude of the error is 3.16%. Song et al. [21] focus on reducing warpage
and volume shrinkage in thin-walled parts during injection molding. By building a BPNN
model optimized with a genetic algorithm and a support vector machine (SVM), they can
effectively predict warpage and volume shrinkage, with predicted values of 0.93% and
1.9%, respectively, which can still be greatly improved.

Considering the expensive cost of turbine blade data acquisition, a small sample size
becomes a crucial concern when introducing neural networks. From the previous studies, it
can be seen that the BPNN is the most widely used in this field due to its excellent predictive
performance. However, due to its nonideal performance in solving problems with small
sample sizes and much noise, as well as some drawbacks such as falling into local minima
and slow convergence speed [22], an alternative mathematically based statistical network,
called a generalized regression neural network (GRNN), was introduced by Specht [23] as
early as 1991. Its approximation ability, classification ability, and learning speed are better
than the BPNN [24]. The GRNN can approximate any nonlinear function and overcome
local minima with a quick-learning convergence speed due to its powerful nonlinear
mapping capability and adaptable network structure. In addition, it also performs very
well in prediction in cases where there is a shortage or instability of data. Thus, the
GRNN has been widely used in non-linear regression problems such as noninvasive load
monitoring [25,26], evaporation prediction [27], fault diagnosis [28], etc. In this paper, we
attempt to build a model to predict the shrinkage of wax patterns for the complex structure
of gas turbine blades using a GRNN.

In addition, to accurately model the shrinkage prediction, appropriate response in-
dicators are essential. In previous studies, researchers have proposed various response
indicators for hollow cavities, cylinders, or other specific structures, respectively. The
responses include shrinkages (linear, volumetric, and contour) [16,29,30], surface rough-
ness [20], and constrained /unconstrained dimensions [4,5]. However, the response index
of shrinkage mentioned is hardly applicable to the effect of process parameters on the di-
mensions of the turbine blade with a variable cross-section and multi-dimensional features.
This is attributed to the fact that the structure of the turbine blade, which has a variable
cross-section and multidimensional and unconstrained /constrained features, results in
a wide variation of dimension shrinkage in different cross-sections during wax pattern
production. Thus, it is insufficient to characterize the overall dimensional change in turbine
blades to adopt a specific cross-section or average dimensional shrinkage as a response.
When studying the shrinkage of turbine blades, researchers have typically identified blade
curvature, non-linear thickness [10], 2D discrete point deviation, and shrinkage [18,19] as
response metrics. In this paper, while referring to the above classical response metrics, new
response metrics are proposed to better characterize the shrinkage of turbine blades.

In summary, considering the influence of complex structures, it is the focus of this
paper to quantitatively investigate the varying shrinkage characteristics of the wax patterns.
To better present the wax pattern dimension change in gas turbine blades with different
process parameters, we employ a new-response GRNN for training and testing. Based on
the discussion above, the contribution of this paper primarily includes (1) quantifying the
correlation between the process parameters and the overall shrinkage of the wax pattern via
neural networks and (2) using new cross-sectional features (a combination of area features
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and some discrete point deviations) as the input parameters of the GRNN to further analyze
the overall shrinkage of the turbine blade.

The remainder of the paper is organized as follows: Section 2 describes an integrated
method to predict the dimension changes in wax patterns. The three main modules,
including DOE, the extraction method of cross-sectional features, and the introduction of a
GRNN, are further elaborated in this section. In Section 3, we illustrate the experimental
process and perform the data processing and the GRNN prediction modeling. After that,
the result discussions, including the discrete point deviations discussion, the area and area
ratio discussion, and the predicted performance analysis, will be presented in Section 4.
Finally, some conclusions are discussed in Section 5.

2. Prediction Methodology

This section shows the details of the proposed method. Firstly, the overview of the
integrated method is provided in Section 2.1, and the applied methods are described
separately in detail later in the chapter. After the introduction of DOE in Section 2.2, the
extraction methods of cross-sectional features are developed in Section 2.3. Finally, the
introduction of the GRNN is described in Section 2.4.

2.1. Overview of the Integrated Method

In this paper, an integrated method to predict the wax pattern dimension change was
proposed (shown in Figure 1). First, some experiments were designed and conducted, and
a 3D laser scanning system named ATOS Core was used to obtain 3D point cloud data
of turbine blades produced by different process parameters. Then, data preprocessing
based on Geomagic Control was used to capture the representative 2D cross-sections of
the turbine blade and their corresponding discrete point deviations. After the extraction of
cross-sectional features was carried out, a feature prediction for given process parameters
based on the trained GRNN was implemented. In future work, the outputs of the feature
will be compared with the contour tolerance limits to evaluate their performance. Then,
an optimization and rectification of process parameters will be adopted according to the
tendency of feature outputs. It is worth noting that the focus of this paper is on GRNN
modeling, training, and testing.

| Design of Experiments and conducting |
| Wax pattern point cloud data acquisition | " Future Work 1
|

Data preprocessing based on Geomagic | —I|

Compared with the

i
o !
Control I contour toljﬁance limits |
| |
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| ——— i
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Figure 1. Flow chart of the proposed integrated method based on the GRNN.

2.2. Design of Experiments

In this paper, we introduced DOE to analyze the coupling relationship between
multiple process parameters and wax pattern shrinkage. DOE is a statistical method that
consists of a series of experiments conducted to understand how one or more input variables
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can impact one or more output variables [31]. It helps to study the relationship between
the various factors and responses. This method provides insight into the interactions that
could affect the output response [32]. Based on the data generated by DOE, it is possible to
develop a better predictive model.

The selection of the key process parameters is especially crucial when conducting
the experimental design since there are many process parameters involved in wax pattern
production, such as the mold accuracy, wax material, and wax pressing process. Pat-
tnaik et al. [8] studied the significant effect of injection temperature, injection pressure,
and injection time on the shrinkage deviation using utility concept and Taguchi method.
Rezavand and Behravesh [10] used injection temperature and holding time as variable
process parameters, which revealed the effect of holding time was greater than that of
injection temperature. Wang et al. [33] also investigated the effect of injection parameters
on the dimensional stability of wax patterns and confirmed the significant effect of holding
pressure and holding time. Consequently, the injection temperature, holding pressure, and
holding time were selected as input variables in this paper.

Based on the above input variables, it was required to select the specific DOE method.
Depending on the different focus of the study, various DOE approaches have been derived,
such as full factorial design, orthogonal array, Latin hypercube design, etc. Among them,
orthogonal array (OA) is usually used as orthogonal main-effect plans in factorial experi-
ments and statistics [34]. Thus, the orthogonal array method was selected for the design in
this study.

2.3. Extraction Methods of Cross-Sectional Features

Because of the complex structure and large dimensions of gas turbine blades, a non-
uniform shrinkage distribution is noticeable in the corresponding wax part production
process. To better present the overall shrinkage of the turbine blade, the basic structure was
divided into 5 cross-sections from A1 to A5, as shown in Figure 2a, and the interference of
the venting holes was intentionally excluded in the selection of the cross-section. In this
study, the influence of the process parameters and the complex structure on the overall
shrinkage distribution are both taken into account. In addition, aiming to better evaluate the
actual shrinkage change in the blade cross-sections, this study defines new cross-sectional
features that contain the following three components:

e  Area: As one of the measures of a geometric object, the area can effectively represent
the specific shape and the deformation trend of the object. Taking area as one of the
cross-sectional features not only can effectively display the state of the cross-section
but also easily compare the different cross-sectional trends.

e  Area Ratio: With a known CAD model of the wax pattern, each cross-sectional Target
Area can be obtained; thereby, we define the Area Ratio = Area/Target Area. According
to the definition, Area Ratio = 1 indicates a perfect size. Based on the value of the Area
Ratio, we can determine the distance between the actual cross-section of the blade and
the target cross-section. It is worth mentioning that the area features mentioned in
later sections contain two features, area and area ratio.

e  Discrete Point Deviation: By uniformly selecting portions of discrete points on a cross-
section, the corresponding deviation value is obtained as one of the features of that
cross-section. The reason for adding the discrete point deviation as one of the features
is to take into account the relative offset between the cross-sections generated during
the production process. It is also beneficial to keep the counterbalancing of positive
and negative deviations in mind when calculating the area.



Machines 2023, 11, 645

6 of 18

I @c >
7

=

An contour crack example
caused by incomplete
collection of point cloud data

o
o,
\

(b)

- e

T

qel0oj]
() ©

Figure 2. The illustration of cross-sections of the gas turbine blade: (a) the position of 5 cross-sections;
(b) the original cross-section Al of the gas turbine blade; (c) the cross-section A1 of the gas turbine
blade after connecting cracks.

According to the type of cross-sectional features, the extraction methods are mainly
divided into two categories: the area features calculation and extraction of point deviation.
The 2D cross-sections and their corresponding discrete point deviations can be easily ob-
tained using the Geomagic Control software, while the irregular shape of the cross-sections
makes the extraction of the area features a key problem for feature extraction. Various
methods are currently used to measure image area, such as the square grid method [35],
photoshop-based image area measurement, pixel-based image processing methods [36-38],
etc. Among them, the pixel-based method is quite simple, efficient, and highly accurate, so
the pixel-based method was elected to calculate the blade cross-sectional area in this study.

Figure 3 shows the extraction process for area features. The details are elaborated
as follows:

The cross-section image
of wax pattern

! * Unify the image dimension
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Step2 morphological closing
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Figure 3. The flow chart of area features extraction.
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Step 1: Unify the dimensions of all cross-section images. The area values represented
by the number of pixels in different-sized images will be significantly different, while the
size of the images exported in the Geomagic Control software is inconsistent.

Step 2: By applying the morphological closing operator [39], the unclosed borders
of parts are retrieved and connected. Since the cross-sections of the experimental group
are obtained from the 3D point cloud data, the obtained cross-sections may have some
small cracks and do not form a closed geometry. The cross-section Al graphs of the
wax pattern for the gas turbine blade before and after connecting cracks are shown in
Figure 2b,c, respectively.

Step 3: Obtain the connected area by using the BWLABEL function in MATLAB and
obtain the outer contour of the image by using the BWSELECT function.

Step 4: Calculate the pixel points within the contour, i.e., the area of the section.

Step 5: After the cross-sectional areas of both the wax pattern of the experimental
group and the corresponding CAD model are solved, the area ratio of each experimental
group is calculated separately.

2.4. Generalized Regression Neural Network (GRNN)

The topological structure of the gas turbine blade shrinkage rate prediction model
based on the GRNN is shown in Figure 4. The input parameters include some process
parameters and other needed input parameters. The cross-sectional features of the turbine
blade are used as the output. In this predictive model, we define the input-layer matrix
of the network as X = [x1,xp,---,x,] and the output-layer matrix of the network as
Y = [y1,Y2,- - -, yk). The number of neurons in the pattern layer is equal to the dimension
of input variables, set as n. The number of neurons in the summation layer is equal to the
dimension of output variables plus one, set to k + 1. The transfer function of the pattern
layer is expressed in Equation (1). For the summation layer, there are two summation
functions [40], namely, Sp and Syj, which are expressed in Equations (2) and (3). The
difference is that the former performs an arithmetic summation of the output of all pattern-
layer neurons directly, while the latter is a weighted sum of all neurons in the pattern layer
with the connection weight of the jth element in the ith output sample. Dividing the two
output types of the above summation layer, we can obtain the model output in Equation (4).

X - X)) (X - X;
P; = exp ( ’;(75 ) ,i=1,2,---,n 1)
n
Sp=Y.D ()
i=1
n
SNj:Z]/ijPi/j:Lz/'”/k (3)
i=1
SNi .
v =g, =12k @)

where X is the input, X; is the learning sample corresponding to the ith neuron, and o is
the radial basis expansion coefficient: SPREAD.

Input layer Pattern layer Summation layer Output layer

@V
O

Process parameter x; Cross-section feature y;

Process parameter x,

Yo7
< ‘“%7&
VA

P, Sni

Other input parameter x, Cross-section feature y,

Figure 4. The topological structure of the GRNN.
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3. Application of Methodology

To validate the proposed method, some experiments were conducted (see Section 3.1).
In this section, the experimental design is first carried out so that more data based on a
gas turbine blade can be created. After the data acquisition mentioned in Section 3.2 is
conducted, the extraction of area features is implemented. Finally, the GRNN modeling
phase is performed in Section 3.3.

3.1. Orthogonal Array Design Phase

Based on the critical process parameters selected in Section 2.2, including holding
pressure, holding time, and injection temperature, we give the designated symbols and
ranges in Table 1. Referring to the parameter levels in Table 1, the design of experiments
based on three control factors is constructed (orthogonal arrays) in Table 2.

Table 1. Process parameters and their values at different levels.

Symbol Process Parameters Unit Range Level 1 Level 2 Level 3
A Holding pressure bar 12-18 12 15 18
B Holding time s 150-210 150 180 210
C Injection temperature °C 56-62 56 62 -

Table 2. Experimental layout.

Trial No. A (bar) B (s) C (0O
1 2 2 1
2 2 3 2
3 1 3 1
4 3 2 2
5 3 1 1
6 1 2 2
7 2 1 2
8 1 1 1
9 3 3 1

According to the experimental matrix design in Table 2, we conducted 9 groups of wax
pattern experiments with different process parameter levels. Based on the wax pattern pro-
duction steps [41], the produced wax patterns were arranged in order as shown in Figure 5.

Figure 5. Wax patterns of a gas turbine blade.

3.2. Data Processing

In this section, the data acquisition mode of wax patterns for a practice gas turbine
blade is first introduced, and relevant data is obtained in Section 3.2.1. After that, the
extraction of area features is performed in Section 3.2.2.

3.2.1. Data Acquisition

Following the production of 9 groups of experimental wax patterns, the ATOS Core, a
3D laser scanning system, was used to obtain the integral 3D wax pattern point cloud data
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by taking multiple photos and stitching multiple image data under the same coordinate
system. The wax patterns of the experiments were scanned, and the 3D point cloud data of
experimental wax patterns (from No. 1 to No. 9, where No. X represents the wax pattern
of Trial No. X in Table 2) were compared with the CAD model, as shown in Figure 6. The
overall deviation of the wax pattern varies according to the process parameters. Different
colors refer to different deviation values. From the image, it is clearer that while the
deviation of the leaf body is lower, the top and tenon regions of the wax pattern produce
larger deviations. The former has a prominent color of green and an absolute deviation
within 0.1 mm, while the latter two have dominating colors of red and blue, respectively,
with an absolute deviation of about 0.5 mm. However, because the body portion is created
in a single operation, while the top and tenon portions still need to be machined afterward,
its dimensional variation needs to be tightly controlled to within plus or minus 0.5 mm. It
can be noticed that the 1st, 2nd, and 4th groups have fewer deviations when comparing
the 3D point cloud deviations of the body portions of the 9 groups of wax patterns. This
indicates that these three groups’ process parameters are better adapted, and the resulting
wax patterns are higher in accuracy.

No.2 No.3 ; 2 No.6 No.7 No.8

Figure 6. 3D point cloud data of experimental wax patterns (from No. 1 to No. 9, where No. X
represents the wax pattern of Trial No. X in Table 2) compared with the CAD model. Different colors
refer to different deviation values.

In the Geomagic Control software, the point cloud data can be inspected and analyzed.
By comparing the acquired point cloud data with the CAD model of the blade wax pattern,
the 2D section deviation can be obtained by setting the cross-section. The division of the
cross-sectional contour curve for 2D section Al and its partial discrete point deviations of
the 1st group are shown in Figure 7. It is worth mentioning that the discrete points of each
cross-section in this study are selected by equal numbers and equal distances on the outer
contour of the wax pattern for a turbine blade. The distribution of discrete points starts
from the Trailing edge (TE), then goes through the Suction side (SS), the Leading edge (LE),
the Pressure side (PS), and back to the TE in turn. Note that the discrete point deviation
values are highly correlated with the region of the section contour curve and that the trend
along the contour varies from region to region. Further quantitative analysis of the discrete
point deviations for each 2D cross-section will be developed in Section 4.1.

3.2.2. Extraction of Area Features

According to the method described in Section 2.3, the 2D cross-section images of the
CAD model were first unified with a pixel size of 936 x 671. Then, we connected the
unclosed border parts and obtained the corresponding outer contours. Finally, the cross-
sectional area values (in pixels) of the CAD model from A1 to A5 are calculated as 44,696,
49,808, 57,614, 66,849, and 76,821, in that order. Similarly, the cross-sectional area for all
practice wax patterns and the corresponding area ratio is calculated and shown in Table 3.
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Figure 7. The division of the cross-sectional contour curve for 2D section Al and its partial discrete
point deviations of trial No. 1 compared with the CAD model. There are 33 points evenly distributed
on the contour of the section, where “L001” refers to point 1, and its corresponding “D: 0.6894" refers
to a deviation of 0.6894 mm.

Table 3. Calculation results of the area features for all practice wax patterns.

No Area (in Pixels) Area Ratio
Al A2 A3 A4 A5 Al A2 A3 A4 A5
1 45,439 50,775 58,962 68,095 78,311 1.0166 1.0194 1.0234 1.0186 1.0194
2 45,389 50,516 58,736 67,955 78,147 1.0155 1.0142 1.0195 1.0165 1.0173
3 46,330 51,444 59,343 68,437 78,539 1.0366 1.0328 1.0300 1.0238 1.0224
4 45,665 50,642 58,664 67,845 77,988 1.0217 1.0167 1.0182 1.0149 1.0152
5 45,925 51,024 59,336 68,805 78,603 1.0275 1.0244 1.0299 1.0293 1.0232
6 46,183 51,159 59,086 68,235 78,550 1.0333 1.0271 1.0255 1.0207 1.0225
7 45,855 50,921 59,003 68,219 78,340 1.0259 1.0223 1.0241 1.0205 1.0198
8 45,873 51,027 59,195 68,752 78,468 1.0263 1.0245 1.0274 1.0285 1.0214
9 46,277 51,368 59,337 68,354 78,294 1.0354 1.0313 1.0299 1.0225 1.0192

3.3. GRNN Modeling Phase

This section will develop a prediction model for the wax patterns of the gas tur-
bine blades’ shrinkage characteristics in relation to the structural features and process
parameters. Among the structural features, we highlight the variable cross-sections and
multi-dimensional features of the gas turbine blade. Thus, five cross-sections from A1l to
Ab are divided as described in Section 2.2.

Based on the above experiments, we obtained 45 samples for the training and testing
of the GRNN model. Notably, the area features obtained from different cross-sections
(as shown in Table 3) are significantly different. We divided the obtained samples into
9 groups according to the process parameters when performing the GRNN model training
and testing. Each group contains the cross-sectional features of five cross-sections. Since the
neural network needs more data for feature learning, we took 8 groups of them randomly
as training sets, and the remaining group was used as verification samples to test the
performance of the prediction model.

The parameters setting of the GRNN prediction model is given as follows: The input-
layer nodes are set to 4, namely, the holding pressure (A), the holding time (B), the injection
temperature (C), and the section height (D). Among them, the section height (D) is the key
structural parameter of the turbine blade. The number of nodes in the output layer is set to
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34, which contains the area, area ratio, and 32 discrete point deviations. The kernel function
of the GRNN algorithm is the Gaussian radial basis kernel function.

In addition, the value of SPREAD is quite critical because it is the only parameter of the
GRNN model that improves performance. When it is too large, it increases the complexity
of the computation and results in an overly smooth output. Contrarily, when it is too
small, there are not sufficient neurons involved in the computation, which in turn brings
about poor generalization [42]. Generally, the SPREAD was optimized by a trial-and-error
method in the present study. In this paper, a combination of k-fold cross-validation (CV)
and the trial-and-error method was used to optimize the SPREAD because this method can
effectively avoid overfitting and underfitting and guarantee high prediction accuracy when
the data volume is small.

The k-fold CV method is a resampling technique. The initial sample is randomly
divided into k subsamples of equal size. The remaining fold is then used for evaluation
after a model has been trained on k — 1 of the folds (subsamples). Each of the k folds is
utilized as the validation data exactly once during the k times this process is conducted. In
the k-fold CV process of this study, k was set to 5. The iteration time of the cycle was 200,
and the mean absolute percent error (MAPE) was used as the performance index to select
the optimal SPREAD. After training the prediction model, the testing of cross-sectional
features was conducted.

4. Results Discussion

We discuss the results of the above experiments in this section. The discrete point
deviations, area shrinkage features, and the predicted model of the gas turbine blade are
discussed in the next sections.

4.1. Discussion for Discrete Point Deviations

In this section, the discrete point deviations are qualitatively analyzed as influenced
by the process parameters and the position of the cross-section, respectively. According to
the variation of each discrete point and its corresponding position, we can make a better
qualitative analysis of the shrinkage of the blade in each section.

Firstly, under the five cross-sections, we sequentially plot box plots of the fluctuations
of discrete point deviations for nine groups of process parameters, as shown in Figure 8.
From the observation in Figure 8, we can summarize the following phenomena:

(1) The structure at different parts of the contour has shown significant variation, and
there is a significant difference in the deviation of different cross-sections. For example,
in Figure 8a, the deviation of the SS section is significantly higher than that of the PS
section, while in Figure 8d, the deviation of the SS section is significantly lower than
that of the PS section.

(2) As the height of the section decreases, that is, from the top to the tenon of the blade,
only the deviation value of the SS segment gradually decreases, while the deviation
value of the remaining segments increases. Notably, the transition from section A4 to
A5 shows an abrupt decreasing trend in deviation for the LE and PS segments.

(8) The effects of the various process parameters at different positions on the cross-section
contour varies significantly and for different cross-sections as well. For example, in
Figure 8c, the impact of process parameter fluctuations on the SS section is much
smaller than that on the TE and SS sections, while in Figure 8e, the deviations at all
points do not have large fluctuations when process parameters change.
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Figure 8. Box plots of the discrete point deviations of different sections for 9 groups of experiments:
(a) Section A1; (b) Section A2; (c) Section A3; (d) Section A4; (e) Section A5.

4.2. Discussion for Area and Area Ratio

The bar graph of the area and the box plot of the area ratio corresponding to Table 3 are
plotted in Figure 9. In Figure 9a, the area value of each cross-section increases continuously
from Al to A5, and the values of the experiments are all above the target value. However,
we can observe that the area gap values due to different process parameters still have
variability. Figure 9b shows the details of the different process parameters leading to
different area ratios, among which the area features of the second and fourth groups are
closest to the target values. Moreover, an obvious difference exists in the fluctuations of the
area ratios produced by the different process parameters for the different cross-sections.
This is similar to the results observed in Section 4.1. The dispersion degree of area ratios of
the third and ninth groups is significantly larger than that of the other groups.
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ratio results.
4.3. Predicted Model Analysis
To validate the developed GRNN prediction model, some experiments were conducted.
Next, we will discuss two aspects of the prediction results and prediction performance.
4.3.1. Prediction Results
When we take the data of the fourth group as the testing sample, the prediction results
of area features and discrete point deviations of the A1 cross-section are shown in Figure 10.
As can be seen from Figure 10, the prediction results of our proposed algorithm for the
cross-sectional features of the gas turbine blade are matched with the actual values. It
shows that the GRNN prediction model constructed in this study is relatively accurate.
From the analysis of the predicted results in Figure 10b, it is clear that the deviation has
changed abruptly due to the abrupt change in the casting structure at discrete points 3, 13,
19, and 31, which also verifies the validity of the model.
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Figure 10. Prediction results based on the GRNN: (a) area features; (b) discrete point deviations of
the A1 cross-section.
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4.3.2. Prediction Performance

With the prediction model already trained, further experiments are needed to better
determine the performance of this model. We utilized 5-fold cross-validation and trial-
and-error to determine the parameter OPTIMAL SPREAD in the training, described in
Section 3.3. To address the problem of the small amount of data in this study, 5-fold cross-
validation was used again with optimal SPREAD. We selected one group of data as the
testing sample in turn and used the remaining groups of data as the training sample. Nine
trials were thus conducted, and the pros and cons of the model were measured by taking
the combination of multiple performance evaluation functions.

We used relative error (RE), mean square error (MSE), and MAPE as error indicators
for analysis. The formulas for the three indicators are given in equations as follows:

RE:Y";iTixmo% ()
1& ) .
MSE:EI;(YZ-—TZ-) ,i=12,-,k (6)
L& Y-T1
MAPE:EZT,]:LZ,---,k @)

where, T; is the target value corresponding to the ith neuron, and Y; is the testing sample
corresponding to the ith neuron.

The RE can effectively reflect the deviation of the predicted result from the target
value and determine the confidence of the predicted result. The MSE is the average of the
sum of squared prediction errors, avoiding the problem that positive and negative errors
cannot be summed. The MAPE is a percentage value, and it is generally considered that
the prediction accuracy is great when MAPE is less than 10%.

Since the discrete point deviation may be zero, it is not reasonable to use RE or MAPE
to evaluate its prediction performance. Therefore, in the following analysis, we use RE
and MAPE to evaluate how well the model predicts area features. MSE is used to evaluate
the model’s prediction performance for discrete point deviations. The RE table and the
corresponding box plot of prediction for different cross-sectional area features are shown
in Table 4 and Figure 11, respectively. The average RE of the area is 1.5%, and the average
RE of the area ratio is 0.58%. The REs of the areas of sections Al and A5 are larger than that
of other sections according to Figure 11, while the REs of the area ratios are more average
and smaller overall, with the REs of section A5 being the smallest.

Table 4. RE table for different cross-sectional area features based on the GRNN model.

Al A2 A3 A4 A5 Average RE
Area 2.3646% 1.2671% 0.4978% 1.0554% 2.3196% 1.5009%
Area Ratio  0.9733% 0.7518% 0.7053% 0.4429% 0.0365% 0.5820%

In addition, a comparison of area features with a BPNN using MAPE as the perfor-
mance evaluation function is shown in Figure 12. Figure 12 shows that the prediction
accuracy of the area ratio is superior to that of the area. Moreover, compared to the BPNN,
the MAPE of the GRNN in predicting area is improved.

After the error analysis of area features, it is also necessary to analyze the prediction
error of discrete point deviations. Based on the predicted values of each discrete point of
the nine training trials, the corresponding MSEs are calculated and plotted as box line plots,
as shown in Figure 13a. In addition, a comparison of discrete point deviations with the
BPNN using MSE as the performance evaluation function is drawn in Figure 13b. From
Figure 13, we can observe that the MSEs of the central discrete points are significantly less
than the MSEs of the discrete points on the two sides. The apparent difference in prediction
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error for different discrete points partially depends on the variation in the dispersion of
their original data. Moreover, the maximum MSE of discrete point deviations based on
the GRNIN is less than 0.06 mm?, while the maximum MSE based on the BPNN is nearly
0.2 mm?. The experiments show that the GRNN prediction model constructed in this study
is relatively accurate.
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5. Conclusions

In this study, new turbine blade cross-sectional features are defined, and a GRNN-
based approach is proposed to predict the wax pattern shrinkage of the turbine blade. The
related work and corresponding conclusions are as follows:

(1) Defined the area features including area and area ratio and combined the common
discrete point deviation to form a comprehensive index, namely, cross-sectional
features, which better reflects the shrinkage of the blade cross-section. The pixel
point-based area calculation method is used to extract the area features. The results
of the area features extraction were analyzed, and it is concluded that the second
and fourth groups of experimental wax patterns are closer to the CAD model of the
wax pattern.

(2) InSection 4.1, the coupling interactions between discrete point deviations and section
positions and process parameters are qualitatively analyzed. It is finally concluded
that the accuracy of the fourth group of experimental wax patterns is optimal, which
corresponds to a holding pressure of 18 bar, a holding time of 180 s, and an injection
temperature of 62 °C. In Section 4.2, a consistent result is obtained with that in
Section 4.1. That is, the fluctuation of the area ratios resulting from the various process
parameters for the various cross-sections shows a clear difference.

(3) A generalized regression neural network (GRNN) model was established to predict
the wax pattern shrinkage of the gas turbine blade under different process parameters
in this study. A combination of cross-validation and trial-and-error methods was used
to train and predict small data (only 45 samples of data). Finally, different performance
evaluation functions were applied to measure the accuracy of this prediction model,
resulting in an average RE of 1.5% for the area, an average RE of 0.58% for the area
ratio, and a maximum MSE of less than 0.06 mm? for the discrete point deviations.
The prediction accuracy of the model will be improved in the future if more data
can be acquired. Based on this accurate predictive model of wax pattern shrinkage,
we can further make a robust design to optimize and rectify process parameters in
the future.

(4) Without considering the influence of the pattern material on the shrinkage change, the
proposed GRNN model can relatively accurately predict the wax pattern shrinkage
change in turbine blades with a complex structure, which indicates that we can also
model and control the shrinkage of the remaining main procedures of the investment
casting separately by applying the proposed method and thus finally obtain turbine
blades with higher accuracy.

Author Contributions: Conceptualization, C.L., Z.Z. and EL.; formal analysis, C.L. and C.J.; funding
acquisition, C.L. and Z.Z.; investigation, C.L., C.J.,, D.W. and S.S.; methodology, C.L. and C.J.; software,
C.L. and CJ; supervision, C.L., Z.Z. and F.L.; writing—original draft, C.L. and C.J.; writing—review
and editing, C.L., Z.Z. and FL. All authors have read and agreed to the published version of
the manuscript.

Funding: This research is sponsored by the Natural Science Foundation of Shanghai, Grant No.
227R1463900, Zhejiang Provincial Science and Technology Plan Project (Lingyan), Grant No. 2022C03121,
the Fundamental Research Funds for the Central Universities, Grant No. 22120220649, and the Re-
search Project of State Key Laboratory of Mechanical System and Vibration, Grant No. MSV202318.

Data Availability Statement: The data that support the findings of this study are available upon
reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.



Machines 2023, 11, 645 17 of 18

References

1.  Dou, Y.Q.; Bu, K; Dou, Y.L.; Dou, Y.W. Reversing Design Methodology of Investment Casting Die Profile Based on Pro-CAST.
China Foundry 2010, 7, 132-137.

2. Wang, ].F; Bu, K,; Zhang, D. Optimization Design of Mould Cavity for Tur bine Blade Based on Displacement Field. Aviat. Manuf.
Technol. 2006, 10, 73-75, 104. [CrossRef]

3. Morwood, G.; Christodoulou, P.; Lanham, B.; Byrnes, D. Contraction of Investment Cast H13 Tool Steel Real Time Measurement.
Int. J. Cast Met. Res. 2000, 12, 457-467. [CrossRef]

4. Bansode, S.N.; Phalle, V.M.; Mantha, S.S. Optimization of Process Parameters to Improve Dimensional Accuracy of Investment
Casting Using Taguchi Approach. Adv. Mech. Eng. 2019, 11, 168781401984146. [CrossRef]

5. Rahmati, S.; Akbari, J.; Barati, E. Dimensional Accuracy Analysis of Wax Patterns Created by RTV Silicone Rubber Molding Using
the Taguchi Approach. Rapid Prototyp. J. 2007, 13, 115-122. [CrossRef]

6.  Kumar, S.; Karunakar, D.B. Development of Wax Blend Pattern and Optimization of Injection Process Parameters by Grey-Fuzzy
Logic in Investment Casting Process. Int. |. Met. 2022, 16, 962-972. [CrossRef]

7. Sensoy, A.T.; Colak, M.; Kaymaz, I; Dispinar, D. Investigating the Optimum Model Parameters for Casting Process of A356 Alloy:
A Cross-Validation Using Response Surface Method and Particle Swarm Optimization. Arab. |. Sci. Eng. 2020, 45, 9759-9768.
[CrossRef]

8.  Pattnaik, S.; Karunakar, D.; Jha, P. Parametric Optimization of the Investment Casting Process Using Utility Concept and Taguchi
Method. Proc. Inst. Mech. Eng. Part |. Mater. Des. Appl. 2014, 228, 288-300. [CrossRef]

9.  Wang, D.H. Dimensional Deviation and Defect Prediction of Wax Pattern. In Precision Forming Technology of Large Superalloy
Castings for Aircraft Engines; Springer: Singapore, 2021; pp. 67-100, ISBN 978-981-336-219-2.

10. Rezavand, S.A.M.; Behravesh, A.H. An Experimental Investigation on Dimensional Stability of Injected Wax Patterns of Gas
Turbine Blades. J. Mater. Process. Technol. 2007, 182, 580-587. [CrossRef]

11.  Dumani¢, I; Jozi¢, S.; Baji¢, D.; Krolo, J. Optimization of Semi-Solid High-Pressure Die Casting Process by Computer Simulation,
Taguchi Method and Grey Relational Analysis. Int. . Met. 2021, 15, 108-118. [CrossRef]

12. Zhou, D.S,; Kang, Z.Y.; Yang, C.; Su, X.P.; Chen, C.C. A Novel Approach to Model and Optimize Qualities of Castings Produced
by Differential Pressure Casting Process. Int. . Met. 2022, 16, 259-277. [CrossRef]

13. Patel, G.C.M,; Shettigar, A.K,; Parappagoudar, M.B. A Systematic Approach to Model and Optimize Wear Behaviour of Castings
Produced by Squeeze Casting Process. |. Manuf. Process. 2018, 32, 199-212. [CrossRef]

14. Ktari, A.; El Mansori, M.E. Digital Twin of Functional Gating System in 3D Printed Molds for Sand Casting Using a Neural
Network. J. Intell. Manuf. 2022, 33, 897-909. [CrossRef]

15. Sata, A.; Ravi, B. Comparison of Some Neural Network and Multivariate Regression for Predicting Mechanical Properties of
Investment Casting. J. Mater. Eng. Perform. 2014, 23, 2953-2964. [CrossRef]

16. Tian, G.L.; Bu, K.; Zhao, D.Q.; Zhang, Y.L.; Qiu, F; Zhang, X.D.; Ren, S.J. A Shrinkage Prediction Method of Investment Casting
Based on Geometric Parameters. Int. |. Adv. Manuf. Technol. 2018, 96, 1035-1044. [CrossRef]

17.  Feng, L.; Liu, Y,; Yu, ].B. Structural parameters on cylinder casting shrinkage effect. Shanghai Met. 2022, 88-92. [CrossRef]

18. Dong, Y.W.; Li, X.L.; Zhao, Q.; Yang, J.; Dao, M. Modeling of Shrinkage during Investment Casting of Thin-Walled Hollow Turbine
Blades. J. Mater. Process. Technol. 2017, 244, 190-203. [CrossRef]

19. Dong, YW.; Guo, X.; Ye, Q.W,; Yan, W.G. Shrinkage during Solidification of Complex Structure Castings Based on Convolutional
Neural Network Deformation Prediction Research. Int. . Adv. Manuf. Technol. 2022, 118, 4073-4084. [CrossRef]

20. Pattnaik, S.; Karunakar, D.B.; Jha, P. A Prediction Model for the Lost Wax Process through Fuzzy-Based Artificial Neural Network.
Proc. Inst. Mech. Eng. Part C . Mech. Eng. Sci. 2014, 228, 1259-1271. [CrossRef]

21. Song, Z.Y.; Liu, SM.; Wang, X.X.; Hu, Z.X. Optimization and Prediction of Volume Shrinkage and Warpage of Injection-Molded
Thin-Walled Parts Based on Neural Network. Int. ]. Adv. Manuf. Technol. 2020, 109, 755-769. [CrossRef]

22.  Nawi, N.M,; Zaidi, N.M.; Hamid, N.A.; Rehman, M.Z.; Ramli, A.A.; Kasim, S. Optimal Parameter Selection Using Three-Term
Back Propagation Algorithm for Data Classification. Int. J. Adv. Sci. Eng. Inf. Technol. 2017, 7, 1528. [CrossRef]

23.  Specht, D.F. A General Regression Neural Network. IEEE Trans. Neural Netw. 1991, 2, 568-576. [CrossRef] [PubMed]

24. Hu, Z.L.; Zhao, Q.; Wang, J. The Prediction Model of Worsted Yarn Quality Based on CNN-GRNN Neural Network. Neural
Comput. Appl. 2019, 31, 4551-4562. [CrossRef]

25. Yang, PF; Sun, X.B.; Zhu, L.; Wu, Y.H,; Dai, B.F. Load Identification Method Based on ISMA-GRNN. Math. Probl. Eng. 2022,
2022, 8056696. [CrossRef]

26. Aisyah, S.; Simaremare, A.A.; Adytia, D.; Aditya, .A.; Alamsyah, A. Exploratory Weather Data Analysis for Electricity Load
Forecasting Using SVM and GRNN, Case Study in Bali, Indonesia. Energies 2022, 15, 3566. [CrossRef]

27.  Aghelpour, P.; Bahrami-Pichaghchi, H.; Karimpour, F. Estimating Daily Rice Crop Evapotranspiration in Limited Climatic Data
and Utilizing the Soft Computing Algorithms MLP, RBE, GRNN, and GMDH. Complexity 2022, 2022, 4534822. [CrossRef]

28. Li, AY,; Yang, X.H.; Xie, Z.H.; Yang, C.S. An Optimized GRNN-enabled Approach for Power Transformer Fault Diagnosis. IEE]
Trans. Electr. Electron. Eng. 2019, 14, 1181-1188. [CrossRef]

29. Chen, H,; Gao, QJ.; Li, W.; Wang, Z.H.; Fan, Y.W.; Wang, H.X. Optimization of Casting System Structure Based on Genetic

Algorithm for A356 Casting Quality Prediction. Int. |. Met. 2022. [CrossRef]


https://doi.org/10.3969/j.issn.1671-833X.2006.10.012
https://doi.org/10.1080/13640461.2000.11819382
https://doi.org/10.1177/1687814019841460
https://doi.org/10.1108/13552540710736803
https://doi.org/10.1007/s40962-021-00655-y
https://doi.org/10.1007/s13369-020-04922-8
https://doi.org/10.1177/1464420713487654
https://doi.org/10.1016/j.jmatprotec.2006.09.029
https://doi.org/10.1007/s40962-020-00422-5
https://doi.org/10.1007/s40962-021-00596-6
https://doi.org/10.1016/j.jmapro.2018.02.004
https://doi.org/10.1007/s10845-020-01699-3
https://doi.org/10.1007/s11665-014-1029-1
https://doi.org/10.1007/s00170-018-1618-5
https://doi.org/10.19947/j.issn.1001-7208.2022.01.015
https://doi.org/10.1016/j.jmatprotec.2017.01.005
https://doi.org/10.1007/s00170-021-08137-5
https://doi.org/10.1177/0954406213507701
https://doi.org/10.1007/s00170-020-05558-6
https://doi.org/10.18517/ijaseit.7.4-2.3387
https://doi.org/10.1109/72.97934
https://www.ncbi.nlm.nih.gov/pubmed/18282872
https://doi.org/10.1007/s00521-018-3723-7
https://doi.org/10.1155/2022/8056696
https://doi.org/10.3390/en15103566
https://doi.org/10.1155/2022/4534822
https://doi.org/10.1002/tee.22916
https://doi.org/10.1007/s40962-022-00902-w

Machines 2023, 11, 645 18 of 18

30.

31.

32.

33.

34.

35.
36.

37.

38.

39.

40.

41.

42.

Abdul, R.; Guo, G.J.; Chen, J.C.; Yoo, J.J.-W. Shrinkage Prediction of Injection Molded High Density Polyethylene Parts with
Taguchi/ Artificial Neural Network Hybrid Experimental Design. Int. J. Interact. Des. Manuf. 2020, 14, 345-357. [CrossRef]
Salmaso, L.; Pegoraro, L.; Giancristofaro, R.A.; Ceccato, R.; Bianchi, A.; Restello, S.; Scarabottolo, D. Design of Experiments and
Machine Learning to Improve Robustness of Predictive Maintenance with Application to a Real Case Study. Commun. Stat. Simul.
Comput. 2022, 51, 570-582. [CrossRef]

Soni, A.; Patel, RM.; Kumar, K.; Pareek, K. Optimization for Maximum Extraction of Solder from Waste PCBs through Grey
Relational Analysis and Taguchi Technique. Miner. Eng. 2022, 175, 107294. [CrossRef]

Wang, D.H.; He, B,; Li, F,; Sun, B.D. The Influence of Injection Processing on the Shrinkage Variation and Dimensional Stability of
Wax Pattern in Investment Casting. Adv. Mater. Res. 2012, 538-541, 1217-1221. [CrossRef]

Pang, 5.Q.; Wang, ].; Wang, X.N.; Wang, X.L. Application of Orthogonal Array and Walsh Transform in Resilient Function. Chin. ].
Electron. 2018, 27, 281-286. [CrossRef]

Cui, S.G.; Qin, ].H. Image processing method of rapeseed leaf area. Hubei Agric. Sci. 2017, 56, 27562757, 2767. [CrossRef]

Nie, X.C.; Li, B.L. Based on pixel area calculation in honeycomb hemp surface image application. Comput. Knowl. Technol. 2021,
17,164-165. [CrossRef]

Wu, LJ; Li, B. Calculation of the perimeter and area of the target object in color image. |. Shenyang Norm. Univ. (Nat. Sci. Ed.)
2020, 38, 66—70. [CrossRef]

Wang, J.; Liang, C.J.; Guo, ].X.; Ma, S.J; Liu, ] X.; Wu, Z.H. Determines the plant leaf area based on OpenCV. Mol. Plant Breed.
2020, 18, 2023-2027. [CrossRef]

Abdalla, M.; Nagy, B. Mathematical Morphology on the Triangular Grid: The Strict Approach. SIAM . Imaging Sci. 2020, 13,
1367-1385. [CrossRef]

Li, W.D.; Yang, X.; Li, H.; Su, L.L. Hybrid Forecasting Approach Based on GRNN Neural Network and SVR Machine for Electricity
Demand Forecasting. Energies 2017, 10, 44. [CrossRef]

Cui, K. Study on Wall Method of Hollow Turbine Blade. Ph.D. Thesis, Northwestern Polytechnical University, Xi’an, China, 2018.
[CrossRef]

Yang, J.; Ma, H.; Dou, J.; Guo, R. Harmonic Characteristics Data-Driven THD Prediction Method for LEDs Using MEA-GRNN
and Improved-AdaBoost Algorithm. IEEE Access 2021, 9, 31297-31308. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1007/s12008-019-00593-4
https://doi.org/10.1080/03610918.2019.1656740
https://doi.org/10.1016/j.mineng.2021.107294
https://doi.org/10.4028/www.scientific.net/AMR.538-541.1217
https://doi.org/10.1049/cje.2017.09.011
https://doi.org/10.14088/j.cnki.issn0439-8114.2017.14.040
https://doi.org/10.14004/j.cnki.ckt.2021.0070
https://doi.org/10.3969/j.issn.1673-5862.2020.01.013
https://doi.org/10.13271/j.mpb.018.002023
https://doi.org/10.1137/19M128017X
https://doi.org/10.3390/en10010044
https://doi.org/10.27406/d.cnki.gxbgu.2018.000261
https://doi.org/10.1109/ACCESS.2021.3059483

	Introduction 
	Prediction Methodology 
	Overview of the Integrated Method 
	Design of Experiments 
	Extraction Methods of Cross-Sectional Features 
	Generalized Regression Neural Network (GRNN) 

	Application of Methodology 
	Orthogonal Array Design Phase 
	Data Processing 
	Data Acquisition 
	Extraction of Area Features 

	GRNN Modeling Phase 

	Results Discussion 
	Discussion for Discrete Point Deviations 
	Discussion for Area and Area Ratio 
	Predicted Model Analysis 
	Prediction Results 
	Prediction Performance 


	Conclusions 
	References

