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Abstract

:

The harsh environment during airplane take-off and flights with complex operating conditions require a high dynamic and impact resistance capability of airplane engines. The design, development, and performance evaluation of new turbofan engines are generally performed through numerical simulations before a full-scale model or prototype experiment for certification. Simulations of fan blade containment tests can reduce trial–error testing and are currently the most convenient and inexpensive alternative for design; however, certification failure is always a risk if the calibration of material models is not correctly applied. This work presents a three-dimensional computational model of a turbofan for designing new engines that meet the certification requirements under the blade containment test. Two calibrated Johnson–Cook plasticity and damage laws for Ti64 are assessed in a simulation of a turbofan blade containment test, demonstrating the ability of the models to be used in the safe design of aircraft engine components subjected to dynamic impact loads with large deformations and adequate damage tolerance.
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1. Introduction


To ensure the integrity of the aircraft and passengers, aero engines are designed to contain the detachment of a blade from both the fan and turbines without perforation of the casing. This failure is one of the most difficult challenges in the design process of an engine due to the large amount of energy, high speeds, and number of components involved, such as detached blades, remaining fan blades, casing, and bearing supports, among others. In addition, low cost must be maintained in designing and manufacturing new aircraft engine models. These efforts to improve engine integrity were the result of failure-related incidents in aircraft engine containment events [1].



The aerospace industry has experienced numerous aircraft accidents due to engine containment failures. In August 2008, the National Transportation Safety Board of the United States investigated an accident involving a Pratt & Whitney engine, where three consecutive high-pressure turbine blades fractured. Similarly, in February 2021, a Boeing 777-222 registered a Pratt & Whitney PW4077 number 2 engine failure during a flight from Denver to Honolulu. The investigation revealed that a titanium fan blade number 11 fractured due to low cycle fatigue. A total of 315 non-contained rotor failures were reported in commercial, general, and helicopter aviation between 1976 and 1984, and a further study by the US Federal Aviation Administration (FAA) showed that 676 non-contained engine failures occurred in fixed-wing aviation between 1969 and 1997 [2]. The large number of records of failed containment in aircraft engines has led both the FAA and researchers to study and analyze the impact generated by the detachment of a blade by obtaining information through different methods, both experimental and numerical [3].



Aircraft engine containment studies must consider the Federal Aviation Regulations (FAR Part 33—Airworthiness Standards: Aircraft Engines). Section 33.19 states that the design and manufacturing of compressor and turbine rotor casings must prevent damage from rotor blade failure. Energy levels and trajectories of fragments resulting from rotor blade breakage outside the compressor and turbine rotor casings must be defined. In addition to the design and manufacturing requirements, each applicant must demonstrate the engine blade containment test based on the specific Section 33.94, which describes the test conditions and results the engine must meet for certification. This test is performed on a real prototype of the new engine model, and its objective is to verify whether the aircraft engine can withstand the impact produced by a blade detaching during service. Therefore, the turbofan casing plays a fundamental role in the new engine design, as it must absorb the energy produced during this impact. The impact absorption capacity of the casing depends significantly on its shape, thickness, material, and manufacture technology.



Increasing the thickness of casings is not always a cost-effective solution for the aerospace industry because of the consequent increase in engine weight, higher fuel consumption, and higher carbon footprint for aircraft operations. For this reason, in recent decades, the focus of research has been to increase the strength of the engine casing without increasing its weight and even reduce the engine weight without losing strength. Different materials have been studied to achieve this objective, and they present a good weight–resistance ratio, where composite materials, aluminum, and titanium alloys can be found. The latter are of great interest to engineers and researchers since they have a good weight-to-strength ratio and high specific ductility at low and moderate temperatures.



Material deformation and damage processes depend heavily on operating factors, such as the speed and magnitude of mechanical loads, stress and deformation states, or temperatures. In extreme conditions such as high load and high-speed loading or elevated temperatures, these factors can lead to failure of a mechanical component or even catastrophic structural failure, causing damage of different magnitudes, including the loss of human lives. For this reason, engineering calculations and analyses are performed to predict the useful life and ensure the resistance of the components and structure. Constitutive models are mathematical representations used to predict the complex physical phenomena that occur during material deformation under loading [4,5,6,7,8,9,10,11]. The mechanical properties and behavior of the materials of interest are obtained through different experiments, depending on the types of loads and conditions of their application, such as temperature and strain rate [12,13,14,15]. Analytical models for predicting material behavior, based on physics and empirical models, are required to improve component design and increase aircraft efficiency. These models contain material-dependent constants obtained by analyzing experimental results and applying direct or inverse calibrations.



After several decades of research, numerical finite element simulations based on material models are emerging mainly in the aerospace industry [16]. Current results of the technique demonstrate its good approximation to reality, which has prompted its use for modeling complex tests such as the blade containment test [17,18,19] or the impact of an external object on the fan [20]. Therefore, accurate simulations with proper discretization and definition of real test boundary conditions can reduce the time and cost of producing a new aircraft engine model compared to destructive trial-and-error testing.



The Johnson–Cook plasticity model is used to model von Mises flow stress behavior as a function of equivalent plastic strain, equivalent plastic strain rate, and temperature [21]. Other constitutive models applied to predict the impact behavior of metals and alloys include the Zirilli–Armstrong (Z–A) model [22], the Bodner–Partom (B–P) model [23], the mechanical threshold plasticity model (MTS) [24], the Nemat-Nasser–Guo model (NN–G) [25], and the Khan–Huang–Liang model (K–H–L) [26]. However, the Johnson–Cook (J–C) constitutive model is the most widely used. Depending on the state and level of stresses and strains, damage may occur in the cavities and shear bands of the material subjected to dynamic loading. This process can be modeled using the Johnson–Cook progressive damage model, which considers both a damage initiation criterion and damage evolution [27].



This paper presents an innovative three-dimensional computational model of a turbofan to be applied to design new engines that meet the certification requirements under the blade containment test. Among the main objectives of this study is to evaluate a calibrated Johnson–Cook plasticity and damage law for Ti64 in a simulation of a turbofan blade containment test, demonstrating the ability of the model to be used in the safe design of an aircraft engine component subjected to dynamic impact loads with large deformations and adequate damage tolerance. In particular, this work contributes to aerospace and structural integrity required for a safe design of Ti64 parts, allowing the reduction in both trial and error and production costs of new aircraft engine prototypes and damage tolerant aerospace components.




2. Materials and Methods


2.1. Characteristic Properties of the Ti64 Titanium Alloy


Titanium alloys are attractive engineering materials for the aerospace, biomedical, and military industries primarily due to their high specific strength and ductility at low and moderate temperatures. In particular, Ti64 (Ti-6Al-4V) is the most widely used titanium alloy, despite its high cost, due to a good balance of processing properties such as good formability, plastic workability, heat treatability, and weldability [28]. Furthermore, the alloy is a very biocompatible substance that is lightweight, ductile, highly load-resistant, and corrosion-resistant [28,29,30]. It also exhibits anisotropic deformation behavior throughout the elastoplastic range, along with an asymmetric Young’s modulus, initial flow stress, and strain hardening rate [31]. Microstructural observations show primary α-grains, and hexagonal close-packed (hcp) structures embedded in a biphasic matrix (alternating lamellae of a primary α-phase and body-centered cubic β-phase) [28]. The chemical composition, determined directly by energy-dispersive X-ray spectroscopy (EDS), is shown in Table 1.



Split Hopkinson bar experiments are frequently used to characterize the high strain rate mechanical behavior of metals. These experiments yield the specimen’s strength and elongation history, reflecting its material and structural behavior. Calculating the actual material behavior from this overall response is not straightforward. The deformed specimen is very heterogeneous for materials such as Ti64 with low strain hardening. However, for fundamental materials research and modeling of constitutive materials, knowledge of the true effective stress versus plastic strain, strain rate, and temperature is essential [32]. The mechanical response of Ti64 alloy at different strain rates and temperatures reported in the literature is shown in Figure 1.




2.2. Johnson–Cook Plasticity and Damage Prediction Model for Ti64


The plasticity and damage model proposed by Johnson and Cook is an empirical constitutive model that arises from the need to calculate intense, impulsive loads due to high-velocity impacts and explosive detonations. This model includes, unlike other models, the strain rate dependence for both deformation and failure of the material [21,27].



2.2.1. Johnson–Cook Plasticity Model


The Johnson–Cook model of plasticity describes the equivalent stress (    σ  ¯   ) (Equation (1)) of the material as a function of the equivalent plastic strain (  ε  ), the equivalent plastic strain rate (    ε  ˙   ), and the homologous temperature (    T   *    ).


    σ  ¯  =   A + B   ε   n       1 + C · l n       ε  ˙        ε   r e f    ˙          1 −     T   *     m      



(1)







The term   A   corresponds to the elastic limit at a reference temperature       T   r e f       and reference strain rate         ε   r e f    ˙     . The strain hardening coefficient   B   and exponent   n   describe the reference stress–strain curve, while   C   identifies the material’s strain rate sensitivity. The thermal softening is described by the   m   exponent.



The homologous temperature (Equation (2)) expresses the ratio between the absolute deformation temperature of the material to its melting point [39,40,41].


    T   *   =   T −   T   r e f     /     T   m e l t   −   T   r e f      



(2)







Deformation occurring at high speed is modeled under adiabatic conditions, and an arbitrary percentage of the plastic work occurring during deformation is transformed into heat. For many materials, between 90 and 100% of the plastic work is dissipated as heat.




2.2.2. Johnson–Cook Damage Model


Depending on the state and level of stress and deformation, damage may occur close to cavities and shear bands of the material subjected to dynamic loads. This process can be modeled macroscopically and continuously using the Johnson–Cook progressive damage model. This model supports the specification of the damage initiation criterion, as well as the evolution of damage [27,42].



The Johnson–Cook damage model (Equation (3)) determines the fracture deformation     ε   f     as a function of stress triaxiality     η    , strain rate       ε  ˙     , and temperature     T    .


    ε   f   =     d   1   +   d   2     e     − d   3   η     ·   1 +   d   4   l n ⁡       ε  ˙        ε   r e f    ˙        ·   1 +   d   5     T   *      



(3)




where   η =   p     σ  ¯      is the triaxiality of the stress state defined as the ratio of the hydrostatic pressure   p   over the equivalent von Mises stress     σ  ¯    [27,43].



The parameters     d   i     with   i = 1   t o   5   are damage-related material constants.



Fracture occurs when the damage parameter   D   in Equation (4) increases with the cumulative plastic strain reaching a value of 1 [43].


  D =  ∫    d ε     ε   f        



(4)







To model the behavior of the alloy during a blade containment test necessary for the design of the turbofan engine, two sets of parameters of the Johnson–Cook law of plasticity and damage for the same batch of Ti64 are used: the reported model constants by Tuninetti et al. [35] and the constants given in P. Verleysen and J. Peirs [43].



In the previous work [35], an hybrid calibration technique for the Johnson–Cook model of Ti64 was applied by combining direct and inverse strategies. The direct calibration strategy included the linear regression method, and the generalized reduced gradient technique, while the inverse calibration strategy was performed by finite element simulations and the Levenberg–Marquardt approach. To determine   A ,   B ,   C ,   and   n  , the direct calibration method of the Johnson–Cook plasticity law was applied using the strain–stress curves of Figure 1. The Johnson–Cook damage parameters     d   1   ,     d   2    , and     d   3     were calibrated at reference conditions of strain rate and temperature with the direct method by adjusting the experimental evolution of the computed average fracture strain with the average stress triaxiality using the generalized reduced gradient technique. These damage parameters were assessed and validated with the numerical predictions from an accurate micromechanical damage model of Ti64. Furthermore, strain rate- and temperature-dependent damage constants,     d   4     and     d   5    , were obtained through the inverse calibration method using the large strain simulations of uniaxial tensile tests. The inverse method computed the average strain and the necking profile at fracture required to calculate the stress triaxiality by the Bridgman criterion, and the damage model calibration was completed by linear regression. In contrast, the Johnson–Cook damage and plasticity model of P. Verleysen and J. Peirs [43] followed an iterative scheme of optimization [32]. Initial Johnson–Cook model constants from the literature [44] were optimized using shear, plane strain, and tensile experiments.



The results of the simulations obtained from the two models are compared and evaluated, determining their respective errors, and investigating the origins of the possible differences produced. The same engine model, edge conditions, and blade containment test conditions are used. The material parameters are shown in Table 2.





2.3. Finite Element Simulation of Containment Test


The turbofan casing must be properly designed to protect the aircraft from any impact from external objects or detachment of internal engine parts, avoiding damage to the fuselage and fuel tank and loss of life [45,46,47]. To certify the structural integrity of aircraft engines, the blade containment tests is applied at the fan operating speed [48]. The Federal Aviation Regulation (FAA) Part 33.94 contains technical requirements for engine containment, such as designs to prevent damage from rotor blade failure. These failures must occur in the outermost retention groove or integral blade rotor discs, with at least 80% of the blade being affected [49].



The Ansys computational design tool through explicit finite element dynamics with large deformation is employed for the turbofan containment testing. The Johnson–Cook model from Tuninetti et al. is used first to correlate the qualitative and observable behavior of the impact dynamics in real containment test conditions. Furthermore, a Johnson–Cook model reported in the literature for the Ti64 is considered to assess the numerical predictions of this study.



2.3.1. Turbofan Model and Boundary Conditions


A casing and fan geometry based on the turbofan Trent 1000 from the Rolls-Royce company [50] is used to simulate the blade containment test. The model and the boundary conditions are shown in Figure 2. A fixed support condition was imposed in the bolted connections of the casing with the brackets from pilot or struts of the aircraft wings (Figure 2b). This type of union restricts the 6 degrees of freedom (displacement and rotation in the different coordinate axes). For the fan, the constrained condition imposed allows only axial rotation as shown in Figure 2c. A constant angular speed of 1440 rad/s was set for the fan (rotor and blades) and as initial speed for the blade detached during service (Figure 2d). This speed is 10% higher than the maximum operating speed of the turbofan (12,000 rpm), a critical condition considered in this design to ensure engine safety. The simulation time for the impact is 0.002 s. It should be noted that previous studies [17] suggested using a pre-stress and induced deformation of the ejected blade; however, this is not considered at this research stage due to the insignificant variation in the results reported [19].




2.3.2. Meshing of the Turbofan Model


For the blade containment test model, hexahedral and tetrahedral elements were used. While tetrahedral elements offer flexibility and adaptability for the discretized model, hexahedral elements are known as more efficient and stable for large deformations and damage. The linear structural hexahedral elements were chosen for the fan blades and the detached blade with an element size of 35 mm (Figure 3a and Figure 3b, respectively). Tetrahedral elements with an element size of 80 mm were used for the rotor as shown in Figure 3c. The turbofan casing is divided into 6 axial zones, with mesh refining in the blades’ impact zones. The hexahedral elements in the casing shown in Figure 3d, from left to right refining zones, have sizes of 35 mm, 25 mm, 25 mm, 25 mm, and 35 mm. The resulting mesh consists of a total of 361,035 elements.




2.3.3. Structural Integrity Assessment and Casing Design Adaptation


To ensure the structural integrity of the turbofan and evaluate the capacity of the innovative development and work presented in this study for aerospace engineering design, different models with increased thickness variation are investigated. The thickness of the casing is directly correlated to its ability to absorb deformation energy during impact. The proposed casing model should aim to confine the explosion by undergoing plastic deformation, while enabling destruction of the blades. The accumulated plastic strain energy and material damage parameter will be evaluated as design decision criteria, while the stress distribution and plastic strain are also compared with the available experimental material data.






3. Results and Discussion


3.1. Qualitative Model Assessment with Real Containment Test Impact Dynamics


To ensure the reliability of the proposed finite element model of the turbofan containment test, with the selected boundary and initial conditions, material model constants, and software capabilities, the impact dynamics characteristics observed in real testing conditions are first contrasted with the obtained numerical simulations (Figure 4). The simulation predictions of the dynamics of impact achieved a good qualitative correlation with the experimental blade containment test (Figure 4). Three stages are selected. The moment when the detached fan blade initiated the impact contact with the casing (Figure 4a,b), when the blade located at the back of the detached blade was impacted and deformed (Figure 4c,d), and the last stage is the instant when the two blades impacted the case and fractured (Figure 4e,f). The numerical results using the proposed material and fan model predicts, in a direct correlation, the impact dynamics observed during the fan explosion. Similar phenomena have been reported by another study [51]. Note that this is a qualitative validation that partially demonstrates the capability of the generated model, which allows us to model the interaction between the blades and case using an adapted model of Ti64 alloy.



Once the simulation was completed, the maximum values of von Mises equivalent stress, equivalent plastic deformation, and damage parameters were obtained for the different components of the turbofan (Table 3). It should be noted that the maximum damage parameter for the elements is 1, indicating the failure or rupture of the analyzed component. Concerning the maximum values obtained during the analysis for the equivalent stress, it is observed that they are consistent with the ranges contained in the test specimens reported in Figure 1.



Figure 5 shows the last instant of the impact obtained by the complete simulation of the turbofan, where the deformed components, fracture zones, and von Mises equivalent stress distribution can clearly be seen (Figure 5a). Fragments ejected (Figure 5b) out of the casing due to its fracture (Figure 5c) indicate a failure in the preliminary design of the turbofan.



The components suffer great deformations, stresses, and even damage in the parts where the impact is generated due to the large amount of energy and the low plastic work absorption capacity of the components, mainly the turbofan casing. The blade presents great deformations and stresses that almost completely destroy it. The casing deforms greatly in the impact zone of the blade until it fractures. The stress levels achieved in most of the components exceed the resistance capacity observed in dynamic tests (Figure 1), which is consistent with the achieved deformation rates of the order of     10   − 4       s   − 1     and elevated levels of hardening due to large deformations.




3.2. Comparison of Simulation Results with Two Sets of Parameters of the Johnson–Cook Law of Plasticity and Damage


Two simulations of the blade containment test were conducted using the same geometry, mesh, boundary, and initial conditions, except for the material parameters. The parameters identified by P. Verleysen and J. Peirs, [43] were used in one simulation while for the other simulation, those published by Tuninetti et al. [35] were used. The results obtained for the equivalent von Mises stress, equivalent plastic strain, and damage parameter are shown in Table 4. It should be noted that the results shown are the maximum values obtained during the simulation up to a time of 0.001 s.



The manner in which the test data were post-processed for model adjustment is primarily responsible for the visible discrepancy in results. As reported by P. Verleysen and J. Peirs, 2017 [43], the parameters of the Johnson–Cook plasticity and damage law obtained from cylindrical bars from the same batch were adjusted with engineering stress–strain curves, while in the work of Tuninetti et al. in 2024 [35], the stress–strain curves in real definition were used. These significant differences are found due to using different stress–strain definitions, where the definition of true stress–strain is generally applied to calibrate models that describe large levels of plastic deformation [52]. In addition to this effect on the load response prediction, significant differences can be encountered if the curves are obtained for local or average stress values, where higher local stress levels (post-necking) used in the identification allow for more precise adjustment of the strain hardening [31,53] and damage [54].




3.3. Turbofan Casing Redesign


The thickness of the casing initially studied is modified to evaluate the capacity of the turbofan to absorb the impact better without fracturing. In the first variation, the thickness was increased by approximately 23%, which was insufficient to contain the impact well, resulting in considerable damage within the structure as in the initial casing (Figure 5). In a second iteration of the design, the thickness is increased by a greater percentage of approximately 73%. In this case, the turbofan response in the blade containment test is satisfactory, resulting in a casing with only plastic deformation without fracture and good shock absorption during the test.



The new case designs for the turbofan model were created using the SolidWorks software Student Edition 2020. The initial casing volume of 6.74 m3 was adjusted by increasing its thickness. The first increase of 23% resulted in a casing volume of 8.28 m3, and the second increase of 73% yielded a volume of 11.63 m3. Figure 6 displays drawings of the three casings used, with dimensions shown in meters.



The results obtained in the containment test of the turbofan model with the increased casings are shown in Table 5, where they are directly compared with the results obtained in the first simulation with the initial model. For the simulation with the casing at a 25% thickness increase, a time of 0.0025 s was used to achieve casing damage. For the simulation with the second increase in thickness, a time of 0.001 s was used, corresponding to the first impact of the detached blade with the casing. The less abrupt transfer of impact energy to plastic deformation work of the blade occurs because the casing is not penetrated, generating a lower maximum local damage in the casing, close to 65%, than fracture (100%) (Figure 7). In Figure 7a, the deformation behavior of the investigated casings at the last computed impact time is shown in addition to the stress field.



Figure 8 shows the evolution of the damage parameter during the simulation of the initial casing; the casing increased by 23%, and the casing with the second increase in thickness. From the images, it can be seen that by increasing the thickness of the casing, the damage to the casing is delayed during impact. These results are expected since a component can absorb more energy through plastic deformation prior to fracture when it has more mass or substance present. The blade, for its part, takes longer to show damage when compared to the model with the initial or thinner casing. This is because the thinner casing deforms more quickly, fracturing and allowing the blade to impact locally, decreasing its kinetic energy by absorbing plastic work until failure. This restriction in the movement of the blade increases the damage rate and localizes its distribution, producing premature rupture or separation of the alloy. Finally, this design process and the validated computational tool are proposed to optimize the casing thickness and evaluate impact interaction for new safe and lightweight turbofan designs.




3.4. Limitations and Future Research Directions


This developed innovative tool for the preliminary structural engineering design of turbofan engine demonstrates that a more accurate model than those existing in the literature has been achieved. The originality and contribution of the new identified Ti64 model reported by Tuninetti et al. in 2024 [35] and the current study of the turbofan FE model include all the aspects suggested by previous research regarding recommendations for improvements in modeling a fan blade out (FBO) event in terms of structural integrity of casing material [55]. Other aspects, such as the specific vibration-based analysis [56], which are not covered in the present study could provide more insights to determine dynamic loads transferred to the engine mount and aircraft wing structure. Severe loads induced by FBO due to the sudden imbalance are recommended for a complete structural design [46]. Another important focus is the effect of the turbofan explosion on the low- and high-pressure compressors [57,58], which can generate other types of engine damage or collateral damage that risk the integrity of the aircraft, as well as induced failures due to vibrations and blade fatigue [59] that would modify the simulated impact dynamics. However, these design approaches are beyond the scope and objectives of this reported study.



It should be noted that the deformation behavior of the blades obtained by the model presented here is not exact due to alloy characteristics and processing technology. Anisotropy or the asymmetric tension–compression [31,54] response are factors that could slightly affect the impact resistance of the case. These phenomena and differences between the alloy responses not considered in this study and material model must be estimated and included by design engineering when establishing the safety factor of the components.



In particular, this work contributes to aerospace design and structural integrity. In order to meet the structural conditions of certification required for a safe design based on containment testing, the numerical tool generated and presented for the turbofan, based on the Johnson–Cook damage–plasticity material model of Ti64, enables the reduction in both trial and error and production costs of new aircraft engine prototypes in the preliminary design stage.



In order to advance the design and optimization of aerospace components, it is necessary to highlight the implications of the proposed computational mechanics approach for the safe design of aircraft engine components subjected to impact loading. This also includes the optimization of manufacturing processes associated with the Ti64 alloy parts or other strain rate sensitive materials and applications [12,60] subjected to impact loading or critical components at risk of failure. Accurate prediction of local damage and programmable plastic deformation are essential to determine appropriate design safety factors for critical components not only for engine parts such as the case and fan blade, but also fasteners, brackets, compressor blades, disks, springs, and hydraulic system elements. Plastic deformations vary with strain rate and temperature; these effects considered in the proposed approach can accurately predict dynamic loads and deformations within calibration ranges [34,54]. The computational mechanics and the implemented finite-element-based numerical simulations can enable efficient optimization through virtual testing and custom design, while reducing trial-and-error testing.





4. Conclusions


The three-dimensional computational model of a turbofan has been successfully validated for designing new engines that meet certification requirements under the blade containment test. The simulation of the turbofan based on Johnson–Cook plasticity and damage displayed realistic impact dynamics observed in real conditions. This qualitative validation supports the use of the current reported model for designing new aircraft engines meeting certification requirements for safe, damage-tolerant designs.



Regarding the comparison of results provided by the two Johnson–Cook plasticity and damage models available in the literature for the same Ti64 material, the following statements can be obtained:




	
A significant difference was found between the equivalent stress and equivalent plastic strain results obtained through simulation with the parameters identified in this work and the parameters reported by P. Verleysen and J. Peirs, 2017 [43].



	
The results demonstrate that there is no single set of parameters for the same material. They will depend on the reference strain rate and the range of strain rates and/or temperatures used in the identification. However, the validity of the parameters is mainly based on the ability of the fitted model to predict the initial yield stress at high speeds. In the case of the Ti64 alloy studied, it is above 1200 MPa, which is correctly modeled by the results provided in the simulations with the data identified in the work of Tuninetti et al. in 2024 [35].








Regarding the simulation of the blade containment test:




	
The model developed for the simulation is realistic since it presents the same impact dynamics observed in a real blade containment test. This qualitatively validates the model generated for the design purpose of a new aircraft engine that meets the structural conditions required for a safe, damage-tolerant design.



	
The simulations with thickness variation and consequent adaptation of the casing topology allowed us to find a damage-tolerant turbofan model, absorbing the kinetic energy of the blade during the impact and transforming it into plastic deformation work energy without fracture. The proposed design process allows the thickness of the turbofan casing to be optimized until a lightweight and safe structural design is achieved.








Current research focuses on the rotordynamics analysis and modeling of the full turbofan engine including low-pressure and high-pressure compressors under containment test conditions.
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Figure 1. Mechanical strength of Ti64: (a) strain rate hardening behavior and (b) thermal softening [33,34,35,36,37,38]. 
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Figure 2. Model of the turbofan used for the simulation of the blade containment test: (a) complete model, (b) embedment in the joint by bolts, (c) displacement condition in the joint of the rotor and shaft, (d) speed condition of the fan that allows rotation, and (e) angular velocity imposed on the fan and the blade that is released. 
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Figure 3. Meshing of the turbofan engine model for the simulation of the blade containment test: (a) turbofan blades, (b) detached blade, (c) spinner, and (d) casing. 
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Figure 4. Comparison between the experimental (a,c,e) and simulated (b,d,f) dynamics of impact during the turbofan blade containment test. (a,b) The detached blade impacts the casing. (c,d) The detached blade impacts the blade rotating behind. (e,f) The detached blade completely impacts both the casing and the blade behind. 
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Figure 5. Results for the distribution of the equivalent stress in all turbofan components obtained through computer simulation: (a) turbofan, (b) blade fragments ejected out of the casing, (c) deformed and fractured casing, and (d) remaining damaged fan. 
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Figure 6. Drawings of investigated casings: (a) Initial thickness, (b) first variation in increased thicknesses (1st thickness increase), and (c) second variation in casing with increased thicknesses (2nd thickness increase). 
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Figure 7. Von Mises equivalent stress field in (a) initial casing, (b) casing with first thickness increase, and (c) thickest damage tolerant casing. 






Figure 7. Von Mises equivalent stress field in (a) initial casing, (b) casing with first thickness increase, and (c) thickest damage tolerant casing.



[image: Aerospace 11 00333 g007]







[image: Aerospace 11 00333 g008] 





Figure 8. Evolution of (a) damage and (b) stress during the simulation of the original casing, casing with the first increase in thickness of 23%, and casing with the second increase in thickness containing the explosion. 
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Table 1. Chemical composition of the investigated Ti-6Al-4V (Ti64) alloy [28] in accordance with ISO 5832-3 (4.7 < Al < 7 and 3 < V < 5).
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	Al
	V
	Fe
	N
	O
	C
	Ti





	6.1
	4.0
	0.3
	0.05
	0.2
	0.08
	Bal.










 





Table 2. Parameters of the plasticity law and Johnson–Cook damage law obtained by two different studies for Ti64.
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Parameters

	
P. Verleysen and J. Peirs (2017) [43]

	
Tuninetti, Sepúlveda, Beecher et al. (2024) [35]






	
Plasticity

	
A (MPa)

	
895

	
927




	
B (MPa)

	
477

	
877.96




	
C

	
0.011

	
0.0137




	
m

	
0.86

	
0.594




	
n

	
0.38

	
0.795




	
Damage

	
     d   1     

	
−0.078

	
0.246




	
     d   2     

	
0.282

	
186.0




	
     d   3     

	
0.479

	
−15.7




	
     d   4     

	
0.029

	
0.2582




	
     d   5     

	
3.87

	
1.2059











 





Table 3. Results obtained for equivalent stress, equivalent plastic deformation, and damage parameter through simulation of the blade containment test.
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	Stress (MPa)
	Plastic Strain (mm/mm)
	Damage Parameter





	Blade
	1369
	2.324
	1



	Case
	1379
	1.680
	1



	Fan
	1351
	0.946
	0.6035










 





Table 4. Simulation results of the blade containment test obtained for equivalent stress, equivalent plastic deformation, and damage parameter by with the material model parameters obtained by P. Verleysen and J. Peirs, 2017 [43] and by Tuninetti et al. in 2024 [35].
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Stress (MPa)

	
Plastic Strain (mm/mm)

	
Damage Parameter




	

	
Tuninetti et al. 2024 [35]

	
Verleysen and Peirs 2017 [43]

	
Tuninetti et al. 2024 [35]

	
Verleysen and Peirs 2017 [43]

	
Tuninetti et al. 2024 [35]

	
Verleysen and Peirs 2017 [43]






	
Blade

	
1369

	
967

	
2.32

	
3.44

	
1

	
1




	
Case

	
1379

	
968

	
1.68

	
3.70

	
1

	
1




	
Fan

	
1351

	
962

	
0.95

	
0.37

	
0.603

	
1











 





Table 5. Equivalent stress, equivalent plastic deformation, and damage parameter obtained through simulation of the blade containment test for the design with initial casing, and two casings with increased thickness (1st and 2nd increase).
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Stress (MPa)

	
Plastic Strain (mm/mm)

	
Damage Parameter




	

	
Initial Thickness

	
1st Thickness Increase

	
2nd Thickness Increase

	
Initial Thickness

	
1st Thickness Increase

	
2nd Thickness Increase

	
Initial Thickness

	
1st Thickness Increase

	
2nd Thickness Increase






	
Blade

	
1369

	
1358

	
1350

	
2.324

	
2.204

	
1.554

	
1

	
1

	
0.808




	
Case

	
1379

	
1375

	
1351

	
1.680

	
1.5

	
1.500

	
1

	
1

	
0.647




	
Fan

	
1351

	
1347

	
1342

	
0.946

	
1.467

	
0.570

	
0.604

	
1

	
0.418
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