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Abstract: The reliability of the aircraft engine duct system is of paramount importance as it directly
affects the safety of the aircraft, particularly under high-temperature and high-pressure cycles. In this
study, ANSYS Workbench was used for finite element analysis, and a sleeve-type tie rod structure
was proposed to address the critical problem of tie rod tearing during the operation of the duct
system, thereby optimizing thermal stress compensation for the duct system. The research results
show the following: (1) The anchor of the traditional tie rod imposes displacement constraints on
the thermal deformation of the duct system, leading to stress concentration and even structural
failure in the connection area between a duct and a tie rod. (2) The improved sleeve-type tie rod
provides greater axial displacement freedom for the duct, effectively mitigating stress concentration
phenomena. (3) Taking a worst-case scenario of 537.78 ◦C and 2 MPa as an example, the sleeve-type
tie rod proposed in this paper can reduce the stress at the tie rod connection from 757.61 MPa to
less than 25 MPa, a reduction of more than 96%. The original tie rod tearing problem is solved,
and the maximum stress of the whole duct system is reduced to 459.25 MPa, which is below the
yield strength.

Keywords: engine duct; stress analysis; high temperature and pressure; tie rods; finite element

1. Introduction

The air duct system of an aircraft engine serves as a vital component responsible for
extracting air from the engine and supplying high-temperature and high-pressure air to
downstream subsystems. Situated closely on the engine’s surface, it is often referred to
as the “blood vessels” of the aircraft engine. The design of the air duct system for safety
and reliability not only influences the functionality of the air supply but also significantly
impacts the safety of the engine itself and the surrounding equipment. Hence, the design
of the engine air duct system assumes paramount importance. Due to the flow of high-
temperature and pneumatic gas through the engine air duct system, thermal deformation
of the ducts may occur. To prevent interference with the surrounding equipment resulting
from deformed ducts, two methods, namely tie rods and guides, are commonly employed
to support or constrain the engine ducts. Among these methods, tie rods find wider
application due to their ease of installation and fewer spatial limitations. However, the
welded connection between the tie rod and the duct can lead to local stress concentration
and even tie rod fracture when the duct experiences significant thermal deformation, posing
severe challenges to the reliability of the engine duct system.

Currently, stress distribution analysis methods for tie rod structures predominantly
comprise theoretical analysis, experimental exploration, and finite element simulation.
Theoretical analysis and experimental inquiry methods [1–4], due to their constraints in
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practical situations, have limited application. Consequently, the simulation of models
using finite element software is the most widely employed approach. Additionally, tie rod
reliability has been extensively analyzed using the finite element method by numerous
researchers [5–12]. Liu et al. [13] studied the rotor tie rod stress distribution and maximum
stress location and further optimized the tie rod structure. Xu et al. [14] investigated
the effect of the detuning rate of the tie rod, the number of tie rods, etc., on the natural
frequency, which provides a reference for the study of the natural frequency of the duct.
Brennan et al. [15] studied the longitudinal vibration of large tie rods and proposed that the
use of a pneumatic vibration absorber could effectively attenuate the longitudinal vibration.
Duan et al. [16,17] studied the structural behavior of two types of steel tie rod threaded
connections using finite element analysis in ANSYS and presented the equivalent force
distribution, interface contact pressure, and sliding distance under different axial loads.
At the same time, they studied the connection of the thread of the steel tie rod and found
the most suitable thread structure through their test. Kim et al. [18] discovered that tie rod
buckling is the most severe load condition in the design of tie rod structures. Waybase
et al. [19] found that vibration and fatigue failure were the main causes of tie rod failure.
Godase et al. [20] and Du et al. [21] pointed out that the strength of tie rods is mainly
influenced by bending, tension, load, and shear, among which the shear resistance of tie
rods is often neglected. And Godase et al. found that the geometric parameters of the tie
rod, such as its outer diameter and inner diameter, have a significant effect on shear stress.
Muhammad et al. [22] suggested that the design of the connecting rod should utilize a
material with a high strength value and reduced weight to meet the requirements for a
stronger connecting rod. Bhirad [23] found that the material and diameter of the tie rod
had a great influence on the failure of the tie rod. Furthermore, he also carried out stress
analysis on the shape of the tie rod and concluded that a tie rod with square and circular
sections is more complex than a tie rod with only a circular shape. Kim et al. [24], Navale
et al. [25], and Wayal et al. [26] found that aluminum tie rods were superior to traditional
cast-iron tie rods. Kim et al. also optimized the shape of aluminum tie rods using the RSM
and Kriging interpolation method.

Although some theoretical basis and engineering design experience for the fatigue
characteristics and optimal arrangement of tie rods have been provided by the aforemen-
tioned studies, it should be noted that the majority of these studies were conducted in the
civil industry and may not be fully applicable to the investigation of high-temperature duct
tie rods in aero-engines. Particularly, the exploration of the coupling between the degrees
of freedom of tie rods and the strength of a duct system is lacking [27,28].

In this paper, firstly, finite element analysis is conducted on existing aero-engine
tie rods to investigate their behavior under different temperatures. Subsequently, a new
structure suitable for aero-engine duct tie rods is proposed with the objective of addressing
the issue of potential tie rod fractures that may occur due to significant thermal deformation
during high-temperature and high-pressure cycles in an engine duct system. Furthermore,
stress calibration of the aforementioned structure is performed, and its reliability and
excellence are subsequently verified. Exploring new designs and improvement solutions
for aircraft engine duct tie rods leads to opportunities to reduce the stress concentration
area, improve the fatigue life of the system, and ultimately enhance the overall performance
and efficiency of the aircraft engine duct system.

2. Model of the Engine Duct System
2.1. Establishment of the Duct System Model

The structure of a certain engine air duct system is shown in Figure 1. The system has
a multi-bend spatial layout and a semi-spherical envelope shape overall, including nine
bends of different sizes, one reducing duct, one tee tube, three ball joints, two valves, and
one tie rod. Among them, the ball joints mainly play a role in temperature compensation,
and the tie rod is mainly used for weight support and displacement restraint of the duct.
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Due to the complex structure and large number of components in the air duct system 
of the engine studied in this paper, it was difficult to establish solid models for all compo-
nents when building the model of the duct system. Therefore, in stress analysis of the duct 
system, the effects of certain components on the system can be reflected by simulating their 
functions. The simplified finite element model of the duct system is shown in Figure 2. 
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Figure 3. Fixed constraint model establishment: (a) structure diagram of fixed end; (b) schematic 
diagram of fixed end constraint. 

As shown in Figure 3, in the finite element simulation calculations, the technique of 
multi-point constraint and remote control are used to reflect the constraint relationship at 
the fixed end. 

  

Figure 1. Structure diagram of engine air duct system: 1. bends; 2. reducing duct; 3. tee tube; 4. ball
joints; 5. valves; 6. tie rod.

Due to the complex structure and large number of components in the air duct system of
the engine studied in this paper, it was difficult to establish solid models for all components
when building the model of the duct system. Therefore, in stress analysis of the duct
system, the effects of certain components on the system can be reflected by simulating their
functions. The simplified finite element model of the duct system is shown in Figure 2.
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Figure 2. Simplified finite element model.

2.2. The Fixed End

Figure 3 shows the model of the fixed end of the duct system and the functional
implementation diagram.
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Figure 3. Fixed constraint model establishment: (a) structure diagram of fixed end; (b) schematic
diagram of fixed end constraint.

As shown in Figure 3, in the finite element simulation calculations, the technique of
multi-point constraint and remote control are used to reflect the constraint relationship at
the fixed end.

2.3. Tie Rod

Figure 4 shows a schematic diagram of the structure of the tie rod used in the aircraft
duct system.
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Figure 4. Structure diagram of tie rod: (a) model diagram of tie rod; (b) diagram of joint bearing
deflection.

As shown in Figure 4a, the tie rod comprises the tie rod body and two end joint
bearings, which are shown in Figure 4b. The tie rod is equipped with spherical sliding
bearings as joint bearings, which can maintain three rotational degrees of freedom for the
tie rod body even after it is fixed to the tie rod lugs, thus ensuring the overall freedom of
the tie rod system. Table 1 shows the rotational characteristics of the joint bearings.

Table 1. Rotational characteristics of joint bearings.

Direction Translation
Tx

Translation
Ty

Translation
Tz

Rotation
Rx

Rotation
Ry

Rotation
Rz

Freedom stiffness stiffness stiffness 0–5◦ arbitrary 0–5◦

According to Table 1, the deflection angle of the tie rod is restricted by the distance D
between the tie rod lugs. The larger the distance between the lugs, the greater the angle
that the joint bearing can deflect. The tie rod used in this paper has rotational freedom of
0–5◦ in the XOY and YOZ planes and unrestricted rotation in the XOZ plane. During actual
installation, the tie rod lugs at both ends must be arranged vertically, as shown in Figure 5.
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Figure 5. Diagram of tie rod lug.

As shown in Figure 5, the connection between the tie rod and the duct system mainly
adopts the method of a six-degree-of-freedom constraint connection through welding the
tie rod lug base and the duct system surface.

The spherical sliding bearing of the tie rod was implemented using the “Ball Joint” in
Workbench, and the modeling schematic is shown in Figure 6.

As shown in Figure 6, the displacement degrees of freedom of the spherical bearings
can be constrained by the “Ball Joint” element, while other degrees of freedom are released.
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Figure 6. Tie rod spherical bearing finite element model.

2.4. Ball Joint

The ball joint is a metallic element used for thermal compensation and increased
flexibility in air duct systems. As shown in Figure 7, the ball joint consists primarily of
bellows, a guide, and a restrictor. Under the action of the bending moment, this component
has lateral rotational freedom with a maximum deflection angle of 5◦, no freedom of torsion,
and flat motion.
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The ball joint was mainly simulated in Workbench by restricting the degrees of freedom
of movement of the ball joint. The model and schematic diagram are shown in Figure 8.
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joint constraint.

3. Numerical Simulation
3.1. Mesh

In this paper, the ANSYS Mesh module was adopted to generate the mesh, and
the mesh is tetrahedral. Before conducting numerical simulations, mesh independence
verification was performed on the model. The initial target mesh nodes were 119 thousand,
166 thousand, 207 thousand, 325 thousand, and 481 thousand. Figure 9 shows the results
for different mesh sizes. Stress at the lug connection tended to stabilize when the nodes
exceeded 207 thousand, and there was no significant change in the results with increasing
mesh size. Therefore, considering the mesh density and computer performance, in this
paper, the nodes were set to 207,003.
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3.2. Material Properties

The duct material is a high-temperature alloy (Inconel 625 manufactured by Shanghai
Monel Special Alloy Co., Ltd., Shanghai, China), and its material properties are shown in
Table 2 [29,30].

Table 2. Material properties of Inconel 625.

Temperature
(◦C)

Yield
Strength

(MPa)

Young’s
Modulus

(MPa)

Poisson’s
Ratio

Thermal
Expansion
Coefficient
(×10−6/◦C)

Density
(kg/m3)

21.11 655.0 205,471 0.28 12.744 8442.37
37.78 654.8 199,955 0.28 12.751 8442.37
93.33 653.8 190,992 0.28 12.751 8442.37

148.89 652.2 183,407 0.2817 12.830 8442.37
204.44 649.7 179,960 0.2842 12.971 8442.37
260.00 645.8 176,512 0.2864 13.111 8442.37
315.56 639.8 173,754 0.289 13.284 8442.37
371.11 630.5 171,686 0.2922 13.471 8442.37
426.67 616.4 170,307 0.2956 13.660 8442.37
482.22 595.4 168,238 0.2998 13.846 8442.37
537.78 565.1 166,859 0.3049 14.065 8442.37

3.3. Boundary Condition

Considering the material parameters and the actual operating conditions within the
aircraft envelope, 315.56 ◦C, 426.67 ◦C, and 537.78 ◦C were chosen as the characteristic
temperatures for the calculations in this paper. In addition, the duct characteristics at 537.78
◦C and duct internal pressures of 1 MPa, 1.5 MPa, and 2 MPa were investigated.

3.4. Numerical Calculation
3.4.1. Research Methods

Since the above-established model involves elastic–plastic deformation and contact
problems, Static Structural and its built-in Newton–Raphson method [31–37] were used
to calculate the von Mises stress of the duct system [38–43], and stress calculation results
were obtained under the characteristic operating conditions of the duct system [44].

3.4.2. Variable Temperature Conditions

With the gauge pressure at 0 Pa in the duct, the stress distribution contours of the duct
system at various characteristic temperatures are shown in Figures 10–12.
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According to Figure 10, under atmospheric pressure conditions, stress concentration
was observed at the tees and bends of the duct system due to the high temperature. The
main reason for the phenomenon mentioned above is the thermal expansion deformation
of the duct, and the internal force distribution was more concentrated in the locations
where the spatial curvature or gradient of the tees and bends had changed noticeably. The
thermal expansion displacement caused by a high temperature promoted the expansion
deformation of the entire annular duct system towards the outer side of the envelope surface.
Meanwhile, since the tee is located in the middle of the duct system, the effects produced
by the three branches were superimposed, leading to a very obvious concentration of
secondary stress. Moreover, as shown in Figures 10–12 with the temperature changing
from 315.56 ◦C to 537.78 ◦C, the stress concentration phenomenon became more prominent
at the position of structural discontinuity, and the maximum stress increase occurred in the
tee area of region A at 56.572 MPa.

Furthermore, it is noteworthy that the stress at the connection between the tie rod
lug and the duct system increased significantly with temperature variation, as shown in
Figure 13.
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Figure 13. Stress distribution at the lug connection.

According to Figure 13, the stress at points E and G on the tie rod lug base was
significantly higher than that at points F and H, and the main reason for this phenomenon
is the rotational movement trend of the tie rod lug base around the FH axis, which caused a
squeezed state at point E and a stretched state at point H. The maximum stress of the base
increased from 375.62 MPa to 771.25 MPa, with an increase of 395.63 MPa, which exceeded
the yield limit of 565.1 MPa at this temperature. Specifically, at a temperature of 537.78 ◦C,
the stress in the duct system not only exceeded the limit but also caused separation and
failure of the structure.

3.4.3. Variable Pressure Conditions

At a constant temperature of 537.78 ◦C, the stress distribution contours of the duct
system under various characteristic pressures are shown in Figures 14–16.
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It can be seen from Figures 14–16 that the stress distribution of the duct system is
consistent with that in Section 3.4.2. As the pressure increased from 1 MPa to 2 MPa, the
maximum stress at the tee joint increased from 227.66 MPa to 359.77 MPa, with an increase
of 132.11 MPa. The stress concentration in this region was the most prominent, and the
maximum value appeared at the intersection of the tee joint axis due to the more severe
superposition of the outward expansion deformation at the tee joint after pressurization.

Furthermore, the stress at the connection between the tie rod lug and the duct system
increased overall, as shown in Figure 17.
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Figure 17. Stress distribution at tie rod lug connection.

According to Figure 17, the overall stress of the base increased significantly after
pressurization. The stress not only concentrated at the weld points on both sides of the tie
rod lug but also spread to the entire base, causing a large increase in stress on both sides of
the base in the direction of the duct path. The area where stress exceeded 325 MPa reached
half of the base. As the pressure increased from 1 MPa to 2 MPa, the maximum stress
fluctuated between 754 MPa and 776.34 MPa. This is because the pressure did not directly
act on the base, but it still exceeded the yield limit of 565.1 MPa. It is worth noting that the
separation failure phenomenon of the base was alleviated because the duct expanded after
pressurization, further fitting the contact surface of the base.

4. Redesign
4.1. Redesign Solution

Due to the excessive constraint caused by the direct welding of the tie rod base, a
sleeve-type tie rod structure is proposed in this paper. The tie rod base is installed on a set
of ducts, and there is a gap between the sleeve and the original duct. The model is shown
in Figure 18.
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Figure 18. Schematic diagram of optimized design.

According to Figure 18, the proposed solution preserves the space between the sleeve
and the duct, but the sleeve does not change the main direction of the external force acting
on the duct when the duct undergoes axial deformation during operation. This avoids
stress concentration at the tie rod lug base and prevents stress distortion in the duct caused
by changes in force. Since the connection method is no longer welding, the additional load
on the sleeve is borne by the tie rod itself and does not have a significant impact on the
duct. At the same time, it can also reduce the natural frequency of the duct [45].

4.2. Results and Discussion
4.2.1. Variable Temperature Conditions

With the gauge pressure at 0 Pa in the duct, the stress distribution contours of the duct
system at various characteristic temperatures are shown in Figures 19–21.
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The stress concentration phenomenon in the duct system is noticeably improved by
using the sleeve-type tie rod structure, as shown in Figures 19–21. The maximum stress
at the temperature of 537.78 ◦C was reduced to 1.36 MPa, and the overall stress of the tie
rod and sleeve was also reduced to below 25 MPa. However, the stress concentration in
region B increased slightly after the flexibility of the duct segment at the connection was
improved, reaching 86.321 MPa at 537.78 ◦C. After optimization, the stress in the duct



Appl. Sci. 2023, 13, 9519 11 of 15

system at various characteristic temperatures is in accordance with the design requirements.
The original problem of structural separation and failure has also been solved.
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4.2.2. Variable Pressure Conditions

At a constant temperature of 537.78 ◦C, the stress distribution contours of the duct
system under various characteristic pressures are shown in Figures 22–24.
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As illustrated in Figures 22–24, no notable alterations were observed in the stress
distribution of the duct system following pressurization; however, there was a shift in the
location of the maximum stress point towards the outer region of the tee envelope. With an
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increase in pressure from 1 MPa to 2 MPa, the maximum stress rose from 330.44 MPa to
459.25 MPa. Nevertheless, it should be noted that the stress levels within the duct system
still comply with the design requirements. It is worth noting that the stress of the duct
system is more influenced by temperature rather than pressure.
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4.3. Comparison and Analysis

As shown in Figures 25 and 26, further quantitative comparative analysis was per-
formed on regions A, B, C, and D.
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As shown in Figures 25 and 26, the effect of temperature on the stresses in the duct
system is greater than the effect of pressure on the stresses in the duct system. It is
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noteworthy that the self-compensation phenomenon of the bend structure in region D
under variable pressure conditions is more noticeable because the alterations of the tie
rod connections make the duct system more flexible. Although the local stress in this
region rose by about 13%, it was always much less than the yield limit of 565.1 MPa. The
obtained research results highlight the significant stress relief capability of the proposed
sleeve-type tie rod for the duct system. Particularly, the change in the tie rod connection
method effectively diminishes the stress exerted on the original tie rod contact surface
while enhancing stress distribution in various areas, such as bends and tees, across the
entire duct system.

5. Conclusions

As a critical component of the duct system, the tie rod plays a vital role in ensuring
the safety and reliability of the overall system. In this paper, thermal stress analysis of a
specific engine duct system was conducted using the finite element method in an attempt to
investigate the impact of temperature and pressure on the stress characteristics of the duct
system. Based on these findings, a sleeve-type tie rod connection structure was proposed,
and its influence on the stress characteristics of the duct system was thoroughly analyzed
and validated. The following conclusions were finally obtained:

(1) Under atmospheric pressure conditions, as the temperature increased from 315.56 ◦C
to 537.78 ◦C, the maximum stress of the duct system increased from 375.62 MPa
to 771.25 MPa. When the temperature was maintained at 537.78 ◦C, the maximum
stress of the duct system fluctuated between 754 MPa and 776.34 MPa as the pressure
changed from 1 MPa to 2 MPa. The stress of the duct system varied significantly with
temperature.

(2) Owing to the limited rotational freedom of the conventional spherical bearing at
the tie rod end, a high level of restraint exists between the tie rod and the duct
system, particularly at their contact position. In the case of the investigated air duct
system, when the temperature reached 426.67 ◦C, the stress reached 590.61 MPa, which
exceeded the yield limit of 565.1 MPa. However, the high temperature experienced in
the engine air duct system often exceeds this limit, and the duct stress will be worse
when high pressure is exerted.

(3) The problem of limited tie rod freedom is effectively addressed by the proposed
sleeve-type tie rod as it allows for the release of axial displacement of the duct system
at the tie rod position. Particularly during instances of significant deformation in
high-temperature ducts, it can mitigate the additional force exerted by the tie rod
on the duct system. Under the worst-case scenario of 537.78 ◦C and 2 MPa as an
example, the sleeve-type tie rod proposed in this paper can reduce the stress at the tie
rod connection from 757.61 MPa to less than 25 MPa, a reduction of more than 96%.
The original tie rod tearing problem is solved, and the maximum stress of the whole
duct system is reduced to 459.25 MPa, which is below the yield strength. Expanding
the degrees of freedom while avoiding excessive constraints remains the best strategy
for mitigating thermal stresses, and this principle is equally applicable in all cases.
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