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Abstract. This article presents currently obtained results from CFD analysis of the labyrinth seals of an aircraft turbine
engine. The process of describing a geometry, grid for numerical calculation and boundary conditions are described. Nu-
merical simulations were performed for the assumed boundary conditions. The presented results show total temperature
differences in labyrinth seals compared to published results. An experimental verification of the CFD analysis was also
performed to clarify the numerical simulation results. It was based on the labyrinth seal measurement stand. The final part

of this study is dedicated to the discussion and the following possible activities on this topic.
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Introduction

Labyrinth seals are an essential part of the engine with
a direct influence on the performance parameters. These
parts operate under demanding conditions, mainly high
temperatures and high-pressure ratios. This study de-
scribes the flow in the aircraft turbine engine labyrinth
seal and the subsequent results obtained by computational
fluid dynamics (CFD) calculation. Results were compared
with outputs from the measurements from the dedicated
test stand.

The labyrinth seal prevents a flow in secondary air sys-
tem of aircraft turbine engine. But there is certain level of
risk because of free cavity occurrence. This effect is gen-
erated between rotating and non-rotating parts, e.g., be-
tween the rotating shaft and shaft case (Sultanian, 2018).
It can further result in low machine performance. There is
a good reason for creating the most sophisticated design
of labyrinth seals applicable to aircraft engines (Kurzke &
Halliwell, 2018).

The labyrinth seal is contactless sealing. In general,
contact sealing like piston rings or other rings (Romanik
et al., 2019) are used. The disadvantage of contact seal is

that it cannot be directly applied in turbomachinery be-
cause of high speeds and temperatures. In turbomachinery
should be the blades, e.g., on top of the rotor, to prevent
flow out of blades or in the rotating shaft where contact-
less sealing is necessary. The labyrinth seal hardware is
often used and popular in engineering. The preliminary
study was conducted with steam turbines (Fiirst, 2016).
Differences between steam turbines and aircraft turbine
engines or gas turbines are in the magnitude of rotational
speed. The rotational speed of the steam turbine is approx.
5000 rpm (Sceglajev, 1983; Bloch & Singh, 2009). In the
aircraft turbine engine is approx. 40000 rpm (Sultanian,
2018; Kurzke & Halliwell, 2018; Kerrebrock, 1992). This
difference is used to assess the airflow in the labyrinth seal
because the difference and quality of sealing has a ther-
modynamic performance parameters influence (Kurzke
& Halliwell, 2018; Kmoch, 2002). It is also appropriate
to explain how the seal works. The labyrinth seal consists
of several cavities separated by teeth (Sultanian, 2018),
where circumferential swirl loses kinetic energy (Cizek
et al., 2020a). There are two approaches how to design the
labyrinth seal for the aircraft engine. The first approach is

*Corresponding author. E-mail: michal.cizek@fs.cvut.cz

Copyright © 2022 The Author(s). Published by Vilnius Gediminas Technical University

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unre-
stricted use, distribution, and reproduction in any medium, provided the original author and source are credited.


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3846/aviation.2022.16886
https://orcid.org/0000-0003-0641-5920
https://orcid.org/0000-0001-5217-6380
https://orcid.org/0000-0002-2203-9438
https://orcid.org/0000-0002-1382-8363

Aviation, 2022, 26(2): 96-103

to design the labyrinth seal on the rotating part, e.g., on
the shaft, and the second is to locate the seal on the non-
rotating part.

Today, the airflow numerical simulations are frequent-
ly used. Firstly, the 1D algebraic methods were used to
describe labyrinth seal behavior (Martin, 1908). The sig-
nificant expansion of simulation technologies was based
on the advancement of computers themselves. Currently,
simulation can be performed in different physical depths
based on available information and powerful computers.
The CFD technology is a calculation method that works
with Navier-Stokes equations (Ansys, 2016; Chorin, 1968).
The previous study related to labyrinth seals was using
steam turbine boundary conditions (Fiirst, 2016). Another
study where the labyrinth seal profile was analyzed is in
Ilieva (2016).

Numerical investigation of the thermodynamic pa-
rameters with high rotating speeds were analyzed is in
Jia et al. (2019). The preliminary study dealing with com-
binations of rotor teeth and high rotational speed is pre-
sented in Cizek and Pétek (2020). In this paper, the used
calculation method is described. A study comparing ro-
tor and stator teeth in higher rotational speed is stated
in Cizek et al. (2020b). The influence of labyrinth seal
teeth positions was also analyzed there. Results from both
papers are that the total temperature increased, and the
mass flow was eliminated through the labyrinth seal. It is
the primary reason why the labyrinth seal is used in air-
craft turbine engines and in all turbomachinery, e.g., gas
turbines. However, the above result is from CFD analysis
only and needs experimental validation. The labyrinth seal
validation in a real aircraft engine was described in Cizek
et al. (2020a). The particular measurement equipment was
used in Tong and Kyu (2009). Another approach of laby-
rinth seal testing is in Campagnoli and Desando (2019),
but the stepped non-rotating labyrinth seal was analyzed.
The stepped labyrinth seal measurement capability was in
Denecke et al. (2002).

The paper (Kerrebrock, 1992) describes the CFD study,
where the boundary conditions correspond with aircraft
turbine engine conditions. The motivation for this article
was to verify the CFD calculation results with results from
measurements. Previous research evaluated the calculated
data by the real aircraft turbine measurement (Cizek et al.,
2020a). Nevertheless, it is necessary to conduct an evalu-
ation in a specific measurement device that fully corre-
sponds with aircraft engine boundary conditions.

The article (Sultanian, 2018; Kurzke & Halliwel, 2018)
states that the total temperature in the labyrinth seal is a
constant value. This paper shows that the temperature in
the labyrinth sealing is behaving quite differently, it in-
creases.

The presented numerical results are validated by ex-
periments on a test stand. Such as they are helpful for air-
craft turbine design teams to consider material selection,
stress, and fatigue properties properly.
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1. Preliminary CFD study

The CFD calculation corresponds to the validation
measurement. It follows from the result of (CiZek et al.,
2020a) that the labyrinth seal’s radial clearance (RC) is
a dominant parameter. The RC is the area between the
non-rotating wall and the tip of teeth. RC does signifi-
cantly influence the good airflow sealing of labyrinth
seal — the larger the RC, the larger the airflow and vice
versa. When the RC is minimal, the air mass flow is min-
imal too. For a good comparison between CFD results
and results from measurements, the proportional radial
clearance (RCP) was defined by the following Equa-
tion (1):

RC

2 1
RCqy @

where RCcy is the radial clearance in the flow channel
(i.e. the area between rotating and non-rotating parts)
without teeth.

2. Geometry description of CFD model

The geometry consists primary of 3 3D conical segments.
The labyrinth seal volume (shown in Figure 1) is a non-ro-
tating volume with a rotational wall (i.e., there are non-rotat-
ing teeth in the figure below) containing a constant number
of teeth (i.e. #4 teeth in the Figure 1) and constant RCp.

Non-rotating

Figure 1. Geometry description

The inlet and outlet control volumes are defined in ge-
ometry for better stabilization of the airflow (the airflow
direction is from left to right).

3. CFD calculation grid

The calculation grid is an important and necessary part
that significantly influences calculation results. Before
generating the grid, a quality analysis of 3 variants of
mesh was created, which is in detail described in Cizek
and Patek (2020). Based on this result was created a spe-
cial grid with 2.8 million cells and a Y+ value is 0.69. The
hexahedral elements were used. Figure 2 shows a mesh of
grid elements for the labyrinth seal domain. The influence
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Figure 2. Grid elements used in calculation

function close to the wall describes airflow better, and the
mapped grid methods were used. The commercial ANSYS
Meshing software was used to define the grid. The Y+ val-
ue (ANSYS Help Viewer 18.0) and the number of cells and
the fact that the grid inflation in all of the walls was used.

4. Boundary conditions

The computational model’s boundary conditions setup
fully correspond with the measurement device, i.e., non-
rotating rectangle teeth and rotating smooth shaft (it is
described in the next chapter). The CFD calculation was
prepared in ANSYS CFX Pre software. The pressure of
0.25 MPa and temperature of 303 K were set up as in-
let boundary conditions — see point 1 in Figure 3. The
static pressure of 0.101325 MPa was set up as an outlet
boundary condition (see point 2 in Figure 3). The peri-
odic boundary conditions were set up on both sides of
all rectangular domains — see in Figure 3. The shaft speed
was defined as 35000 rpm. This speed corresponds with
EASA type certificate of the turbo propeller engine - see
(European Aviation Safety Agency, Type Certificate Data
Sheet, 2014). The interface conditions were used between
domains. The air ideal gas was set like a flow medium.

Outlet

Figure 3. Boundary conditions

Based on the literature search (Cizek & Pétek, 2020),
labyrinth seal calculation, Tong and Kyu (2009) - airflow
calculation of labyrinth seal, Subramanian et al. (2015) -
labyrinth seal airflow analysis, Selvaraji et al. (2007) -
optimization of labyrinth seal, Stoff (1980) - numerical
model and optical airflow measurement of labyrinth seal,
Wu and Andrés (2018), labyrinth seal mass flow predic-
tion (Ilieva & Pirovsky, 2019), the k-¢ turbulent model in
CFD calculation was selected. The variable timestep in
ANSYS CFX Solver is listed in Table 1.

Table 1. Calculation timestep

Number of iterations Timestep
1 1E-06
300 1E-05
500 le-04

5. Calculation result

The calculation converged in 1000 iterations. The residual
parameters (i.e., RMS P mass, RMS U-mom, RMS V-mom
and RMS W-mom) were less than 1E-03. Before conclud-
ing, it is necessary first to define the evaluation parameters
of the calculation. CFD calculation provides a lot of ther-
modynamic parameters. The calculation was made for two
variants of radial clearance RCp and 14 variants of rotating
speed. A proper assessment of the aircraft turbine labyrinth
seal is based on the static pressure (pg) and total temperature
(T¢) - Y-axis through the rotating speed (n) — X-axis. The
calculated constant speed points from bottom to top indicate
the number of teeth (i.e., in one constant speed row are four
points because there are four teeth) in labyrinth seal.

As an example, velocity vectors with static pressure
distributions are in Figure 4. The figure is from calcula-
tion where the rotating speed is # = 1000 rpm and RCp =
0.04. The figure shows, that the static pressure is decreas-
ing, which means that the sealing through the labyrinth is
working well. The velocity vectors show that the swirl is
developed. This fact supports the previously stated.

Figure 4. Velocity vectors and static pressure distribution
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Figure 5. Static pressure trendlines
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Figure 6. Total temperature trendlines
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For further details, the static pressure difference Apg
(based on Equation (2)) and total temperature difference
AT (based on Equation (3)) were calculated.

Aps = Ps; — Psrs 2)
AT =T —Tep, 3)

where values with index L means the last teeth in the laby-
rinth seal and index F means the first teeth in the laby-
rinth seal.

45 ~50000
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30 ~80000
AT 2 90000 Aps 4 ar, Rep=0.15
[KI 20 -100000 [Pa]
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Figure 7. Static pressure and total temperature difference

In Figure 5 are shown static pressure trendlines
through the labyrinth seal. In all of CFD result charts
(from Figure 5 to Figure 7) are two trendlines — the first
is for RCp = 0.04 and second for RCp = 0.15. As can be
seen from the Figure 5, it is clear that the pressure de-
greasing with different rotating speeds is approximately
constant. The main influence does have a radial clearance.
In Figure 7 are shown the pressure differences (based on
the Equation (2)). The difference values are negative be-
cause the static pressure in the first teeth is higher than in
the last teeth.

In Figure 6 are total temperature trendlines through
the labyrinth seal. From the trendlines, the total tempera-
ture increased with higher rotating speed and with smaller
radial clearance. Figure 7 shows that with the highest ro-
tating speed and the smallest radial clearance RCp, the
total temperature difference is 37 K and the static pres-
sure difference is ~110000 Pa. This finding contradicts the
assumption in Sultanian (2018) and Kerrebrock (1992),
especially that the total temperature is a constant value.
It is a reason why evaluation measurement was prepared.

6. Labyrinth seal measurement

Because the CFD calculation results (absolute temperature
difference) were novel and interesting for all engineer-
ing teams, it was necessary to obtain experimental data
to confirm such statement. The experimental device was
designed to test and measure the aerostatic bearings and
the labyrinth seal by the CTU FME team from Depart-
ment of Mechanics, Biomechanics and Mechatronics. This
test stand was primarily designed for force measurements
evaluated in the frequency domain. Therefore, it was nec-
essary to upgrade the test device according to the planned
activities.
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6.1. Measurement device description

As mentioned in the previous chapter, the specialized test
stand was used to physically model the behavior of the
labyrinth seal under defined conditions. The fastening
and setup system was adapted. Also, the testing device
was instrumented according to requirements on acquired
quantities for planned measurements. It mainly means to
install temperature sensors on defined positions and to
justify the mutual position of the stator and rotor.

The measurement device (Figure 8) consists of 3 parts:

1. The device case - It is a case in which is inserted the
labyrinth seal body;

2. The labyrinth seal body - It is a body where are the
non-rotating teeth;

3. The rotating shaft — It is a smooth shaft without
teeth. The shaft is inserted into the labyrinth seal
body and connected to the electrical motor via a
clutch.

The measurement device is shown in Figure 8, where it
should be visible the electrical motor (left side), the shaft
with clutch (including the safety cover) and the device
case (right side - red rectangle). The scheme of the device
case (coarse hatching) is shown in Figure 9. The labyrinth
seal body (fine hatching) was located on the stator of the
testing device. The rotor was than designed like a smooth
shaft (not in the picture). The pressurized air is distributed
from the external compressor directly to the middle part

Figure 8. Measurement experimental device with red rectangle
device case

Ambient conditions

1 Thermocouple 1 Thermocouple 1 Thermocouple

1 Static pressure 1 Static pressure 1 Static pressure
probe probe probe

&

Figure 9. Measurement experimental device
instrumentation scheme

Ambient conditions Pressure air flow




100 M. Cizek et al. Labyrinth seal CFD calculation and temperature measurement investigation

of the labyrinth seal body. The flow passes to the teeth
through the eight holes and is evenly distributed to both
sides (left and right), expanding to the ambient environ-
ment. The total temperature and the static pressure were
measured in the pressure inlet and on both sides (left and
right positions).

The static pressure (pg;) and inlet total temperature
(Tc;) were measured in position 1. In points 2 and 3 the
static pressures (pg, and pg;) and total temperatures (T,
and Tc3) were measured. Ch-Ni Thermocouples type K
with standard tolerance +2.2 K (Childs, 2001) were used
for temperature measurements. The static pressure toler-
ance was £10 Pa. The rotor RPM were sensed via induc-
tive type sensor. All quantities were acquired via DAQ sys-
tem based on NI CompactDAQ chassis, including relevant
modules.

6.2. Measured data

The measurement was scheduled for 14 steady-state points.
Each point was measured for the time of 180 s. This time
is acceptable because its value fully corresponds with the
assumption in Li et al. (2018). The revolution velocity step
was 500 rpm (Table 2). Based on Hughes and Hase (2010),
the Gaussian distributions of the measured variables were
plotted, and the distribution confirmed the measurement
and ruled out the errors (see Figure 11).
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Figure 10. Static pressure data plot
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Figure 11. Measured data Gaussian distribution

Table 2. Steady state points

Steady state point Rotating speed [rpm]
1 500
2 1000
3 1500
4 2000
5 2500
6 3000
7 3500
8 4000
9 4500
10 5000
11 5500
12 6000
13 6500
14 7000

At one steady-state point, the average value of all pa-
rameters from 180 s long data series was evaluated. The
2nd polynomial trendlines between the steady-state points
were used. Figure 10 shows approximately constant values
of static pressure. In the inlet is pressure of 253000 Pa, and
on the left side (index 3) the pressure is 96718 Pa and on
the right side (index 2) is 98500 Pa. Figure 12 shows the
total temperature increasing through the rotating speed.
In thermocouple 3 (T(;), the temperature increased to
300.8 K, and in thermocouple 2 (T,) the total tempera-
ture increased to 298.2 K in maximal rotating speed of
7000 rpm.

Aps = Psy3 = Psis (4)
ATe =Tey3 —Ter - (5)

The static pressure (Apg) and total temperature (AT)
differences are calculated by Equation (4) and (5). The
Figure 13 shows that the static pressure difference is ~-53 Pa

298
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296 §
295
294
293
292

T
% (%0 {1;70 e%o e%o J% J%O 7(?70 ?‘%0 %0 {YDO %0 6\% )%0

n[min-1]

Figure 12. Total temperature data plot
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Figure 13. Static pressure and total temperature data differences
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in both probes at all rotating speeds. The chart shows that
the measured static pressures are in constant value at dif-
ferent speeds. This is an expected value because the flow
expands to the ambient, and the static pressure probes are
closed to the ambient. The total temperature difference in
Figure 13 for the highest rotating speed is ~5 K in thermo-
couple 2 (AT(,) and ~8 K in thermocouple 3 (AT3). The
total temperature in thermocouple 2 increasing is higher
than in thermocouple 3 by ~3 K. The difference between
the thermocouples 2 and 3 is within sensor tolerance and ac-
ceptable. The measurement is thus correct because the error
is negligible compared to standard practice. Figure 11 shows
that the uncertainty is acceptable. Generally, the total tem-
perature difference corresponds with the CFD calculation.

6.3. Results discussion

The shaft revolution speed range was considered accord-
ing to the real aircraft turbine engine service conditions.
The unexpected result from CFD is related to the total
temperature behavior under different rotating speed re-
gimes. The temperature difference between the first and
last teeth is 37 K at a maximal rotating speed of 36000 rpm
with small proportional radial clearance RCP. The static
pressure difference meets expectations. The measurement
was scheduled based on CFD simulations activities. The
static pressure probes and the total temperature thermo-
couples in the inlet and the outlet of the measurement lab-
yrinth seal were used. The CFD and measurement static
pressure trendlines comparison are showed in Figure 12.
The total temperature trendlines comparison are visible
in Figure 13 for different values of rotating speed. The
comparison between CFD simulation and experimental
results for static pressure and total temperature absolute
values is also introduced. It is given by the measurement

108000
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boundary conditions, e.g., the pressure loss in inlet pres-
sure air. However, from the qualitative point of view, the
trend confirmed monitored quantities.

The CFD trendline with RCP = 0.15 (green line in
CFD charts) is in all previous charts because the geometry
fully corresponds with the measurement device.

The pressure loss in the inlet device is the reason there
are differences between measurement and CFD. The total
temperature differences between measurement and CFD
are negligible. All differences are shown in Figure 16.

The 2nd-degree polynomial trendlines of all param-
eters were used. In the Table 3 there are shown the con-
stants of the trendlines. The findings are as follows:

— The static pressure decreasing is evident from both
CFD and the evaluation measurement. It is confir-
mation that the labyrinth seal works properly - like
in CFD and measurement - exactly according to the
theory in Sultanian (2018);

- The total temperature is increasing. This is mainly
due to the relatively small proportional radial clear-
ance in the aircraft turbine engine, high rotational
speed (e.g., n = 36000 rpm) and fully developed ro-
tating swirl between labyrinth teeth.

330
325
320
315
T, K] 310
305

300

Figure 15. Total temperature comparison
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Figure 14. Static pressure comparison Figure 16. Static pressure and total temperature comparison
Table 3. 2 degree polynomial trendlines constants
Trendlines comparison A B C
Apg - CFD [Pa] 0.000003 -0.297887 -59643.107007
Apg, [Pa] -0.000006 0.071534 -154969.751085
Apg; [Pa] -0.000006 0.064439 -156725.597852
AT - CFD [K] 0.000001 -0.000086 0.539076
AT, [K] 0.000001 0.000241 2.526083
ATq; [K] 0.000001 0.000359 2.521404
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From Table 3 is possible to see that the constants are simi-
lar for both CFD and test results. Due to test hardware limits
(i.e. maximal rotational speed), it was not possible to reach
the maximal speed like in a real aircraft turbine engine in the
service. This circumstance is a good task for future research.

Conclusions

New knowledge about labyrinth seal behavior was ob-
tained and experimentally validated. The temperature in
the seal is not constant as it was stated in previous studies,
but the temperature increases with the radial clearance of
the seal.

The results presented in the paper are thus of funda-
mental importance for turbomachinery design. Especially
materials selection, dimensioning, stress and fatigue plan-
ning can be accomplished more accurately. This knowl-
edge can have a direct effect on aircraft performance pa-
rameters.

Further experimental validation in broader operating
conditions range will take place in new studies. Next re-
search activities will lead up mainly to vortex structures
description. The new methodology is being prepared for
this purpose.
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