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Abstract: In the following work, the assessment of the strength properties of the critical area of the
rotor stage of the turbine jet engine was undertaken. This is the place of fixing the blade in the rotor
disc. An important aspect of this issue are characteristic geometrical dimensions and operating
factors e.g., change in rotor speed. In this paper, the assessment of the strength properties of the
existing trapezoidal blade-disc connection was undertaken using parametric analysis considering
FSI. Virtual models of the compressor rotor stage were developed, including parametric blade-disc
connections and discrete models for FEM and CFD analyses. In the parametric analysis of the blade-
disc connection, one-way fluid-structure coupling was used. The parametric analysis was aimed at
assessing selected geometric parameters in terms of their impact on the maximum reduced stresses
in the blade root. It was examined how the adopted value of the friction coefficient influences the
maximum reduced stresses in the rotor stage of the compressor.
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1. Introduction

Issues related to the design of rotor systems, including compressors, are solved in many areas.
These areas are frequency analyses [1,2]. These studies, in addition to numerical analyzes, are carried
out by way of experiment. To eliminate overlapping frequencies of components, for example discs
and blades. The work of these elements in the same frequencies leads to fatigue problems. This issue
was developed in the work [3]. The paper proposed a three-dimensional equivalent notch model,
which proved to be more convenient than the traditional crack simulation model. The article presents
the effect of cracking on the strength of the rotor system. The vibration characteristics of the design
of the blade-disc connection structure were analyzed in the work [4] using cycle analysis method
with the aid of ANSYS software. The results show that under the influence of prestress, the stiffness
and natural frequency of the blade structures increased with a gradual increase in rotational speed.
This influence weakened when the rotational speed reached a certain range. Damage tolerance
analysis could be exploited more and more to study, understand, and calculate the residual life of a
component when a crack occurs in service [5]. In this paper, the authors are presented the results of
a systematic crack propagation analysis campaign performed on a compressor-blade-like structure.
The possibility of reducing the rate of crack propagation in low-cycle fatigue was investigated.
Another significant problem in compressors is the stall, which limits the operating range and stability
of the compressor and has a significant impact on the life of the rotor blades. In the article [6]
investigates the relationship between stall pressure wave and its induced non-synchronous blade
vibration, which will be meaningful for stall resonance avoidance at the early design phase.

Nowadays, there are works solving the problem of strength calculations of rotor assemblies
using artificial neural networks. In the article [7] the process of selecting and optimizing artificial
neural networks based on the example of determining the stress distribution in a disk-drum structure
compressor stage of an aircraft turbine engine. The presented algorithm allows the determination of
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von Mises stress values which can be part of the penalty function for further mass optimization of
the structure.

The critical area of the rotor stage structure of a turbine jet engine is the place where the blade is
attached to the disc rim. And this area is the main interest of the author in the following work. The
most common type of connection used in fans and rotor stages of axial compressors is a trapezoidal
root with a cross-section like an isosceles trapezoid. The method of attaching the blade depends
largely on the type of supporting structure. In the case of disc structures, the blades are fixed in
specially made channels parallel or diagonal to the axis of rotation of the engine, and in the case of
drum or drum-disc structures, in channels turned circumferentially [8,9].

The main dimensional loads in the root are centrifugal forces acting on the weight of the part of
the blade located above the root (they cause tension in cross-section and pressure of the mating
surfaces of the root and the disc rim) and aerodynamic forces acting on the blade, causing bending
and twisting. In the case of perimeter-fixed trapezoidal roots, the greatest tensile force acts in the 0-0
cross-section (Figure 1). The maximum tensile stresses in this section are a function of:

o, =f(F.b,c) 1
where F, is the resultant loading force of the part of the blade above the section of dimensions b and

c[10].
T Fr

Figure 1. Scheme of a perimeter-fixed trapezoidal root.

An important aspect in the methods of designing blade connections with discs is the use of
numerical methods and parametric models to optimize and assess the impact of specific variables on
the strength and operation of such a structure [11-18]. Parameters, in this case, may be characteristic
geometric dimensions and operating factors, e.g., such as rotational speeds or pressures affecting the
distribution of aerodynamic loads acting on the blade.

Considering several types of loads require the use of advanced tools, such as coupled analyzes
examining the fluid-structure interaction (FSI). An example of the use of FSI coupling in the analysis
of rotor assemblies is a publication by Sun Tao et al. [19], where the authors presented the
methodology of mentioned method in the analysis of the centrifugal compressor rotor stage and the
impact of the applied coupling on the stress distribution in the rotor blade.

In the following work, the assessment of the strength properties of the existing trapezoidal
blade-disc connection was undertaken using parametric analysis considering the FSL. The analysis
was based on the relationship between the selected geometrical parameters and the maximum
stresses reduced in the structure. The analysis algorithm is shown in Figure 2.
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Figure 2. Parametric analysis algorithm with FSIL.

The main stages of the analysis included: development of a virtual model, including parametric
blade-disc connection and discrete models for FEM and CFD analyses, performing numerical
structural-flow analyses and applying them to the analysis of the parametric model.

2. Object of research

For numerical research, a virtual model of the rotor stage of the axial compressor was developed.
For this purpose, curves were used to map the scanned object, which was the blade of the high-
pressure compressor of turbine jet engine. First, the blade was modeled, and then the root. Due to the
small angle of twisting the blade, it was limited to a few of its cross-sections, which in this case was
sufficient to reproduce the correct geometry of the blade (Figure 3). It should be noted that in the case
of modeling planes, the appropriate number of curves should be selected to obtain a non-distorted
modeled surface. The high-pressure compressor support element with a disc-drum design was
mapped using the available engine technical documentation.

Figure 3. Geometric model of the rotor blade.

The developed geometric model of the compressor blade was also the starting point for the
preparation of a virtual model for numerical flow simulation. Taking into account the repeatability
of elements in the rotor stage (Figure 4a) and the fact that the Fluent program allows the use of
periodic boundary conditions, in the case of rotating machines, it was limited to the construction of
a small, repeating fragment of the rotor palisade (Figure 4b). These boundary conditions allow
interference between successive elements of the model to be considered. In the model under
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consideration, the compressor stage had 68 rotor blades, so the angle of the modeled design area was
5.29°.

(a) (b)

Figure 4. Geometric model of the rotor stage with the repeating slice (a) marked (in green), model of
the calculation domain of a single rotor blade (b).

Discretization of the rotor stage structure was limited to generating a finite element grid of the
slice (Figure 5a) including one blade (Figure 5b). Due to the possibility of using a condition of cyclic
symmetry. In addition, in sensitive areas of the structure, such as the connection area, appropriate
mesh compaction has been introduced (Figure 5c). The discrete model is shown in Figure 5.

(a) (b) (c)

Figure 5. Discrete model of compressor rotor stage: the repeating slice of the rotor stage model (a),
FEM model of blade (b), FEM model of disc (c).

The condition of cyclic symmetry [20,21] used in FEM calculations of rotating discs and blades
allows to shorten the calculation time. This is because that the cyclically symmetrical structure
contains sectors of repetitive shape, arranged circumferentially around the axis of symmetry. The
FEM model of such a construction is one basic sector divided into finite elements. The remaining
sectors are calculated based on the performance of the basic sector using the combined Fourier series
[20].

The boundary conditions for the CFD task were given during the creation of the design area
geometry and mesh generation (Figure 6). It consisted in indicating suitable surfaces in the
calculation area, representing selected boundary conditions [22]: Inlet (in the inlet to the compressor
stage) — in the boundary condition: Pressure Inlet; Outlet (in the outlet from the compressor stage) —
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in the boundary arrange: Pressure Outlet; Hub (disc/load-bearing structure) — in boundary condition:
Wall; Shroud (outer cover) — in boundary condition: Wall. In addition, because in the analyzed case
only the repeating element of the rotor stage was considered, the periodic boundary conditions were
imposed. They allow to consider the interference between subsequent elements of the model.

(a) (b)

Figure 6. Discrete model for CFD analysis: (a) non-structural mesh, (b) non-structural mesh in cross-

section.

3. Parametric analysis with FSI

FSI is a multiphysical study of the interaction of fluid that flows around the solid structure,
considering the effect of the reverse interaction, i.e., the impact of structural deformation on flow
parameters. Fluid-structure interaction is a method that requires the calculation with using
computational fluid dynamics (CFD) and the combination of fluid flow results with a structural
analysis model. Analyses of this type should be considered wherever the flow of fluid can exert
pressure as well as thermal load on the structure. The coupling allows fluids and structural models
to exchange information and shows how fluid flow can cause structure deformation (and vice versa,
how structure deformations can affect flow in the ambient zone). Modelling approaches may vary
depending on the degree of physical coupling between fluid and solid and the level of accuracy
required. When stresses and deformations are taken into account, the analysis includes data provided
by simulations from flow and structural analysis. The application of the appropriate FSI coupling for
analysis depends on the degree of physical coupling of the solution field between the liquid and the
solid [8,13]. Strongly physically coupled fields require strong numerical coupling. Full couplings are
then used. Solution fields that are relatively independent can be solved by using a weaker numerical
coupling, using one-way fluid-structure coupling.

In the parametric analysis of the blade-disc connection, one-way fluid-structure coupling was
used. In the first place, the pressure distribution on the blade was determined and then the resulting
data were implemented for structural analysis. ANSYS Workbench software was used for
calculations. A diagram of the one-way analysis is shown in Figure 7.
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Figure 7. One-way FSI analysis scheme in ANSYS Workbench.

The classic design of the high-pressure compressor rotor stage was tested. Considered two
characteristic speed ranges of turbine engines: the idle range (65%N2) and the maximum rotor speed
(100%N2). The parametric analysis was carried out to evaluate selected geometrical parameters in
terms of their impact on the maximum reduced stresses in the connection. Due to the condition of
maintaining the dimensions of the engine, parameters that could change the radial dimensions of the
rotor stage were not considered. The parameter P1 — width angle (i.e., the angle of inclination of the
side surfaces of the blade root) and the parameter P2 — angle defining the thickness of the blade root
were selected. They are presented in Figure 8.

Figure 8. Geometrical parameters of the blade root.
4. Results

4.1. Influence of the blade root width angle (P1) on the maximum reduced stresses

The parameter P1 defines the angle of inclination of the side surfaces of the trapezoidal blade
root. Table 1 shows the effect of changing the value of this parameter on the maximum reduced
stresses in the rotor stage of the axial compressor at fixed values of other parameters. The parameter
P1 varied from 92° to 98°. The assumed constant value of P2 was 1.26° 1.4° and 1.6° respectively.
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Table 1. Effect of P1 change on reduced stresses.

0, O,
65%N2 100%N2
500 1200
——— 150 [kPa] 200 [kPa]
. 580
= _ 1160 ——
= s i = <
& % 1120
g £
% 540 £
P2=1.26° £ g
. = & 1080
= 520 \_/ z
= c
5 5
= 500 = 1040
1500 [kPa] 200 [kPa]
480 1000
92 93 94 95 96 97 o8 @2 0 2 a5 % a7 .
P1 - width angle [] P1 - width angle [7]
680
1500
— 150 [kPa] 200 [kPa] 150 [kPa] = 200 [kPa]
. 660
£ _ 1460
= £
g 50 ® 1420
w &
= o &s g
P2=1.4° Zen < S \/
< v :
> 600 = 1330
580 1300
92 93 94 95 96 97 98 92 93 94 95 % 97 £
P1 - width angle [*] P1- width angle [°]
920 2100
e 150 [KPa] 200 [kPa) e 150 [Pa] s 200 [kP]
= BBD _ 2000
2 840 % 1500
s g
P2=1.6° £ s - — B
s - — =
5 £ —————-___________________________
> 760 = 1700

o4 95 =133 97 98 Q2 93 54 o5 96 97 =h]
P1 - width angle [*] P1 - width angle [*]

92

=)
5]

In the case of reduced stresses (Table 1) at P2 = 1.26° and 65% N2, the lowest values were
obtained in the range of variation of the breech width angle from 93° to 95°, while the highest values
occurred at the angle of 98°. Depending on the value of aerodynamic loads (150 and 200 kPa) they
were 500 + 540 MPa. Increasing the rotational speed to 100% N2 resulted in an increase in the
maximum stress values in the stage to the level of 1160 MPa at a pressure of 150 kPa and to about
1180 MPa at a pressure of 200 kPa. In the angle variation range from 94° to 96°, maximum reduced
stress values were obtained for a lower flow load (pressure 150 kPa). However, for a higher load of
200 kPa, the maximum values were obtained for the extreme values of the P1 parameter, i.e., 92° and
98°, and the lowest for the values of 95°.

For parameter P2 of 1.4°, the maximum stress values occurred for a width angle of 94° to 95°.
They did not exceed 630 MPa at idle speed. In the case of maximum rotor speed, the higher values
were occurred for P1=92° and over 1400 MPa.

Increasing the value of the P2 parameter to 1.6° had a significant impact on the character of the
course and the values of reduced stress for both assumed rotational speeds. Relatively high stress
values were achieved, especially at maximum rotational speed. The lowest values of about 1700 MPa
were obtained for P1 = 98° and the largest, over 1900 MPa for P1 = 92°. These are values that
significantly exceed the strength of the material used.

4.2. The influence of the blade root thickness angle (P2) on the maximum reduced stresses

The next stage of the parametric analysis included the assessment of the impact of changes in
the P2 parameter (thickness angle) on the stresses reduced in the structure, assuming constant values
of the P1 parameter. The results of the analysis are presented in Table 2. They include two rotational
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speeds (65%N2 and 100%N2), three values of the parameter P1: 92°, 94° and 98° and two flow loads

(150 kPa and 200 kPa).
Table 2. Effect of P2 change on reduced stresses.
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In all considered cases, the values of reduced stresses increased with the increase of P2. In the
first of the three cases considered, where P1 =92°, the reduced stresses increased from about 500 MPa
for P2 =1.26° to over 800 MPa for P2 = 1.6° at 65%N2. In the case of maximum rotor speed and P2 =
1.6°, the stresses value increased to almost 2000 MPa. The greatest growth occurred after the angle of
the thickness of 1.4° was exceeded. The pressure value also had an additional effect, with the greatest
differences visible in the range of large values of the P2 parameter (above 1.5°).

With the value of P1 = 94°, the smallest stresses occurred for parameter P2 in the range from
1.26° to about 1.4°. After exceeding 1.4°, stress value increased significantly. The course of parameter
changes is similar for both rotor speeds. In this case, increasing the angle of the blade root width
caused an increase in stresses by about 10% compared to the first case.

The value of the reduced stresses at P1 = 98° and rotational speed of 65%N2, varied from 500
MPa to about 800 MPa. The values of reduced stresses in the angle range (1.26°+1.33°) remained
constant and obtained 1170+1200 MPa at maximum speed (100%N2). Only after exceeding the value
of P2 =1.33° their values reach 1800 MPa.

4.3. Coefficient of friction

In the analysis of the classic structure, where the rotor blade and the load-bearing element are
connected by a root, friction occurring on the surfaces of contacting and cooperating elements plays
an important role. In the adopted methodology, they were considered by using in the calculations
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the appropriate type of contact, i.e., contact with friction, which in ANSYS software is defined as
Frictional [24]. The value of the friction coefficient defined in the program depends on the type of
material from which the cooperating components are made. Usually, this value is determined
experimentally, but a numerical solution can also be sought. To check how much influence, the
adopted value of the friction coefficient has on the maximum stresses reduced in the rotor stage of
the compressor, several numerical simulations were carried out. The load was assumed to be
centrifugal force set by the appropriate rotational speed of the rotor. The obtained results are shown

in Figure 9.
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Figure 9. Influence of the coefficient of friction on the maximum reduced stresses at different speed
ranges n [rpm].

The analysis was carried out in the range of the friction coefficient 0+0.5. The results are
presented for four selected rotational speeds, the values of which correspond to the actual operating
ranges of the turbine engine compressor rotor. In this case, the speed of 15183 rpm corresponds to
100%N2, i.e., the maximum rotational speed of the high-pressure rotor. Trend lines have a similar
course for rotational speeds less than the maximum rotor speed. The value of reduced stress
decreases with the increase of the coefficient of friction. It increases slightly after exceeding 0.35+0.4.
It is also seen that the local minimum changes with increasing speed. An increase in the coefficient of
friction from 0.1 to 0.3 causes a decrease in maximum stress values by about 5%, depending on the
value of rotation speed. It can also be seen that the increase in rotational speeds causes the optimal
point of the curve to shift towards higher coefficients of friction. Therefore, taking the friction
coefficient values in the range of 0.1+0.3 for the calculation will not critically affect the maximum
values of reduced stresses in the compressor rotor stage.

The above analysis also considered the case without friction, i.e., one in which the coefficient of
friction is equal to 0 (in ANSYS, the contact conditions adopted in this way are equivalent to another
available type of contact, the so-called Frictionless [24]). However, it should be remembered that this
is only a theoretical case. In an existing construction, in the blade-disk connection between adjacent
surfaces, there will always be at least minimal friction.
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5. Conclusions

A trapezoidal type of connection for circumferential fastening was analyzed, which is the most
used type of blade-disc connection in rotor assemblies of high-pressure compressors. The analysis
provided information on the influence of selected combinations of geometrical parameters P1, P2 and
the coefficient of friction on the course of changes and the values of maximum reduced stresses in the
compressor rotor stage. Two types of loads are considered. Mass load due to rotational speed and
aerodynamic load as pressure distribution on the blade.

For lower values of P2 and lower values of rotational speeds N2, the choice of the optimum angle
P1 should be related to the angle range P1 < 95°. Considering the maximum rotor speeds, the angle
P1 should be greater than 94°. It can be concluded that the parameter P1 should have a value of
about 95°. The effect of P2 on reduced stresses is more monotonic than P1. The aerodynamic load
analysis provided information not only on the influence on stresses, but also on the change in the
position of the load extreme, considering the tested parameters. Analyses of the influence of the
coefficient of friction showed the possibility of reducing stress by appropriate selection of this
parameter.

It can be stated that the obtained results specified the ranges in which the values of selected
geometrical parameters of the blade-disc connection should be located. They provided an important
indication in the field of manufacturing technology related to the need to maintain high accuracy of
the connection, because a small dimensional deviation significantly affects the values of stresses
reduced in the rotor stage.
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