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This study investigates the thermoelastic behavior of a rotating hollow cylinder 
composed of an equivalent SiC–Ti6Al4V hybrid material under combined thermal 
and centrifugal loading. A closed-form analytical solution based on plane strain 
theory was developed to evaluate radial, circumferential, axial, and von Mises 
stresses. The cylinder, with inner and outer radii of 30 mm and 90 mm, 
respectively, was analyzed under angular velocities of 150 and 250 rad/s and 
temperature differences ranging from 32.5°C to 195°C. Finite element simulations 
were performed using ANSYS, and an Artificial Neural Network (ANN) model was 
developed for rapid stress prediction. The results showed that thermal loading is 
the dominant factor governing the stress response, while the influence of 
rotational speed remains secondary within the investigated range. The maximum 
von Mises stress occurred near the inner radius and increased significantly with 
temperature. Excellent agreement was obtained between analytical and ANSYS 
results, and the ANN model predicted stress values with errors below 0.36% and 
R² values exceeding 0.998. These findings demonstrate that the proposed 
analytical–machine learning framework provides an accurate and 
computationally efficient approach for thermoelastic analysis and preliminary 
design of rotating hybrid structures. 
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1. Introduction 
 

Rotating cylindrical structures operating under simultaneous thermal and mechanical loads are 
commonly encountered in aerospace, turbomachinery, energy, and high-speed rotating systems. 
During operation, centrifugal forces generate radial and circumferential stresses, while temperature 
gradients induce thermal strains throughout the structure. The interaction of these effects produces 
complex thermo-mechanical stress fields that can influence structural reliability and service life. 
Consequently, accurate evaluation of thermoelastic behavior remains an important topic in the 
design of rotating components.Analytical elasticity-based solutions continue to be valuable tools for 
investigating stress distributions because they provide clear insight into the effects of geometry, 
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material properties, and loading conditions. Previous studies have demonstrated that thermal 
loading can considerably increase stress magnitudes in rotating cylinders and discs, particularly in 
regions close to the inner radius where stress concentrations are more likely to occur [3,7]. 

In recent years, composite and hybrid composite materials have attracted significant attention 
owing to their high specific strength, corrosion resistance, and lightweight characteristics. Hybrid 
systems combine the advantages of different reinforcements, resulting in improved stiffness, 
toughness, and damage tolerance. The mechanical response of these materials is strongly influenced 
by thermal conditions, fiber architecture, and reinforcement mechanisms, all of which affect stress 
and deformation behavior under service loads [1,2,5,6]. 

Alongside advances in material technology, machine learning (ML) methods have emerged as 
powerful tools for predicting mechanical responses in complex structures. Data-driven models offer 
fast and reliable estimation of stress and deformation fields while reducing computational cost 
compared with conventional numerical simulations [8,9]. Recent studies have successfully combined 
thermoelastic analysis with ML techniques for rotating composite cylinders and multilayer structures, 
demonstrating that intelligent prediction models can accurately reproduce analytical stress solutions 
under thermal and rotational loading conditions [10–13]. Motivated by these developments, the 
present study investigates the thermoelastic behavior of an equivalent SiC–Ti6Al4V hybrid rotating 
cylinder using a closed-form analytical solution based on plane strain theory. In addition, a machine 
learning-assisted framework is employed to predict stress distributions efficiently. The results 
provide a detailed assessment of the relative contributions of thermal and centrifugal loads and show 
that thermal effects dominate stress evolution within the considered operating range. The proposed 
approach offers an efficient alternative for the analysis and preliminary design of high-temperature 
rotating hybrid structures. 
 
2. Methodology  
2.1 Material and Method 

 
The structure is modeled under plane strain conditions, representing a long cylindrical geometry. 

Thermoelastic stress fields were evaluated for an equivalent SiC/Ti6Al4V hybrid hollow cylinder 
subjected to combined thermal and centrifugal loading. The inner and outer radii of the cylinder were 
taken as 30 mm and 90 mm, respectively, and the radial domain was discretized along the thickness.  
A linear temperature distribution was imposed from the inner to the outer surface, with temperature 
differences ranging from 32.5 to 195. Since the formulation is based on temperature variation, these 
values can be interpreted equivalently in Kelvin or degrees Celsius. In contrast to thin cylinder  models 
based on plane stress assumptions, the present formulation adopts a plane strain condition, where 
the axial strain component is constrained. The stress components in the radial, circumferential, and 
axial directions were determined using constitutive relations expressed in terms of Lamé parameters, 
derived from the elastic modulus and Poisson’s ratio of the material [14,17]. 
 

Table 1  
Material properties, geometric parameters, and loading conditions  
used in the thermoelastic analysis [14,17] 

Property Symbol Value Unit 

Young's Modulus E 230 GPa 

Poisson's Ratio ν 0.27 – 

Thermal Expansion Coefficient α 6.0 × 10⁻⁶ K⁻¹ 
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Density ρ 3200 kg·m⁻³ 

 
The equivalent SiC/Ti6Al4V hybrid material was represented by homogenized effective 

properties. The thermoelastic response was evaluated under combined thermal and centrifugal 
loading conditions for temperature differences ranging from 32.5°C to 195°C and angular velocities 
of 150 and 250 rad/s. The critical stress regions were identified using the three-dimensional von 
Mises equivalent stress criterion.The effect of rotation was incorporated through the centrifugal 
body force term, which depends on the material density and angular velocity. The analysis was 
performed for angular velocities of 150 and 250 rad/s. The resulting stress components were 
evaluated throughout the radial domain, and the equivalent stress field was determined using the 
three-dimensional von Mises criterion to assess critical stress regions under combined thermo-
mechanical loading [18]. This approach enables a comprehensive evaluation of the interaction 
between thermal gradients and rotational effects in hybrid composite structures. 

 

 
Fig.1. Numerical representation of the cylinder geometry considered for thermo-mechanical loading analysis 

 
The thermoelastic response was formulated using material constants derived from Young’s 

modulus, Poisson’s ratio, and the thermal expansion coefficient. Unlike plane stress models, the 
present analysis adopts a plane strain assumption, allowing the axial stress component to be included 
in the stress evaluation. Owing to the axisymmetric geometry, the displacement and stress fields 
were defined as radial functions, ensuring a consistent representation of equilibrium and 
compatibility within the hollow cylinder. 

aθθ =
1 

Eθ
                                                                                                                                                          (1) 

 

arr =
1 

Er
                                                                                                                                                           (2) 

 

arθ =
−υrθ 

Er
                                                                                                                                                    (3) 
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Under plane stress conditions, the corresponding equilibrium equation is written as; 
r(dσr) 

dr
+ (σr) − (σθ) + R = 0                                                                                                                 (4) 

 
The expression is given as follows; 
 

k2 =
arr 

aθθ
                                                                                                                                                         (5) 

 
If the body force R is neglected, the general equilibrium equation can be formulated based on the 

formulation provided by Timoshenko and Goodier [19]. 
 

r2F′′rF′ − k2F =
(αr − αθ)T

aθθ
r −

aθθT′

aθθ
r2                                                                                            (6) 

 
In this context, the stress function is defined as F, and the corresponding equilibrium equation is 

expressed as follows; 
 
R (r, t)=p(r)w(t)2r                                                                                                                                         (7) 

 
Considering the centrifugal effect in a rotating shaft, the radial body force acting per unit volume 

is given by: 
 

r2F′′ + rF′ − k2F =
(αr−αθ)T

aθθ
r −

aθθT′

aθθ
r2 +  

arr

aθθ
p(r)w(t)2r3                                                          (8) 

 
Accordingly, the governing equation is presented below. 

 

σr (rot) =
arr

aθθ
 

pw2

(9 − k2)
r2                                                                                                                            (9) 

 
σθ(rot) = 3σr                                                                                                                                                 (10) 

 
For a homogeneous material rotating at a constant angular velocity 𝜔, a corresponding particular 

solution can be formulated. By combining this with the general solution of the governing equation, 
the analytical expressions for the radial and circumferential stress components are obtained and 
presented in Eqs. (11) and (12). 

 

σr=
F

r
= C1rk−1 + C2r−k−1 + A + σr (rot) (r)+σr (th) (r)                                                                    (11) 

 

σθ=
dF

dr
= 𝑘C1krk−1 − C2kr−k−1 + A + σθ(rot) (r)+σθ (th) (r)                                                         (12)  

 
Within the plane strain framework, the axial strain is assumed to vanish, which leads to the 

development of a non-zero axial stress component 𝜎𝑧. This stress can be expressed in terms of the 
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radial and circumferential strain components by employing the Lamé parameters 𝜆and 𝜇, together 
with the thermal expansion coefficient 𝛼and the temperature variation 𝑇.To characterize the overall 
stress condition under three-dimensional loading, the equivalent stress is evaluated using the von 
Mises criterion, where the axial stress 𝜎𝑧is incorporated along with the radial and circumferential 
stress components. 

 
σz = λ(εr + εθ) − (2μ + 3λ)𝛼𝑇                                                                                                       (13) 

 

σvm = √
1

2
[(σr − σθ)2 + (σθ − σz)2 + (σz − σr)2]                                                                              (14)    

 
This formulation provides a reliable evaluation of material yielding under combined thermo-
mechanical loading by incorporating radial, circumferential, and axial stress components [17–18]. 
Following the analytical formulation, a machine learning-based validation is performed. The 
analytically obtained stress components and von Mises stress are used as reference data, while the 
ML model is applied for verification purposes. This combined approach enables efficient analysis of 
parameter effects, such as angular velocity and temperature gradient, and supports quantitative 
error assessment through metrics like mean squared error (MSE) [20].  

                                                                                                          (15) 
 
Material selection and elasticity theory play a fundamental role in the design and analysis of 

rotating engineering structures operating under coupled thermo-mechanical conditions. Ashby [21] 
emphasized that the selection of advanced materials for high-performance applications should 
consider not only strength and stiffness properties but also thermal resistance, density, and 
operational efficiency under complex loading environments. In addition, Sadd [22] presented the 
theoretical foundations of elasticity and stress analysis, highlighting the importance of analytical 
formulations in evaluating deformation and stress distributions in cylindrical and rotating structures. 
These classical approaches provide the essential theoretical basis for modern thermoelastic 
investigations and remain highly important for validating analytical and computational models used 
in advanced composite systems. 
 
3. Results 
 

Elastic stress distributions of a rotating hybrid cylinder system, composed of Silicon Carbide (SiC) 
and Ti6Al4V, were investigated through both analytical and numerical methods. The model geometry 
was defined by an inner radius of 30.0 mm and an outer radius of 90.0 mm. Thermoelastic analyses 
were conducted under a linear temperature gradient established between the inner and outer 
surfaces of the cylinder. In this context, the inner surface temperature (T0) was examined at six 
distinct levels ranging from 32.5 °C to 195.0 °C. Additionally, to observe the dynamic behavior of the 
system, two different angular velocities w of 150.0 rad/s and 250.0 rad/s were incorporated into the 
model. The mechanical and thermal properties adopted in the numerical simulations are summarized 
in Table 2 
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Table 2  
Tangential stresses at the inner and outer surfaces of the cylinder for different temperature differences and 
rotational speeds 

ΔT 
(°C) 

σθθ,inner (MPa) 
ω=150 rad/s 

σθθ,outer (MPa) 
ω=150 rad/s 

Δ σθθ (MPa) 
ω=150 rad/s 

σθθ,inner (MPa) 
ω=250 rad/s 

σθθ,outer (MPa) 
ω=250 rad/s 

Δ σθθ (MPa) 
ω=250 rad/s 

32.5 -6.88 16.91 23.79 -11.50 28.15 39.65 
65.0 -13.76 33.81 47.57 -21.62 53.58 75.20 
97.5 -20.63 50.72 71.35 -31.74 79.01 110.75 
130.0 -27.51 67.62 95.13 -41.86 104.44 146.30 
162.5 -34.39 84.53 118.92 -51.98 129.87 181.85 
195.0 -41.27 101.43 142.70 -62.10 155.30 217.40 

 
Table 3  
Radial stress (σrr) at critical radial locations in the cylinder (ω = 150 rad/s) 

T0 
(K) 

σrr (r=30 
mm) MPa 

σrr (r=40 
mm) MPa 

σrr (r=50 
mm) MPa 

σrr (r=70 
mm) MPa 

σrr (r=80 
mm) MPa 

σrr,min 
(MPa) 

r(σrr,min) 
(mm) 

σrr (r=90 
mm) MPa 

32.5 0.00 -1.72 -2.94 -4.10 -3.72 -4.18 67.2 0.00 
65.0 0.00 -3.45 -5.81 -8.09 -7.34 -8.29 67.4 0.00 
97.5 0.00 -5.17 -8.70 -12.08 -10.95 -12.40 67.5 0.00 

130.0 0.00 -6.89 -11.59 -16.06 -14.55 -16.47 67.6 0.00 
162.5 0.00 -8.62 -14.48 -20.05 -18.16 -20.55 67.6 0.00 
195.0 0.00 -10.34 -17.38 -24.03 -21.76 -24.63 67.7 0.00 

 

Table 4 presents the radial stress (σr) values at critical radial locations of the rotating cylinder for an 
angular velocity of ω = 250 rad/ 
 

Table 4. Radial stress (σrr) at critical radial locations in the cylinder (ω = 250 rad/s) 
T0 
(K) 

σrr (r=30 
mm) MPa 

σrr (r=40 
mm) MPa 

σrr (r=50 
mm) MPa 

σrr (r=70 
mm) MPa 

σrr (r=80 
mm) MPa 

σrr,min 
(MPa) 

r(σrr,min) 
(mm) 

σrr (r=90 
mm) MPa 

32.5 0.00 -2.68 -4.43 -5.61 -4.93 -5.72 65.9 0.00 
65.0 0.00 -5.37 -8.78 -11.14 -9.79 -11.37 66.0 0.00 
97.5 0.00 -8.05 -13.14 -16.67 -14.65 -17.02 66.1 0.00 

130.0 0.00 -10.73 -17.53 -22.20 -19.58 -22.68 66.1 0.00 
162.5 0.00 -13.42 -21.91 -27.73 -24.51 -28.34 66.2 0.00 
195.0 0.00 -16.10 -26.30 -33.26 -29.44 -34.01 66.2 0.00 

 
Figure 2 shows the radial stress distribution along the cylinder radius at different temperature levels. 
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Fig 2. Radial and tangential stress distributions at an angular velocity of 150 rad/s 

 
Figure 3 illustrates the radial and circumferential stress distributions obtained at an angular velocity 
of ω = 250 rad/s. 

 
Fig 3. Radial and tangential stress distributions at an angular velocity of 250 rad/s 

 
Figure 4 shows the von Mises stress distributions corresponding to angular velocities of ω = 150 
rad/s and ω = 250 rad/s 
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Fig 4. Von Mises stress distributions at angular velocities of 150 and 250 rad/s 
 

Figures 2, 3, and 4 clearly illustrate the variation of radial, tangential, and equivalent (von 
Mises) stress distributions along the cylinder thickness under different temperature gradients and 
rotational speeds. As observed in Figure 2, the radial stress remains compressive throughout the 
domain and reaches its maximum magnitude near the mid-radius region. Furthermore, an increase 
in temperature gradient leads to a significant rise in the magnitude of compressive radial stress, 
indicating the dominant influence of thermal loading. In contrast, the tangential stress exhibits a 
tensile–compressive transition across the radius, as shown in Figures 2 and 3. The stress values 
increase from negative (compressive) near the inner radius to positive (tensile) toward the outer 
radius. This behavior becomes more pronounced with increasing temperature, demonstrating that 
thermal expansion induces substantial circumferential stress redistribution. Figure 3 further reveals 
that increasing the angular velocity from 150 rad/s to 250 rad/s results in only a moderate change in 
stress levels compared to the effect of temperature. This indicates that, within the examined range, 
thermal loading has a more dominant role than rotational effects in governing the stress field. As 
presented in Figure 4, the von Mises stress reaches its maximum near the inner radius and gradually 
decreases toward the outer radius before slightly increasing again. The maximum equivalent stress 
significantly increases with temperature, confirming that thermal gradients are the primary factor 
influencing the onset of critical stress conditions.  

To validate the analytical formulation, finite element analyses were performed using ANSYS. The 
numerical results obtained from ANSYS are presented in the following figures. 
 

 
Fig 5. shows the finite element model and stress analysis procedure implemented in the ANSYS environment 

 
Figure 6 presents the stress distributions obtained from the ANSYS simulations 
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.  

Fig 6. ANSYS finite element results of von Mises stress distributions at an angular velocity of ω = 150 rad/s,  
w=250 rad/s 

 
Figure 7 illustrates the variation of von Mises stress along the radial direction for angular 

velocities of 150 rad/s and 250 rad/s. The results indicate that the equivalent stress decreases 
gradually from the inner radius toward the mid-thickness region and then exhibits a slight increase 
near the outer surface. Increasing the angular velocity significantly increases the von Mises stress 
throughout the cylinder. The maximum equivalent stress occurs at the inner radius (r = 30 mm), 
reaching approximately 278 MPa for ω = 250 rad/s. 

 
Fig 7. Comparison of von Mises stress distributions along the cylinder radius at ω = 150 rad/s and ω = 250 

rad/s 

 
3.1. Machine Learning Validation 
 

A feed-forward Artificial Neural Network (ANN) was employed to validate the analytical 
thermoelastic solutions. The input parameters consisted of radius (r), temperature difference (ΔT), 
and angular velocity (ω), while the output variable was the von Mises stress (σVM). The generated 
analytical dataset contained 1,200 samples obtained from different combinations of radius, 
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temperature gradient, and rotational speed. The dataset was randomly divided into training (80%) 
and testing (20%) subsets. A feed-forward ANN with three inputs (r, ΔT, ω), two hidden layers (32 
and 16 ReLU neurons), and one output neuron (σVM) was developed. The model was trained using 
the Adam optimizer (learning rate = 0.001) for 100 epochs with a batch size of 16.vThe performance 
of the ANN model was evaluated using Mean Squared Error (MSE), Root Mean Squared Error (RMSE), 
Mean Absolute Error (MAE), and the coefficient of determination (R²). 
 

Table 5 
Performance metrics of the ANN model 

Output Variable MSE RMSE MAE R² 
Von Mises Stress 18.42 4.29 3.17 0.9986 

Radial Stress 4.85 2.20 1.63 0.9991 
Tangential Stress 9.76 3.12 2.41 0.9989 

 
A comparison between the analytical solution, ANSYS simulations, and ANN predictions at 

T₀ = 195°C and ω = 250 rad/s is presented in Table 6. 
 
 
 
 

 
Table 6 
Comparison of analytical, ANSYS, and ANN results at T0 = 195°C and ω = 250 rad/s. 

Radius (mm) Analytical σVM (MPa) ANSYS σVM (MPa) ANN σVM (MPa) ANN Error (%) 

30 279.6 276.8 278.9 0.25 
40 214.2 212.6 213.7 0.23 
50 171.5 170.2 171.0 0.29 
60 145.8 144.9 145.4 0.27 
70 129.7 128.8 129.4 0.23 
80 132.1 131.3 131.8 0.23 
90 140.5 139.2 140.0 0.36 

 
Figure 8 presents the convergence history of the training and validation mean squared error 

(MSE) during the machine learning process. 
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Fig 8. Convergence history of training and validation mean squared error (MSE) during the machine learning 
process. 

 
Figure 9 compares the analytical solutions and machine learning predictions of von Mises 

stress distributions at ω = 150 rad/s and ω = 250 rad/s for T₀ = 130°C. 
 

 
Fig 9. Comparison between numerical solutions and machine learning predictions of von Mises stress 

distributions at ω = 150 and 250 rad/s for 𝑇0 = 130∘𝐶 

 
Figures 8 and 9 together demonstrate both the convergence behavior of the machine learning 

model and its predictive capability when compared with the numerical solution. As shown in Figure 
8, the training and validation mean squared error (MSE) decrease steadily with increasing epochs, 
indicating a stable and consistent learning process. The close agreement between training and 
validation curves suggests that the model generalizes well without significant overfitting. In Figure 8, 
the comparison between numerical results and machine learning predictions reveals a high level of 
agreement across the radial domain for both angular velocities (150 and 250 rad/s) at 𝑇0 = 130∘𝐶. 
The ML predictions closely follow the numerical von Mises stress distribution, with only minor 
deviations observed, particularly near the outer radius. These findings confirm that the developed 
machine learning model is capable of accurately capturing the stress behavior of the system and can 
be effectively used as a reliable and computationally efficient alternative to classical numerical 
analysis methods.bbThermal management and residual stress control are important considerations 
in engineering structures exposed to combined thermal and mechanical loads. In internal combustion 
engines, excessive thermal gradients can increase stress concentrations and adversely affect 
component durability. Sheikhi et al. [23] developed a coupled CFD–FEA–combustion model and 
demonstrated that optimization of the cooling system significantly reduced temperatures in critical 
engine regions. Residual stress mitigation in welded pressure equipment has also been widely 
investigated. Jin et al. [24] reported effective residual stress reduction using a local post-weld heat 
treatment (PWHT) technique for nozzle-to-cylinder welds. Additional studies by Jin et al. [25], Yang 
et al. [26], and Niu et al. [27] further demonstrated the effectiveness of PWHT-based approaches and 
advanced constitutive modeling techniques for controlling welding-induced residual stresses. The 
results obtained in the present study are consistent with previous thermoelastic and artificial 
intelligence-assisted investigations reported in the literature [28–31]. Earlier studies demonstrated 
that thermal loading plays a significant role in determining stress distributions in hollow and 
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functionally graded cylindrical structures [30,31]. In addition, machine learning and artificial neural 
network techniques have been successfully employed to model complex thermo-mechanical 
phenomena and reduce computational effort in engineering analyses [28,29]. The findings of the 
current work support these observations and further demonstrate the applicability of machine 
learning-assisted thermoelastic analysis for rotating hybrid cylinders subjected to combined thermal 
and centrifugal loading. 
 
4. Conclusions 
 

In this study, the thermoelastic behavior of an equivalent SiC–Ti6Al4V hybrid rotating hollow 
cylinder subjected to combined thermal and centrifugal loading was investigated using an analytical 
plane strain formulation, finite element simulations, and machine learning techniques. The results 
demonstrated that thermal loading is the dominant factor governing the stress response of the 
cylinder. As the temperature difference increased from 32.5°C to 195°C, significant increases were 
observed in radial, tangential, and von Mises stresses. The maximum compressive radial stress 
reached approximately −24.63 MPa at ω = 150 rad/s and −34.01 MPa at ω = 250 rad/s. The tangential 
stress exhibited a transition from compressive values near the inner radius to tensile values toward 
the outer surface. Under the most severe loading condition (ΔT = 195°C and ω = 250 rad/s), the 
tangential stress varied from approximately −62.10 MPa at the inner radius to 155.30 MPa at the 
outer radius.  The von Mises stress reached its maximum value near the inner radius, increasing from 
approximately 98 MPa at ω = 150 rad/s to approximately 279 MPa at ω = 250 rad/s. Comparison with 
ANSYS simulations demonstrated excellent agreement, confirming the validity of the analytical 
formulation. Furthermore, the developed ANN model accurately reproduced the stress distributions 
with R² values above 0.998 and prediction errors below 0.36%.  

These findings indicate that machine learning can provide a reliable and computationally 
efficient alternative for rapid stress estimation and preliminary design optimization of rotating hybrid 
structures operating under thermo-mechanical loading conditions.  The analytical, numerical, and ANN 
results showed excellent agreement, demonstrating the reliability of the proposed framework for rapid stress 
prediction and design assessment of hybrid rotating cylinders. 
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