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Abstract. The subject of this publication is the identification of basic flow parameters and flow structures in
the seal experimentally and compare them with CFD results. A straight-through seal with two leaning fins
and smooth or honeycomb land was analysed. The sealing concept is characteristic for the tip seal of the last
stage of an aircraft low-pressure turbine. Due to the limitations of the test rig the analyses presented here were
conducted on a highly simplified, stationary model of the seal itself, with an axial inflow and no curvature in
the circumferential direction. The characteristics of the discharge coefficient as a function of the pressure ratio
for different clearances and the pressure distribution along the seal, for different pressure ratios are presented.
In addition, an attempt was made to visualize the flow using the schlieren technique. The main idea of
application schlieren photography was to observe the vortex and separation structures occurring during the
flow through the labyrinth seal, which is the major source of pressure losses. CFD calculations were carried

out using the Ansys CFX commercial code.

1 Introduction

Ever increasing demand for high efficiency and low
emission solutions in aerospace enforces significant
efforts on engineers and scientists. Perfecting the aero-
engine compartments is one of the areas with a significant
impact on turbomachinery performance. Research by
Rosic & Denton [1] shows 2% of turbine efficiency drop
due to internal leakages. The labyrinth seals are the most
popular solution to eliminate or regulate the leakage in
aero-engines. Despite the fact that state-of-the-art sealing
solutions such as brush seals or finger seals reduce
leakage much better [2], labyrinth seals are favoured
mostly due to resistance to high temperature, high-
pressure ratios, high speed, rubbing and solid particles
contamination [3]. Historically, a significant effort in
labyrinth seals evaluation, including experiments [4-6],
CFD calculations [7-10] and analytical methods [11-13]
have been presented in the literature. The research to
evaluate and assess labyrinth seals works has been going
on since the 1970s when Detroit Diesel Allison performed
some of the first experimental campaigns [14]. The first
CFD calculations were performed [15, 16], using 2D
models. Later on, 3D models were applied for various
sealing solutions, with recently deployed LES methods
[17, 18]. Recently labyrinth seals are often applied with
hole-patterns against it, for instance, honeycomb. Hole-
patterns cause some difficulties in mesh generation, hence
the ideas for simplifying these structures during the
numerical modelling. In [19] the honeycomb structure
was replaced by square holes, to simplify the geometry,
and lower the computational cost during optimization.

The most popular parameter used for the seal
performance evaluation is the discharge coefficient Cp:
m
CD - Mideal (1)
defined as the ratio of mass flow occurring in the seal to
Mideat, @ theoretical isentropic flow through the clearance
described by the relation for an isentropic flow through a
nozzle:

. PoAnom 2k 1\2/x 1\ (k+1)/K
=2 [ [0
The leakage highly depends on clearance size, and flow
direction.

The studies presented here were a part of the research
of the rotor tip seal of the low-pressure part of an aircraft
engine turbine. Some parts of the research were described
in [20-23]. The main goal of the research was to improve
the efficiency of the analysed seal. Works within the
research included numerous experimental studies and
CFD analyses. In the part of the research, which is the
subject of this publication, the focus was on the
identification of the main flow parameters and flow
structures in the seal on the test rig using the schlieren
technique and comparison of the obtained results with the
results of CFD analyses. The flow field and discharge
characteristics were evaluated utilising commercial CFD
tools, such as ANSYS CFX and the in-house experiment.

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution
License 4.0 (http://creativecommons.org/licenses/by/4.0/).
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2 Methodology

2.1 Investigated geometries

The seal analysed in this paper is a straight-through
configuration with two fins. The labyrinth with smooth
land (Fig. la) and honeycomb land (Fig. 1b) was
investigated. The fins are inclined towards the inflow. The
dimensions of the labyrinth as well as of the land structure
can be found in [22].
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Fig. 1 Investigated sealing configurations: a) labyrinth with
smooth land, b) labyrinth with honeycomb.

The analysed labyrinth configurations included a
variety of load (pressure ratio) and clearance size, but the
nominal operation point was for m = 1.16 and clearance
s =0.75 mm.

2.2 General computational approach

The numerical simulations for presented in Fig. 1
configurations were performed using the ANSYS CFX
code. The numerical study presented in the paper focuses
on the sealing structure only. The other structures
commonly present together with the seals, such as inlet
and outlet cavities are not evaluated here. The reason to
simplify the computational domain was to keep it the
same as in the experimental setup, where the inlet and
outlet cavities are not taken into account.

An exemplary model of the labyrinth seal with facing
is presented in Fig. 2. The width of the domain model is
determined by land structure periodicity. For example, in
the honeycomb land, the flow domain width is equal to
two honeycomb cells. Therefore, the translational
periodicity condition is assumed in the lateral areas of the

computational domain. To obtain a uniform velocity
profile at the inlet, an extra inlet channel is added to the
seal area. Because a strong jet is formed downstream of
the last fin clearance, causing a substantial disturbance to
the outlet zone and creating large vortex structures, the
outlet channel is also lengthened. At the ends of the
channel extensions, the inlet and outlet boundary
conditions are specified. Generally, the land area and the
main channel (sealing, inlet and outlet channel) are
prepared as separate domains because of the meshing
strategy. Appropriate surfaces of these domains are joined
using the General Grid Interface method, which permits
non-matching of the element node location. On the
domain remaining surfaces (top and bottom ones and on
the walls of the honeycomb cells) the adiabatic wall
conditions are assumed. The mesh has been checked with
respect to its sensitivity to the refinement. More details on
the CFD approach applied to this problem was described
in the paper [24].

. _-Outlet
Translational Periodicity

*.__Domain interfaces

Fig. 2 Computational domain.

The flow is steady and adiabatic. The two-equation k-
® SST turbulence model is chosen. The energy equation
includes the viscous work term. The higher-order upwind
advection scheme is selected to solve the governing
equation system. Following boundary conditions were
applied: inlet parameters were specified as total pressure
and temperature (101.325 kPa, 288.2 K), at a direction
normal to the boundary. Walls were treated as adiabatic
and smooth. Static pressure defined the outlet boundary
condition, with the blend profile of 0.05. It varied from 50
to 95 kPa. Air treated as an ideal gas, with Sutherland
formula for viscosity change was the working fluid. The
boundary condition at the outlet is the mean value of static
pressure, which depends on the conditions of the seal
operation. The labyrinth seal loading is evaluated by
pressure ratio 7 which is defined as:

Po
m= 3)
where p; is outlet static pressure and py is the inlet total
pressure.

2.3 Experimental approach

The experiment was realised using a test section with a
vacuum installation. A testing approach based on
atmospheric air supply guarantees precise determination
of stagnation parameters at the inlet section and no
thermal deformation of a specimen. The static
temperature during the test was in the range of 5 — 25°C,
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which guaranteed unchangeable sizes of the clearance and
constant shape of the fins. The vacuum in the system is
generated using a Roots blower with the output of 12.4
Nm3/min. The pressure vessel with the 3 m3 capacity
compensates the pressure fluctuations and stabilises
parameters downstream of the test section. On the test
section side, the air is sucked in through a 4 m long inlet
pipeline. In this point, first flow measurement is
performed using the hot wire anemometry probe (HWA).
Next, the air flows through the test section. After the air
leaves the testing section, it expands and gets into the
outlet pipeline, where the second HWA probe and an ISA
orifice plate are installed. The mass flow measurement
applied in three points guarantees high accuracy of seal
leakage determination. It also makes it possible to detect
potential leaks in the installation.

Fig. 3 Test rig cross-section.

Fig. 4 Labyrinth and the facing specimen area with the holes
for pressure measurements.

The cross-section of the rig shows its components, as
presented in Fig. 3. A quasi-2D approach of the labyrinth
seal was applied — stationary specimens were used
without keeping the circumferential curvature. As proved
in previous works [19, 25], as well as from own
experience, this approach ensures adequate accuracy in
determining flow parameters. It can also be related
successfully to axially symmetrical geometries. The
results of the experimental works [26, 27] proved that a
stationary configuration can be used with great accuracy
if the flow velocity over the labyrinth fin is higher than
the rotor tangential velocity in the labyrinth area (u/c. <
1 condition is satisfied) which in practice concerns the

aero-engine low-pressure turbines as well as heavy-duty
turbines because of a relatively low rotational speed.
Apart from determining leakage for a given structure, the
test rig also enables the measurement of the air pressure
distribution along the labyrinth seal, as presented in Fig. 4.
In every case, there are 10 — 12 points in every labyrinth-
facing specimen where the static pressure value is
measured. The pressure ratio =, defined by the formula
(3), is calculated as ambient pressure divided by static
pressure measured in the last pressure tap, downstream
the labyrinth. The pressure ratio during CFD calculations
was established in the same manner i.e. using the static
pressure value from the location corresponding with the
last pressure tap location. The width of the test rig is
240 mm, what with clearances of 1 mm and less causes
that the effect of the side walls boundary layer is
negligible. The model adopted for the CFD study differs
insignificantly when compared with the geometry
deployed in the experiment. There is a small step before
the labyrinth Fig. 4, which is a result of the need to regulate
the clearance and is very small in relation to the height of
the entire channel. The step is located in the bottom part
of the channel, which, as it appeared from previous
experience, has a negligible effect on the flow in the seal,
because the jet flowing on the first fin is formed
continuously before the clearance. The influence of the
inlet nozzle location and its shape was numerically
examined at the design stage of the test rig. The change of
Cp value was lower than 0.2% and therefore neglected.

Fig. 5 Test section with schlieren apparatus.

2.4 Schlieren optical flow field measurement

Apart from the mass flow characteristics and pressure
distribution along the seal, the test section brings about
the flow field visualisation with schlieren technique. The
standard implementation of a schlieren system uses light
from a single collimated source shining on, or from
behind, a target object, lens, schlieren knife and receiver -
camera. Variations in refractive index caused by density
gradients in the flowing fluid distort the collimated light
beam. This distortion creates a spatial variation in the
intensity of the light, which can be visualized directly with
a shadowgraph system. The main advantage of this
method is its non-invasive idea, short time of
measurement and simplicity. Fast Speed Camera Phantom
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Miro C110 has been deployed to capture the flow field. It
achieves up to 800 frames-per-second (fps) at full 1.3
Mpx resolution of 1280x1024, and up to over 29,800 fps
at smaller resolutions. In this case, the light source was
NANOLITE Nanosecond-Flash lamps. The main idea of
application schlieren photography was to observe the
vortex and separation structures occurring during the flow
through the labyrinth seal, which is the major source of
pressure losses. Fig. 5 presents an overview of the
schlieren installation in the laboratory and Fig. 6 shows the
schlieren setup used for the presented study.
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Fig. 6 Schlieren setup scheme.

For the sake of comparison, so-called ‘numerical
schlieren’ results based on the CFD simulations were
compared with the experiment. The numerical schlieren is
defined as the absolute value of the density gradient on
the planar cross section in the flow domain.

Comparison of results for experimental and numerical
schlieren for honeycomb land raises some problems. The
point is that with this type of land, the flow structure is not
uniform in the circumferential direction and changes with
the change in the relationship of the honeycomb cell's
position and the sealing fin. It means that the jets behind
the seal fins and the swirls in the seal chambers will look
differently in different cross-sections in the
circumferential direction. This will also apply to the
density gradient and thus what we see in the images
presenting for the schlieren results. In the case of
numerical schlieren, the presented results show the
distribution of the density gradient in a specific cross-
section. In the case of an experiment, the presented image
is the result of the refraction of light in subsequent layers
of fluid along the entire width of the measuring chamber.

Detailed comparison of obtained images and
extracting specific conclusions from them is very difficult
and unjustified in this situation. Therefore, the schlieren
results presented in the paper are aimed at a very general
analysis of emerging structures, observing certain trends
and relating them to the numerical results presented in
selected axial cross-sections of the seal.

3 Results

3.1 Seal with Smooth land

The Cp value for the nominal conditions obtained from
CFD simulations amounts to Cp =0.589. The agreement
of CFD with experimental results is substantial (Fig. 7).

The result indicates the linear character of changes of the
Cp with pressure ratio and clearance.
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Fig. 7 Labyrinth seal with smooth land — experimental and
numerical discharge coefficient in function of pressure ratio.
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Fig. 8 Experimental and numerical static pressure distribution
— labyrinth against smooth land, clearance s = 0.75mm

The pressure distributions for different pressure ratios
along the seal are depicted in Fig. 8. The distributions
indicate the regions responsible for pressure loss, which
is the major mechanism responsible for leakage
limitation. They also suggest possible velocities in the
cavity and carryover effect. Presented results combine
computed and measured pressure distributions. The
pressure distributions are shown on the example of a 0.75
mm clearance. The highest pressure drop is always
observed at the first fin. When the pressure ratio rises, the
second fin contribution in pressure loss generation is more
significant. For clearances of 0.6 and 1 mm the
distribution looks very similar, the main difference is that
as the clearance decreases, the pressure drop on the first
fin increases and decreases on the second fin. Overall, the
contribution of the second fin is lower than 10% of total
pressure drop for low pressure ratios (n < 1.15), and
reaches up to 33% (s = 0.75mm) and 18% (s = 1mm) at
high pressure ratios © ~ 1.8, respectively. This means that
the carry-over effect increases with the increase of the
clearance and Reynolds number.

The experimental and CFD flow visualisation of
reference and optimised labyrinth seal is presented in Fig.
9. The figures indicate the density gradient maps at two
values of pressure ratio — low (1.16) and high (1.8), for
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the clearance of 0.75 mm. The same range of parameter
was applied to the results presented in the next case.
Therefore, some difference may be spotted, i.e. the
experiments do not show the circular vortexes between
the fins or downstream the second one. The CFD
calculations predict the circular one, while the experiment
shows significantly stochastic behaviour. Both methods
predicted strong bottom vortex in front of the first fin,
having a similar shape for both pressure ratios. Both
methods predicted expanding jet angle downstream the
labyrinth fin tips — which shows the place of higher
velocity and density change. The effect is stronger for
high-pressure ratios, and the mentioned angle is wider.

d)
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Fig. 9 Experimental a), ¢) and numerical b), d) schlieren
pictures for labyrinth with smooth land, at low (1.16) a), b) and
high (1.8) c), d) pressure ratios, clearance s = 0.75 mm

3.2 Seal with honeycomb land

The Cp value for the nominal conditions for the
honeycomb case amounts to 0.590. The experimental
results of the discharge coefficient distributions with
pressure ratio match well with the numerically predicted
data (Fig. 10). Slightly larger difference can be observed
only for the clearance of 0.75. The honeycomb case
results revealed behaviour specific for labyrinth seals with
cell structures — the discharge coefficient depends highly
on clearance size. It is higher for low clearances and
reduces with the clearance rise. This behaviour is opposite
to trends observed in the configuration with smooth land.
Similar behaviour was previously indicated by Alizadeh
[9], where the Cp raised by 40-50% after application of
honeycomb on the labyrinth seal with three straight fins.
The mechanism was also extensively described by
Schramm [28], where the experimental results presented
even 65% increase of leakage after the honeycomb was

applied. This experience shows that using honeycomb
may have a negative effect on the mass flow rate.
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Fig. 10 Labyrinth seal with honeycomb land — experimental
and numerical discharge coefficient in function of pressure
ratio.

The comparison of experimental and CFD results for
pressure distribution in the seal for clearance 0.75 mm is
depicted in Fig. 11 for different pressure ratios. The
computed results are collected from the top part of the
honeycomb land to be in agreement with the positions of
the pressure probes. Therefore, the lines of the pressure
distribution have characteristic step-like shape, which
reflects different pressure levels in the honeycomb cells.
In contrast to seal with the smooth land, here with
honeycomb land, the second fin plays a more important
role in pressure loss mechanism and leakage limitations.
The pressure drop on the second fin is around of 50% of
the overall pressure drop in the seal.
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Fig. 11 Experimental and numerical static pressure distribution
— labyrinth against honeycomb land, clearance s = 0.75mm.

The shape of pressure distribution in the case of
honeycomb land differs from the smooth case. The
damping effects of the honeycomb are clearly visible.
Moreover, the pressure drop in the area just behind fin tips
indicates locally lower pressure values than in area
downstream fin tips. The mentioned area corresponds to
the honeycomb cell, in which the pressure prevails. The
pressure above the fin can be substantially lower than in
area downstream of the labyrinth, especially for the higher
pressure ratios. The agreement of CFD results with
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pressure ratio experiment was substantial (Fig. 11). Due
to much lower jet velocity, the RANS model predictions
were more appropriate than in the structure with smooth
land.

side plane

side plane

Fig. 12 Experimental a), c) and numerical b), d) schlieren
pictures for labyrinth with honeycomb land, at low (1.16) a), b)
and high (1.8) c), d) pressure ratios, clearance s = 0.75 mm.

Fig. 12 shows the schlieren and CFD flow visualisation
of the labyrinth seal with honeycomb land. Similarly, as
in the smooth land case the schlieren photograph
presented instantaneous flow field, therefore, some of the
time-averaged flow field features may not be visible. As
it was explained earlier the schlieren photographs reflect
the changes in the flow structure extended along the width
of the labyrinth specimen (240mm), in contrast, the
numerical schlieren presents the values calculated on the
plane. Therefore, numerical schlieren views for every
case are represented on two planes. One is located in the
middle of the computational domain and the second on the
side of the domain. Generally, both planes intersect the
honeycomb structure in the middle of cells but the cells
are shifted by a half of the cell size in both planes.

Also in the area after the second fin, the flow is highly
turbulent. The eddy’s shape after the second fin depends
on the pressure ratio and reverses at high loads. This
reversal flow has an adverse effect on the leakage amount,
which is noticeable due to relatively low leakage at high
loads, previously indicated in Fig. 10. The experimental
schlieren presents much stronger turbulent structures in
front of the first fin. In addition, the effects of high value
of pressure ratio can be noted, with the air density
shadows originating from the trailing edge of the fins. It
is noticeable, that due to the honeycomb structure the
inclination of the jets just behind fins take place. The jets
are headed towards the central part of the cavity, which
enables stronger dissipation of Kinetic energy.

4 Discussions and conclusions

The characteristics of the discharge coefficient as a
function of the pressure ratio for different clearances and
the pressure distribution along the seal, for different
pressure ratios were presented. Important part was also
the flow visualization using schlieren technique.
Numerical and experimental investigations were
performed for straight-through seal with two leaning fins
and smooth or honeycomb land.

The agreement of CFD with experimental results is
good concerning discharge coefficient parameter. The
result indicates the linear character of changes of the Cp
with pressure ratio and clearance. The value of the
discharge coefficient increases as the pressure ratio
increases. In addition, in the case of a smooth land, the Cp
value increases as the gap increases. However, in the case
of the honeycomb land, the situation is reversed, the
smaller the clearance, the larger the Cp.

When it comes to pressure distributions, better
agreement of the numerical simulations with the
experiment was obtained for the honeycomb. In the case
of smooth land, a small share of the second fin was
observed in the overall pressure drop in the seal, which
indicates the importance of the carry over effect
characteristic of straight-through seals. Honeycomb
seems to eliminate this effect because the pressure drop is
similar on both fins. Similar conclusions regarding the
carry over effect can be drawn by analysing schlieren
results. Both in the case of experimental and numerical
tests, the jets behind the fins for a smooth land are
arranged more horizontally, which enhance the carry over
effect, while in the case of honeycomb they deflect
downwards, which gives a positive effect.

Schlieren pictures helped to understand the flow
behaviour better. The major difference between the
schlieren imaging and the CFD schlieren pictures is the
fact that schlieren spatially averages the flow field in the
direction perpendicular to the flow direction, and shows
instantaneous results. The computed by RANS model
numerical schlieren shows time-averaged results in
selected planar location, therefore some differences can
be seen, but the overall flow structures ale similar.

This work was supported by the Polish National Centre for
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