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INFLUENCE OF THERMO-MECHANICAL DEFORMATION
ON THE LABYRINTH SEALS EFFICIENCY

Paiez J.", Cizek M."*, Vampola T."**

Abstract: This paper describes the influence of turbine engine operating conditions on the labyrinth seals and
the related rotor and stator parts deformation. As the deformation due to centrifugal force and temperature
field increases, the radial clearance between the stator and rotor decreases, and thus the operating conditions
and efficiency of the entire turbine engine are changed. The paper presents a numerical calculation of the flow
and a finite element calculation of the deformation in two operating modes, as well as the calculation model
of labyrinth seals, which are often incorrectly used in research. Furthermore, the change of parameters
depending on the number of labyrinth seal stages in the axial direction is studied. The result of the study is the
dependence of efficiency on the size of the radial clearance and operating conditions.
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1. Introduction

During turbine engine operation, a number of thermomechanical effects occur on engine components due
to operating conditions. The components are stressed as a whole engine due to the operating conditions and
interactions. These effects are classified according to the mechanism of their occurrence and studied
according to the effects on the stress and deformation of the parts. It is clear that the influence of some
mechanisms, such as centrifugal loading due to rotation or thermal deformation of high-temperature loaded
parts, dominates. However, it is necessary to consider mechanisms that have a lesser influence on the overall
deformation and stress. These mechanisms may not have a significant effect on the safe operation of the
engine, but may have a positive or negative effect on the performance, efficiency, and maintenance of the
engine.

This paper presents a numerical study of the effect of operating conditions on the assembly of labyrinth
seals for aircraft turbine engines. These labyrinth seals are used to seal the high-pressure section of the
engine secondary flow path from the ambient pressure section. The reason for using labyrinth seals as
opposed to other sealing methods is the high speed of the rotor system, which in combination with the high
temperature and pressure of the flowing gas can reach more than 50,000 RPM. Last but not least, the reason
is that the equilibrium of the rotor system is not disturbed. The pressure efficiency of the labyrinth seals,
which can be defined in Eq. 1 as the static pressure drop with respect to the ambient pressure, has a
significant influence on the thermodynamic efficiency and losses of the entire turbine engine system.

Pout—Patm
= Pout7Patm 1
1 Pin—Patm M)
The seal assembly consists of a stator part and a rotor part, with the seal teeth on the shaft shown in Fig. 1.
The efficiency of labyrinth seals is determined by the flow rate of air through the seals and the related static

pressure reduction on the seal's outlet. A current vortex is created between the tips of the rotating teeth and
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the stator part, resulting in a reduction in airflow. The dimension of the radial clearance is then influenced
by this vortex and is therefore the most important design parameter of the seals.

Pressure and Temperature Probe

Flow
— >

Fig. 1: Labyrinth Seal Scheme
2. Methods

As mentioned above, when labyrinth seals are operated, the entire system is loaded with a combination of
mechanical and thermal loads. Radial clearance is chosen as the variable because its size has the greatest
influence on the pressure efficiency of labyrinth seals. The goal of the sealant teeth design is to minimize
this radial clearance while maintaining the safety and functionality of the entire system. The mechanisms
that cause the deformation of the blade disk and, consequently, the reduction of radial clearance are listed
in the following points.

- Due to centrifugal force

- Due to the disc temperature

- Force from inlet/outlet pressure difference

- On the teeth due to the temperature from the flowing gas in the rotating rotor
- From contact surfaces.

The centrifugal force of a rotating disk, which can rotate more than 50,000 RPM, has the greatest effect on
the deformation of the disk and thus reduces the radial clearance. Another mechanism that causes the
deformation is the thermal deformation, which corresponds to the heating of the disk by the flowing air to
a temperature higher than 300 [°C]. Last but not least, the deformation of the labyrinth seal teeth is
influenced by the temperature increase between the individual stages due to thermodynamic friction, as
published in (Cizek et al., 2021). The result is a decrease in radial clearance with the number of labyrinth
seal stages. The following table Tab. 1 shows the deformations depending on the operating conditions,
which are the inlet pressure of 200 [kPa], the inlet temperature, the rotation of the rotor
system over 50,000 RPM, and the increase of the thermodynamic temperature due to the friction of the
rotating surfaces.

Tab. 1: Deformation under operation conditions.

Inlet Temperature 15 [°C] Inlet Temperature 300 [°C]

Therm. Heating [°C]  Max. Deformation [pm]  Therm. Heating [°C] Max. Deformation [pm]

Inlet 0 - 0 -
Stage 1 0,9 14,9 1,2 178,8
Stage 2 2,6 15,9 3,7 180,0
Stage 3 3,8 16,7 5,1 181,1
Outlet 5,9 17,3 7,5 182,1

2.1. Computational Labyrinth Seal Model

The default computational model does not consider the disk operating conditions listed in the previous
chapter. A similar geometry for all stages is given and does not consider the thermal and mechanical
deformation that changes the dimensions for all stages and teeth. This model is very often presented in
scientific publications (Kim et al., 2009) and does not correspond to the real behaviour of the assembly.
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2.2. Deformed Labyrinth Seal

Under operating conditions, the computational model is deformed and thus its functional properties change
significantly. Due to the centrifugal force and thermal load, the disk is deformed and stretched in the radial
direction, reducing the radial clearance between the stator and the rotor. Due to the temperature rise caused
by the friction, there is non-uniform heating in the axial direction, so the deformation caused by the
thermodynamic temperature increases with the number of sealant teeth. In the following Fig. 1 and Fig. 2,
the temperature field and the disk deformation for inlet temperatures of 15 and 300 [°C] are shown.

Fig. 1: Deformed Labyrinth Seal — 15[°C].

Fig. 2: Deformed Labyrinth Seal — 300[°C].

Numerical Efficiency Results

The aim of the numerical analysis is to determine the partial static pressures and the associated efficiency
according to Eq. 1. In the following Fig. 3, the Mach numbers for the computational model and the
deformed model are shown.

Mach Number in Stn Frame Mach Number in Stn Frame

6.963e-01 8.529e-01
6.267e-01 7.676e-01

| | H’
Fig. 3: Mach num. of Comp. Model (left) Compared with Def. Model under 300/°C] (right).

The results in Fig. 3 shown a change in the distribution of the Mach number due to the reduction in radial
clearance and a related change in pressure and temperature field. The maximal value of Mach number shifts
to the inlet region, causing aerodynamic clogging at the first teeth of the seal. The resulting inlet — outlet
values of the static pressure, mass flow and efficiency parameters drop are obtained for the deformed and
computational models described above is shown in Tab. 2.
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The first, results for 2 undeformed models and 2 deformed models under operating conditions and inlet air
temperature of 15 and 300 [°C] is listed. The graphs of the temperature and efficiency parameters on the
flow direction are shown in the following Fig. 4 and Fig. 5.

Tab. 2: Results of Labyrinth Seal.

Deformed Labyrinth Seal Model Computational Labyrinth Seal Model

Pin [KPa]  Tin [°C] Ap [kPa] AT [°C] AQ [kg*s!]  Ap [kPa] AT [°C] AQ [kg*s™]
200 15 -44.9 59 5,14E-06 -59.,8 5,8 1,50E-05
200 300 -52,4 7,5 3,46E-06 -58,6 7,2 1,08E-05

Temperature [°C]
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Fig. 4: Num. results with inlet temp. T15deg Fig. 5: Num. results with inlet temp. T300deg

3. Conclusions

The influence of operating conditions on the efficiency and parameters of the labyrinth seal in the turbine
engine was presented. The computational model and the deformed model under operating conditions with
intake air temperature of 15 and 300 [°C] were compared. First, based on the numerical analysis, the
thermodynamic heating due to the friction of the vortices of the airflow in each stage of the labyrinth seals
was determined. Then, it was determined on the basis of the FEM model of radial deformation, which
reduces the radial clearance between the stator and rotor surfaces. Then, the pressure drop was numerically
calculated and the pressure efficiency of the labyrinth seal was determined. The results show that the
calculation of labyrinth seals must consider operating and thermodynamic conditions, which have a
significant impact on the size of the radial clearance and, in this case, have a positive effect on the efficiency
of the entire system. Moreover, an increase in temperature with the number of stages and a decrease in
radial clearance with the number of teeth in the axial direction are demonstrated. The results presented are
then experimentally investigated in a test setup under operating conditions.
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