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Abstract: Enhancing thermal efficiency and minimizing weight are prevailing issues in aero engines.
Owing to its hollow structure, the twin-web turbine disc exhibits remarkable weight reduction
properties, while its enhanced cooling constitutes a novel challenge. In this study, a twin-web turbine
disc cavity system is numerically investigated. To enhance the cooling effect and minimize pressure
loss, a multi-objective genetic algorithm and Kriging surrogate model are employed to optimize the
radial height of the pre-swirl nozzle and receiver hole in the disc cavity system. The results indicate
that the overall performance of Opt-3, derived from the Technique for Order Preference by Similarity
to the Ideal Solution method within the Pareto frontier, is superior. This configuration achieves a
uniform low distribution of rotor temperatures while maintaining moderate pressure losses. Notably,
the maximum temperature is reduced by 21.1 K compared to the basic model, with pressure losses
remaining largely unchanged. Additionally, an increase in the flow ratio leads to a reduction in both
the maximum temperature and average temperature of the back web while simultaneously increasing
the temperature of the front web and augmenting pressure losses. However, it is important to note
that the degree of variation in these parameters diminishes with increasing flow ratios.

Keywords: twin-web turbine disc; pre-swirl system; multi-objective optimization; kriging surrogate
model; genetic algorithm

1. Introduction

Enhancing the thermal efficiency of the engine in aero-engine development requires
raising the gas temperature at the turbine inlet. Nevertheless, this approach has the
potential to greatly diminish the longevity of high-temperature components [1]. Hence,
there is an urgent need for enhanced cooling techniques, and the study of twin-web turbine
discs (TWDs) offers a promising new avenue [2].

Most contemporary research primarily focuses on the flow and heat transfer char-
acteristics within the single-web turbine (SWD) cavity. Shen et al. [3] investigated the
temperature drop in a radial pre-swirl system employing various impeller configurations.
Xia et al. [4] introduced a double-row pre-swirl nozzle designed to enhance heat transfer
at greater radii. Additionally, further studies have been conducted on the optimization of
pre-swirl systems, aiming to reduce the temperature of cooling air while increasing adia-
batic efficiency [5,6]. As depicted in Figure 1, the twin-web turbine (TWD) exhibits distinct
structural differences from the SWD. Specifically, it features a hollow disc configuration,
resulting in an inner cavity between the two webs. This design facilitates coolant flow,
thereby enhancing heat transfer, which is beneficial for mitigating local thermal stress in
the turbine disc and extending its service life and mechanical strength. However, given the
overall similar structural characteristics, in-depth theoretical analyses and optimization
methods associated with the SWD disc cavity may be applied to the investigation of the
TWD [7]. Zhao [8] previously conducted research on a hollow turbine disc cooling structure,
revealing that cooling efficiency improved with the implementation of both center and
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high intakes. Zhang [9,10] developed a model incorporating curved ribs within the inner
cavity to enhance heat transfer. Li [11,12] proposed an innovative TWD design featuring
staggered pin fins located in the inner cavity, with the objective of achieving minimal
weight and temperature while adhering to stress limitations. Furthermore, Ma [13,14]
established a TWD cavity system equipped with a high-radius pre-swirl system. Ma’s
study initially implemented the pre-swirl method to enhance heat transfer within the TWD
cavity; however, it did not account for the relationship between cooling performance and
pressure loss.

(a) (b)

Figure 1. Schematic diagram of (a) a SWD and (b) a TWD.

Machine learning is frequently employed in complex engineering design to establish
the nonlinear correlation between structural parameters and design objectives [15]. It is
then integrated with heuristic algorithms to address diverse optimization design chal-
lenges [16], including optimizing aero engine performance [17,18] and designing aerospace
spacecraft [19]. The surrogate model method has emerged as a viable solution for address-
ing costly multi-objective problems in aeronautical engineering applications. These models
employ adaptive sampling approaches, resulting in a significant reduction in objective
evaluation [20,21]. The configuration of the turbine disc cavity system is intricate, and the
process of multi-objective optimization typically involves the exploration of a wide range of
design possibilities. Various types of surrogate models are accessible, including radial basis
functions [22], support vector machines [23], and Kriging models [24]. The Kriging model
is widely utilized due to its great accuracy in fitting and predicting nonlinear situations. It
is frequently employed in turbine-machinery design [25-27].

Multi-objective optimization technology based on a surrogate model has been widely
applied to optimization designs with high computational cost, such as turbine blade
airfoils [28], axial flow compressor rotors [29], aerodynamic and acoustical airfoils [30], etc.
A variety of multi-objective optimization methods are used in these applications, including
naturally inspired evolutionary algorithms, gradient-based algorithms, and surrogate-
based algorithms. Among them, the NSGA-II algorithm is one of the most widely used
multi-objective evolutionary optimization algorithms proposed by Ded et al. [31]. The
algorithm shows sufficient robustness. In the NSGA-II algorithm, each target parameter
is treated individually, and standard genetic manipulations of mutation and crossover
are performed on the design. The selection process is based on two main mechanisms:
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“non-dominant sort” and “crowding distance sort”. In recent years, it has often been
used in spacecraft multi-objective optimization design [32,33]. In turbine research, the
NSGA-II algorithm is also widely used. Liu et al. [34] predicted the nonlinear dynamics
and optimized the damping performance of the bladed disc system through the surrogate
model, and Zhang et al. [35] conducted simulation analysis and experimental research on
the Pareto optimal assembly scheme of the multistage rotor. However, the surrogate model
and multi-objective optimization technology are rarely applied to the optimal design of the
disc cavity of the TWD, which limits the development of the new turbine disc.

In this paper, we employ a Kriging surrogate model alongside a Non-Dominated
Sorting Genetic Algorithm (NSGA-II) to optimize the TWD cavity system. The methodology
underlying this optimization process is elaborated upon in Section 2. Initially, we assess
the primary geometric factors influencing the performance of steam turbines, utilizing
the Latin Hypercube Sampling (LHS) technique to systematically sample the significant
geometric parameters. A Kriging proxy model is constructed based on Computational
Fluid Dynamics (CFD) responses, facilitating a parametric analysis of the pre-swirl system’s
impact on the temperature and pressure loss within the TWD cavity system. The Pareto
front is generated through the NSGA-II algorithm, and the optimal design parameters along
this front are ascertained using the Technique for Order Preference by Similarity to the
Ideal Solution (TOPSIS) method. In Section 3, we validate the advantages of the proposed
optimal structure in enhancing cooling efficiency and mitigating pressure loss through a
comprehensive analysis of flow and heat transfer. Additionally, we investigate the effects
of the inlet flow ratio on maximum temperature and pressure loss. Section 4 presents the
conclusion of this study, summarizing key findings and implications for future research.

2. Methodology
2.1. CFD Calculation
2.1.1. Calculation Model

This study introduces the design of a TWD cavity system. The model consists of
a TWD, two rotor-stator cavities, and an inner cavity. The hub incorporates a total of
60 pre-swirl nozzles, each with a diameter of 5 mm. In addition, coolant outlets, also with a
diameter of 5 mm, are uniformly distributed along the periphery of the disc. The front web
is fitted with reception holes measuring 8 mm in diameter. Notably, a coolant outlet seam
is positioned on the right side of the disc, featuring a fluid width of 3 mm that extends
along the edge of the disc. During operation, coolant is initially directed from pre-swirl
nozzle 1 into rotor-stator cavity 1 to facilitate cooling of the external wall of the front web.
The freezing rotor surface method is used at the transition interface. From there, it flows
into the inner cavity through the receiver holes, where it merges with the coolant entering
from the inlet-mid and subsequently exits through the outlet-mid. Coolant from nozzle 2 is
routed into rotor-stator cavity 2 before being expelled through the outlet seam. Figure 2
illustrates the dimensions of the system, while Table 1 delineates the key parameter values
associated with the design.

For similar rotating disc cavity models, in order to save computing resources, a
partial period domain is generally selected for CFD simulation (CFX 17.2) [36]. In this
paper, 60 receiver holes and pre-swirl nozzles on both sides are respectively arranged.
Consequently, to optimize computational resources, a periodic domain model representing
1/60 of the TWD cavity system is employed for the subsequent calculations. The calculation
domain of the model includes fluid domain 1, fluid domain 2, and solid domain. Rotor-
stator cavity 1 and inner cavity are combined into one fluid domain 1, while rotor-stator
cavity 2 is considered fluid domain 2. The TWD is regarded as a solid domain consisting
of GH4169 superalloy, which has excellent high-temperature resistance at 1200 K. Its
thermodynamic parameters can be found in the literature [9].
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Figure 2. Three-dimensional geometry (3/4 model) (a) and structural parameters (b) of the TWD.

Table 1. Parameter values of TWD.

Geometric Parameter Symbol Unit Design Value
Height of disc hub Hy mm 31
Height of disc rim H; mm 20

Inner radius of disc Ry mm 53.5
Outer radius of disc Ry mm 281
Radius of inlet arc (inside) Ry mm 50
Radius of inlet arc (outside) R3 mm 25
Width of inlet-mid So mm 10

Width of disc bottom S1 mm 58.8
Width of single disc edge Sy mm 40

2.1.2. Boundary Conditions and Grids

To simulate the heat transfer of turbine blades, a uniform heat flux boundary condi-
tion of 420,000 W/m? was applied on the surface adjacent to the disc edge of the high-
temperature blades [37]. The interface between the fluid domain and the solid domain
was employed as the coupling interface for information transfer, and adiabatic boundary
conditions were adopted for the other walls. During the optimization process, the rele-
vant boundary conditions remain unaltered. Among them, the inlet mass flow rate of the
inlet-mid and all the nozzle was 0.0083 kg/s, and the total inlet temperature was 700 K.
The outlet-mid and outlet-seam were set as an average static pressure outlet of 1 MPa. The
rotational speed of TWD was 10,000 rev/min. Coolant was an ideal gas with a specific heat
value of 4182 (J/kg-K), thermal conductivity value of 0.6 (W/m-K), and dynamic viscosity
calculated using Sutherland’s law.

In the fluid domain adjacent to the solid structures, the presence of the boundary layer
results in elevated temperature and velocity gradients. Consequently, the grid resolution is
increased at the fluid—solid interface, as well as at the coolant inlets, outlets, and reception
holes. Following this approach, the boundary layer within 15 units of the walls of these
three fluid domains was refined to a first-layer mesh with a thickness of 0.05 mm, with a
growth rate set at 1.1. The grid configuration is illustrated in Figure 3a.
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Figure 3. (a) Grid diagram and (b) grid independence verification.

Due to the rise in centrifugal temperature and the uniform heat flux applied to the
edge of the disc by the simulated blade, the maximum temperature of the TWD invariably
occurs at the edge of the disc. This constitutes the most conspicuous indicator for assessing
cooling efficiency. Hence, the maximum temperature of the TWD is employed to verify
the grid independence. Figure 3b illustrates how the value of Ty, decreases to less than
1 K when the number of grids surpasses 6,108,524. The grid number is chosen for further
calculation in order to strike a compromise between calculation speed and accuracy.

2.1.3. Numerical Methods

In the optimization design work of this paper, fluid flow and heat transfer are the pri-
mary focuses, and steady-state analysis is adequate to capture the principal characteristics
of the system [38]. Consequently, the fluid motion and heat transfer within the rotating
cavity are delineated by the steady-state three-dimensional Reynolds mean Navier-Stokes
(RANS) equation.

Xu's rotating disc experiment [39] is used to verify the accuracy of the turbulence
model. In Xu’s experiment, the edge of the disc was heated with a resistance wire with a
heating power of 1100 W to simulate the heat transferred by the blade. The coolant with a
mass flow rate of 200 kg/h from the air collecting chamber through 30 evenly arranged
pre-swirl holes impacts the rotating disc, convective heat transfer with the disc surface, and
then outflow from the disc edge. According to the geometric and boundary conditions in
reference, a simulation model was established to verify the turbulence model using the
same near-wall mesh treatment as in this paper. In order to save computing resources, a
period domain is selected for simulation. A period domain includes a pre-swirl hole.

In order to eliminate the influence of the coolant temperature of the inlet on the tem-
perature distribution of the disc surface, the temperature of each point on the windward
side minus the inlet temperature is taken as the excess temperature of the windward
side AT. Figure 4 shows the calculation model and the comparison between the calcu-
lated results and the experimental data. The results show that the test data of the k — ¢
turbulence model are more consistent with the trend of the experimental data. Among
them, the test data of RNG k — ¢ is in better agreement with the experimental data of high
radius position. Therefore, in this paper, the RNG k — ¢ turbulence model is chosen for
subsequent calculations.
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Figure 4. (a) Simulation model and (b) turbulence model validation results.

2.2. Optimization Calculation

In this study, a Kriging surrogate model in conjunction with a multi-objective genetic
algorithm is employed to optimize the design of a twin-web turbine (TWD) cavity system.
Figure 5 illustrates the flow diagram of the optimization process. The optimization problem
is defined by identifying the design variables and optimization objectives. Subsequently, the
hyper-cube approach is utilized to calculate the number of training samples that fall within
a specified range of variables. CFD simulations are conducted for each scenario outlined
in the training sample. The results from the CFD numerical calculations are utilized to
generate a training sample comprising the values of the design variables and optimization
objectives. This training sample is then employed to train the selected surrogate model.
Test samples are generated randomly, and the optimization objective for the test samples is
determined using both the trained surrogate model and CFD computations. If the error
meets the specified criteria, the multi-objective genetic algorithm is applied to identify the
optimal design point. Conversely, if the error does not satisfy the requirements, an increase
in the sample size is necessitated.
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Figure 5. Optimization process.
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2.2.1. Identification of Significant Variables

Numerous factors affect the temperature and pressure of a TWD cavity system, but
it requires a lot of computing power to optimize these parameters jointly. As a result,
an analysis of the distinctive significance of crucial factors in the TWD cavity system is
required. Kong [40,41] highlighted that the flow status and temperature distribution of
coolant in a turbine disc cavity system are directly influenced by pre-swirl nozzle and
receiver holes.

To quantitatively identify the critical parameters influencing the flow heat transfer
performance, the random forest algorithm (RF) was employed to analyze the effects of
key structural parameters on the cooling performance of the system, such as the height
and angle of the pre-swirl nozzles and receiver holes in the TWD cavity system. Using an
independent decision tree as the fundamental building block, RF chooses specific samples
at random from the data set and produces a result for each tree based on the properties
of the object. The relevance of the structural characteristics affecting the target variable
is determined by calculating the depth of the split point, which is where the variable is
located. This method is commonly used to explore the significance of attributes in order to
achieve the goal of dimensionality reduction [42].

In this paper, the interpretable variables selected include the radial height of the pre-
swirl nozzle and the receiving hole (Rpn1, Rpna, Rry), the angle of the pre-swirl nozzle
and the receiving hole (Apn1, Apn2, ArH). The parameters and ranges of parameter feature
importance are shown in Table 2. The orthogonal experimental table was established
with six variables, and 40 groups of samples were acquired. The tmax under the corre-
sponding structure was computed by CFD and was utilized as the dataset of the random
forest algorithm.

Table 2. Parameters and ranges of feature importance are studied.

Parameters Units Value Range (mm)
RPNl mm 140-236
RPNZ mm 140-236
Rry mm 135-250
Apn1 ° 24-72
Apnp ° 24-72
Arp ° 0-30

Figure 6 demonstrates the random forest diagram and the result of feature importance
on Tyay. As Figure 6b shows, the radial position of the nozzle and receiver hole has a greater
impact on the heat transfer performance in the TWD cavity system than the angle. The
parameters for the radial height of the pair of nozzles were found to have significance values
of 0.47 and 0.22, respectively. The heat transfer performance of individual components is
greatly affected by the varying radial height of the nozzles, with the influence size being
PN1 > PN2 > RH. The interaction between PN1 and RH has a significant impact on the
flow condition of the coolant in the rotor-stator cavity 1 and the inner cavity. The matching
relationship between PN1 and RH plays a crucial role in this effect. However, the impact of
PN2 heat transfer properties is subject to specific restrictions.

Typically, the flow and heat transfer properties of the TWD cavities are highly respon-
sive to changes in the radial height of each component. Thus, this article optimizes the
radial position of the nozzle and receiver hole.
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Figure 6. (a) Random forest diagram and (b) result of feature importance.

2.2.2. Optimization Objective

In turbine design, an increase in cooling performance is usually accompanied by a
loss of aerodynamic performance. In this paper, the coolant in rotor-stator cavity 1 is
mixed with the coolant in the inner cavity through the receiver holes. The mixing process
inevitably results in pressure loss and local entropy increase. The maximum temperature
of the turbine disc is the most intuitive influence on the cooling performance.

Therefore, two optimization objectives are defined as the maximum temperature Tj;;qx
and dimensionless pressure loss f.

f — (pin,ll 72p0ut,1) (1)
ipuin,l
1
Pin = E(Ppm + Pim) ()
1
uizn = E(u%’Nl + ulzm) (3)

where, py,t,1 is the outlet pressure of the outlet-mid, and p;,, 1 and u;,, ; are the average
pressure and average velocity of the two entrances in the fluid domain 1, respectively,
which are calculated by Formulas (2) and (3).

The optimization targets should be in the same order of magnitude, and the output of
genetic algorithm optimization is the global minimum. Therefore, it is necessary to trans-
form the optimization objectives to ensure that the three optimization objectives are in the
same order of magnitude level. Normalization involves mapping data to a uniform range
between 0 and 1. Normalizing the training data ensures that all variables contribute equally
to the learning process, preventing any single variable from overwhelming the training.

y = X = Xpmin 4)
Xmax — Xmin
where, X represents the current sample value, x,,;;, and x,.x represent the minimum and
maximum values in the sample, respectively.
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2.2.3. Optimal Scheme Design

Optimal scheme design plays a crucial role in the optimization strategy that relies on
surrogate models. LHS is a widely used and user-friendly experimental design technique
that offers effective global parameter search. The approach was initially suggested by
McKay et al. [43]. The design matrix of the LHS comprises a column for each factor, with
the column determined by the random selection of N levels. Due to its random generation,
the matrix exhibits excellent space-filling characteristics. Furthermore, this sampling
technique does not require additional diversity in order to achieve more dimensions, and
this independence is a significant advantage of the sampling scheme [44]. This study
utilized a total of 40 sampling locations to examine pre-swirl nozzles 1 and 2, as well as
receiver holes (Rpn1, Rpn2, Rrp), at various radial heights. Table 3 displays the range of
input variables. Figure 7 displays the locations where representative samples were taken.
Forty groups of data were used for training samples in a cube design, and eight groups of
data were randomly picked as test samples.

Table 3. Range of the input variable.

Parameters Value Range (mm)
Rpni 140-236
Rpna 140-236
Rry 135-250
TP H\E\\ﬁ“‘\\-f«\,_,
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Figure 7. Latin Hypercube Sampling Points.
2.2.4. Surrogate Model

This research utilizes an LHS experimental design to acquire samples, which are then
subjected to CFD calculations as a response. The provided data samples are utilized to
train the Kriging surrogate model. In the context of a multidimensional optimization
problem, the Kriging surrogate model is capable of estimating the value of unknown
points by utilizing the known data points. This work utilizes the conventional spatial
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correlation function to assign initial values of 0.5 for the length scale 6 and 1 for the
smoothness degree parameter p. The L-BFGS-B optimization algorithm is employed
to determine the hyperparameters of the model and efficiently optimize the relevant
hyperparameters, thereby enhancing the model’s ability to accurately fit the data and
improving prediction accuracy.

Three radial height parameters are used as input factors, while dimensionless loss and
normalized maximum temperature are used as output variables in the Kriging surrogate
model presented in this paper, as indicated by Formulas (5) and (6). The division of the
training set and test set among the 40 samples obtained via the LHS experimental design
is not predetermined. The test set is comprised of eight randomly chosen samples. The
details and confirmation are displayed in Table 4 and Figure 8.

v1(ren1, TRE, TPN2) = Tmax ()

Y2(rpN1, TRH, TPN2) = f (6)

where, Tux and 7 are dimensionless parameters after normalization, respectively.

Table 4. Comparison of the predicted value with the actual value of the test set.

Y1 y2
Test Set CFD Kriging Error/% CFD Kriging Error/%
1 0.51881 0.49046 5.46 0.35158 0.3258 7.33
2 0.70452 0.72506 292 0.87355 0.91685 4.96
3 0.28426 0.25959 8.68 0.13611 0.1417 4.11
4 0.50276 0.51761 2.95 0.67971 0.68621 0.96
5 0.51881 0.49046 5.46 0.35158 0.33191 5.60
6 0.66452 0.69506 4.60 0.88355 0.91685 3.77
7 0.30426 0.27959 8.11 0.13611 0.1417 4.11
8 0.50276 0.51761 2.95 0.67971 0.68621 0.96
08F act LOF act
09
0.7 pre ash pre
0.6 0.7r
0.6F
=~ 05) s05)
04F 0.4}
03F
03F 02
02F 0.1F
S H S —— b, . . . .,
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8
Test set Test set
(a) (b)

Figure 8. Test set validation of output parameters: (a) y; and (b) y».

In Figure 8, the post-script act corresponds to the value computed by CFD, whereas
the pre-script reflects the value forecasted by the Kriging model. The margin of error is
10%, and all test data fall within the acceptable range of error. The results demonstrate
the exceptional effectiveness of the Kriging model in accurately capturing the correlation
between input and output variables, resulting in dependable and resilient predictions, as
evidenced by the R? value of 96%.
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2.2.5. Multi-Objective Genetic Algorithm
In this paper, two objective functions are defined.
Fi(rpn1, TRH TPN2) = Y1 7)
E(rpN1, TRH, TPN2) = V2 (8)

The specific operating conditions for the termination of the optimization algorithm in
this paper are described as follows:

(1) The congestion distance calculated in NSGA-II exceeds the threshold;

(2) Individuals are at the Pareto frontier;

(3) In each generation of the updated model, the number of individuals added is less
than 10% of the first non-dominant frontier population.

In the optimization process, the crossover probability is 0.8, the mutation probability
is 0.1, the initial population size is 2000, the termination condition of iteration generation is
500, and finally, 29 new samples are obtained.

Determining the optimal design solution through multi-objective optimization design
point decision is a difficult procedure that requires making trade-offs between several
competing objectives. Prior to making a decision in multi-objective optimization, the
dimensions and scales of the target space should be unified because different targets
may have different dimensions. TOPSIS is employed in this paper’s decision-making
procedure. This technique for reducing Euclidean dimensionality is frequently applied in
multi-objective optimization decision-making processes [45,46]. The literature [47] contains
the fundamental ideas.

3. Results
3.1. Optimization Results

Figure 9 displays both the fitness values achieved during the optimization process
and the final Pareto solution. A Pareto solution is a group of optimal solutions in a
multi-objective problem, where each target is optimized to its fullest extent, but further
optimization of one objective would require compromising the optimization of other
objectives. The solutions are mutually non-dominant, meaning that no single option is
superior to the other in achieving all goals. This is determined by evaluating the dominant
relationship between the alternatives.

v Pointl 4 Point2 * Point3
08 "Y— -------------------------------------- -L?
e Non-ideal pointi
™ :
0.6, !
i i
P " i
K04k, .
T :
02} : %= ;
I Ideal point e, ;
0.0 _ﬁ ......................... ol L
0.0 0.2 0.4 0.6

Figure 9. Pareto front with NSGA-IL

Points 1 and 2 in Figure 9 represent extreme Pareto solutions. This provides us
with hypothetical ideal point and non-ideal point. Based on these two points, point 3
is the ultimate optimal design point that the TOPSIS approach yields. The achievement
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of equilibrium between cooling effectiveness and pressure loss at this juncture validates
the feasibility of multi-objective optimization methodologies. However, this essay simply
highlights the greatest aspects of the framework; other design considerations still hold true
for other requirements.

Table 5 displays the optimized outcomes of the structural parameters. Table 6 presents
the outcomes of the Kriging surrogate model and CFD computation, along with the dis-
crepancies between them. The relationship between the cooling impact and the relative
pressure loss is clearly positive. Opt1-3 is the outcome of a multi-objective optimization
process. The surrogate model used to estimate the pressure loss coefficient has an error rate
of approximately 3%, while the error rate for estimating the cooling impact is around 4%.
Furthermore, Opt-3 can also attain superior overall performance compared to the other
two endpoints. When the primary factor to consider is the heat transfer coefficient, the
Opt-1 structure can attain the lowest local high temperature. However, the pressure loss
associated with the Opt-1 structure is more than four times greater than that of the Opt-3
structure. Similarly, the Opt-2 structure has the lowest relative pressure loss, although it
has the least effective cooling capability. This work presents the relative optimal findings
of the design variables in the pre-swirl system of a TWD cavity. The results are based on
a Kriging surrogate model that is driven by a large number of CFD computations. This
research provided a common comparison of the Bas model in order to verify the superiority
of the optimization model.

Table 5. Optimized design variables and optimization results of structural parameters.

Optimized Solution Name Rpni RRu Rpn2
Pointl Opt-1 235.61 141.17 170.07
Point2 Opt-2 222.25 244.96 209.38
Point3 Opt-3 235.61 209.16 158.86
- Bas 236.00 250.00 236.00

Table 6. Kriging surrogate model and CFD calculation results and errors.

Fy F,
Name . .
CFD Kriging Error/% CFD Kriging Error/%
Opt-1 —0.078 —0.081 3.7 0.809 0.799 1.25
Opt-2 0.649 0.646 0.46 0.015 0.021 2.85
Opt-3 0.088 0.092 43 0.182 0.185 1.62
Bas 0.392 - - 0.045 - -

Figure 10a shows the average and maximum TWD surface temperatures for the four
scenarios. The mean temperature of the TWD surface is intricately linked to the heat
transfer coefficient. The Opt-1 structure has the lowest temperature, while the Opt-2
structure has the highest temperature. The temperatures of the remaining three structures
are similar. The location of failure resulting from thermal issues consistently occurs in close
proximity to the area with the greatest temperature. Therefore, the maximum temperature
of the rotor surface serves as another crucial measure for assessing the effectiveness of
the cooling system. Both the maximum temperature and the average temperature exhibit
similar patterns of variation. In the optimized model, it can be concluded that the front
web temperature of TWD is lower than the back web temperature. The Opt-3 structure
achieves the most efficient cooling effect by maintaining the lowest maximum temperature
and a reasonably low average temperature. It is important to mention that the disparity
between the average and highest temperatures of the Bas structure is minimal, suggesting
that the temperature distribution on the surface of the Bas structure is relatively even.
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Figure 10. Comparison of (a) rotor surface temperature and (b) pressure difference of inlet and outlet.

In Figure 10b, the dimensionless pressure loss and pressure differential at the inlet and
exit of the TWD cavity system with various ideal designs are compared. The Opt-1 struc-
ture exhibits a significantly greater pressure difference compared to the other structures.
Similarly, when comparing the Opt-2, Opt-3, and Bas structures, the pressure difference
increases for the receiver hole located at a lower radial location. The radial position of the
receiver hole is a significant factor in determining the pressure loss of the TWD disc cavity
system. At a low radius, the presence of a receiver hole might cause significant pressure
loss as a result of coolant mixing. However, as the radial position increases to a particular
height, the stress level rises, and the reliability decreases.

The Opt-3 configuration obtained from the Pareto optimal solution using the TOP-5IS
method demonstrates excellent overall performance, effectively improving the cooling ef-
fect while keeping pressure loss low. When compared to Opt-1, the maximum temperature
increased by 16.1 K, and the pressure loss decreased by 201.2 kPa. In comparison to Opt-2
and the base model, the maximum temperature of the TWD decreased by 38.7 K and 21.1 K,
respectively, while the pressure loss stayed relatively constant.

3.2. Flow and Heat Transfer

Figure 11 displays the temperature distribution and flow patterns within the TWD
cavity system. The results indicate that the presence of a high-radius pre-swirl nozzle has a
significant impact on the cooling effect in a system with a receiver hole. However, within
the rotor-stator cavity 2, where there is an absence of a receiver hole, the lower nozzle
generates a more expansive cryogenic area. It is important to mention that receiver holes
with varying heights will have a considerable impact on the flow condition of the coolant
in the cavity. This, in turn, will affect the overall cooling effectiveness and the pressure loss
resulting from mixing.
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Figure 11. Temperature contours and streamlines of (a) Opt-1, (b) Opt-2, (c) Opt-3, and (d) Bas.
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The flow state within the inner cavity has similarities to the “source-sink” flow. How-
ever, the receiver hole has an impact on the establishment and development of the four re-
gions. When the receiver hole is located at a small radius, as depicted in Figure 11a, the
coolant within the rotor-stator cavity 1 enters the inner cavity through the receiver hole.
This impedes the complete expansion of the source region and is constrained by the coolant
in the inner chamber, causing it to flow along the radial direction. Currently, the coolant
temperature is low, resulting in improved cooling efficiency for Opt-1. However, this also
leads to higher pressure loss. In contrast, Figure 11b,d demonstrate that the jet flow at the
receiver hole significantly impacts the formation of the sink region. This is also the primary
reason for the minimal pressure loss resulting from the temperature difference and mixing
between the front and back webs of Opt-2 and Bas. The structure Opt-3 involved the use of
a jet at the receiver hole to disrupt the Ekman layer close to the front web, resulting in an
intensified heat transfer effect due to increased turbulence. However, the impact on the
Ekman layer close to the back web was minimal. The structure Opt-3 exhibits a significant
disparity in temperature between the front and back webs due to this reason.

Figure 12 displays the convective heat transfer coefficients at the walls of TWD rotor-
stator cavity 1 (a), inner cavity (b), and rotor-stator cavity 2 (c). The rotor-stator cavity 1
exhibits a pattern of initially growing and then decreasing, with the largest convective heat
transfer coefficient observed near the entrance of the receiver hole. Furthermore, the jet
expelled from the nozzle will induce oscillations in the curve within a certain range. The
convective heat transfer coefficient of Opt-1 is significantly greater than that of other models.
The four models exhibited analogous patterns within the internal cavity. The convective
heat transfer coefficient experiences a dramatic change, particularly near the exit of the
receiver hole, as a result of the standing vortex formed below and behind the direction of
rotation. As the radius of this mutation increases, the cooling of the high-temperature zone
becomes increasingly disadvantageous. Nevertheless, as a result of the nozzle jet’s impact
on the rotor wall, the flow direction is altered, leading to the formation of a disturbance
vortex in the opposite direction at the outer edge. This, in turn, causes a significant increase
in the convective heat transfer coefficient, resulting in a “peaking” mutation. To summarize,
both Opt-1 and Opt-3 demonstrate elevated convective heat transfer coefficients in the
three spinning cavities, leading to increased cooling mass.
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Figure 12. Convective heat transfer coefficient of (a) rotor-stator cavity 1, (b) inner cavity, (c) rotor-
stator cavity 1.

Figure 13 displays the Nusselt number for the front web outer wall, front web inner
wall, back web inner wall, and back web outer wall of the TWD. It is important to mention
that, unlike the variation in convective heat transfer coefficient, all four models exhibit
similar alterations in the Nusselt number at the entry of the receiver hole as a result of the
coolant converging. Due to the greater coolant temperature at the high radius and its flow
against the direction of the radius, the Nusselt number initially reduces and subsequently
grows. Conversely, the coolant flow along the radius of the low radius raises the Nusselt
number along the radius. Specifically, when the receiver hole is positioned at a larger
radius, the heat transfer efficiency in the high-temperature region will be diminished. This
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is also a significant factor contributing to the elevated maximum temperature of Opt-2.
However, near the exit of the receiver hole, there is an area with a low local Nusselt number
that is located below and behind the direction of rotation. This is caused by the viscous
dissipation of the corner resulting from the disorderly reflux. Furthermore, as the jet exiting
the receiver hole does not collide with the back web wall, it does not significantly affect
the Nusselt number of the back web wall. Furthermore, the impact of PN2 on the Nusselt
number was restricted.
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Figure 13. Wall Nusselt number of (a) Opt-1, (b) Opt-2, (c) Opt-3, and (d) Bas.
3.3. Influence of Flow Ratio

In order to further understand the cooling effect and pressure loss caused by the
mixing of coolant in the inner cavity, the influence of nozzle 1 and inlet-mid flow ratio
on the four models is also studied. Under the condition of different flow ratios, the total
flow rate, rotating speed, heat flow, and other operating conditions of the system remain
unchanged, and only the flow rate of the nozzle and the inlet-mid is changed. The specific
settings are shown in Table 7, where Q; indicates the mass flow at PN1 and Q; indicates
the mass flow at inlet-mid, P = Q1/ Q5.

Table 7. Flow ratio design.

Serial Number Q4 Q, P
1 0 0.0166 0
2 0.0056 0.011 0.5
3 0.0083 0.0083 1
4 0.011 0.0056 2

The maximum T4 and average temperature T, changes in the rotor under different
flow ratios are shown in Figure 14. In the legend in Figure 14b, the superscript represents
different structures, with the subscript avel representing the front web and ave2 represent-
ing the back web. With the increase in flow ratio, each parameter shows a monotonically
changing trend. It is worth noting that when the flow ratio changes from zero, there is a
mutation. This is due to the dramatic change in the flow state in the rotating cavity as the
inlet flow begins to be generated at the nozzle. In addition, for the maximum temperature
of the rotor, the change of the nozzle still has a more severe impact. With the increase of
the flow ratio, the maximum temperature decreases, but the downward trend gradually
decreases. Opt-1 is the most drastic change, and the change of Opt-2 is not obvious, which
is the same as our optimization goal.

Interestingly, as shown in Figure 14b, the mean temperature changes of the front and
back web showed different trends. Due to the great changes in the flow state in the inner
cavity, especially the formation of four zones of flow destroyed by the jet at the receiver
hole, higher heat transfer efficiency at the front web resulted in a temperature drop. The
impact of the jet in the back web is small, but the temperature of the coolant increases,
resulting in an increase in the average temperature of the back web.
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Figure 14. (a) Maximum temperature and (b) average temperature at different mass flow ratios.
Figure 15 shows the pressure loss and dimensionless loss at different flow ratios. With
the increase in flow ratio, the jet momentum at the receiver hole increases, resulting in a
gradual increase in pressure loss, especially in Opt-1. This is what happens when heat
transfer is extremely enhanced. Again, increasing cooling efficiency in this system results
in higher pressure losses. In the dimensionless variation, the calculated dimensionless
loss is larger because the inlet velocity at the nozzle is small. In general, the change in
pressure loss is the exact opposite of the change in temperature. Opt-1 and Opt-2 are the
most extreme structures, respectively.
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Figure 15. (a) Pressure loss and (b) dimensionless loss at different flow ratios.

4. Conclusions

To enhance the flow heat transfer performance of the twin-web turbine disc, this study
focuses on the radial positions of nozzle 1, the receiver hole, and nozzle 2 as the primary
variables. The impact of the pre-swirl system on flow dynamics and heat transfer within
the TWD disc cavity was investigated through numerical simulations. Utilizing a database
generated from CFD, a hybrid approach combining Kriging and the NSGA was developed
to identify Pareto frontiers aimed at maximizing cooling effect while minimizing pressure
losses. Subsequently, the TOPSIS decision-making method was employed to recommend
an optimal design configuration. The key conclusions are summarized as follows:

(1) An optimization approach integrating Kriging and NSGA is developed and imple-
mented in the optimization procedure to acquire a Pareto frontier with a prediction



Aerospace 2024, 11, 761 17 of 19

error of less than 5%. The optimal design configuration can be derived from the Pareto
frontier in accordance with the requirements;

(2) The Opt-3 structure acquired through the Pareto optimal solution derived by the
TOPSIS method exhibits superior comprehensive performance and is capable of
enhancing the cooling effect while maintaining low-pressure loss. Compared with
Opt-1, the maximum temperature rose by 16.1 K, and the pressure loss dropped by
201.2 kPa. In contrast, compared with Opt-2 and the base model, the maximum
temperature of TWD decreased by 38.7 K and 21.1 K, respectively, while the pressure
loss remained largely unchanged;

(3) The radial positioning of the nozzle and the receiving hole plays a crucial role in
influencing both flow dynamics and heat transfer characteristics. In the optimal
configuration proposed in this study, a significant enhancement in the convective
heat transfer coefficient within the stator cavity of the two rotors is observed. The jet
emerging from the outlet of the receiving hole disrupts the formation of the Ekman
layer within the inner cavity, thereby augmenting the Nusselt number in this region
and concurrently reducing pressure losses;

(4) As the flow ratio increases, all four structural configurations demonstrate analogous
characteristics. The trend of change exhibits a consistent decline, with the maximum
temperature of the TWD gradually decreasing and pressure losses progressively
increasing. Furthermore, the average temperature of the front web rises, while the
average temperature of the back web experiences a gradual decline attributable to the
alterations in flow conditions.
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