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ABSTRACT

The correct prediction of labyrinth seal flows for the aerodynamic, thermodynamic, aeroacoustic, and aeroelastic design

of turbomachinery is of utmost importance for industrial purposes. Due to the complexity of labyrinth seals flows, state-

of-the-art RANS models for industrial application often fail to do so. A more accurate prediction of turbulent flows can

be provided by Large-Eddy-Simulations (LES). However, the requirements for LES of labyrinth seal flows regarding the

discretization of the computational domain are not known a priori but demand a careful validation.

Within this work, measurements of a rotating labyrinth seals test rig (RLP) were used for the validation of RANS (Reynolds-

Averaged Navier-Stokes) simulations and LES. The k−ω turbulence model in combination with a production limiter for k
in stagnation points yields an accurate prediction of the discharge coefficient. Nevertheless, all eddy viscosity turbulence

models tested have deficits. They yield a wrong prediction of the size of flow separation and recirculation up to 50%, the

mixing of the leakage jet, and the swirl imposed by viscosity of the fluid at the rotor surface up to 50%. The LES verifies the

deficits observed with RANS turbulence models and provides improved or even exact predictions of the flow. This requires

a DNS-like (Direct Numerical Simulation) spatial discretization of ∆x+ = ∆z+ ≤ 10 at the rotor surface. This stringent

requirement can be related to turbulent streaks in the boundary layer of the rotating disk that determine the production

range of k. Furthermore, the computational domain must have a size of at least 3.9 times the height of the seal blades in

circumferential direction in order to capture the dominant coherent structures in the flow.

INTRODUCTION

Further improvement of modern axial compressors and turbines requires consideration of unsteady aerodynamics and

secondary flows in the design process (Cumpsty, 2010). One source of unsteady flow-related losses in turbomachinery

is the interaction of the secondary flow system with the main flow. For example, the interaction of the cavity flow re-

entering the main flow path after flowing through the labyrinth seal of a shrouded rotor, causes mixing losses and increased

incidence at the downstream stator (Biester et al., 2012). This interaction is highly unsteady and influenced by the rotor

and stator potential fields. Even more critical is the fact that the flow in labyrinth seals can cause aeroacoustic resonance

and aeroelasticity issues which might end up in a complete failure of an engine. The prediction of such flows with RANS

equations and closure by linear eddy viscosity models is challenging, as can be seen in Henke et al. (2016), Giboni et al.

(2004), and many others. It is not clear yet, whether the poor overall prediction is caused by the prediction of the cavity

flow, the main flow, the mixing process, or all of them. The individual processes thus need to be investigated and validated

separately. The focus of this work is the cavity flow.

The integral loss of a labyrinth seal is given by the discharge coefficient

CD =
ṁ

ṁideal

. (1)

It relates the measured leakage mass flow rate ṁ to an ideal leakage mass flow rate ṁideal. The latter is defined as the mass

flow rate through an ideal nozzle

ṁideal =
ptot,inlet ·A√

Ttot,inlet
·
(

pstat,outlet
ptot,inlet

) 1
κ

·√√√√ 2κ

Ri (κ −1)

[
1−

(
pstat,outlet
ptot,inlet

) κ−1
κ

]
,

(2)
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Figure 1 (a) Longitudinal section through the test rig (rotated 90◦) with flow from left to right (Kluge et al., 2019).

Rotating components of the rig are highlighted in green. (b) Definition of geometric parameters. Models are not

shown at the same geometric scale.

where A is the cross-sectional area of the clearance. In applications like low-pressure turbines, the leakage mass flow rate

needs to be as small as possible to maximise the isentropic efficiency of the stage. The momentum and direction of the

leakage jet reentering the main flow path is of similar importance to reduce mixing losses (Mahle and Schmierer, 2011).

However, in turbine rim seals for example, a minimum leakage mass flow rate must be satisfied to prevent hot gas ingestion

into the secondary air system (Schaedler et al., 2017; Beard et al., 2016; Wang et al., 2013). It was shown by Wein et al.

(2020); Dogu et al. (2015); Tyacke et al. (2012), and others that most RANS models struggle to accurately predict the dis-

charge coefficient. Wein et al. (2020) also showed that even a good prediction of integral losses can come along with large

errors in the prediction of local losses and flow fields. The reasons for the poor prediction are not yet known and require

deeper analysis.

While measurements of the static pressure in a labyrinth seal are trivial, measurements of the velocity field in cavities are

challenging (Hain et al., 2019). Non-intrusive measurements like Laser Doppler Anemometry (LDA) by Denecke et al.

(2005) or Particle Image Velocimetry (PIV) and Particle Tracking Velocimetry (PTV) by Wein et al. (2020) offer valuable

insight into the flow field inside labyrinth seals. However, they still struggle to sufficiently resolve boundary layers and

high gradient flow like the leakage jet. For this reason, DNS and LES of labyrinth seal flows must be validated for the

development of improved RANS turbulence models and labyrinth seal designs.

Tyacke et al. (2012) conducted LES for a stepped labyrinth seal using the measurements published by Denecke et al. (2005).

They used multiple compressible and incompressible codes of at least second order accuracy. As could be expected, they

reported that too small computational domains influence the solution since the periodic boundaries are not de-correlated. A

size of five seal blade heights was proposed, but no characterization of the relevant scales was given. The flow was resolved

with a spatial discretization of ∆x+ = ∆y+ ≤ 20 and ∆z+ ≤ 60. They achieved fair predictions of the discharge coefficient
and more accurate predictions of the flow field compared to RANS. However, their LES still shows discrepancies com-

pared to the measurements. The normalized velocity in the leakage jet is overpredicted by up to 20% and the normalized

circumferential velocity is underpredicted by up to 10%. Due to the low spatial resolution of the LDAmeasurements, they

have limited possibilities to further analyse these deficits in the LES. In contrast, the measurements published by Wein

et al. (2020) provide much higher spatial resolution of the flow field in a straight labyrinth seal and the rig is closer to the

operating range of low-pressure turbines in modern aircraft engines. Consequently, in this paper we will use the PIV and

PTV measurements to validate LES of labyrinth seals flows and to identify the relevant scales that determine the required

spatial discretization.

EXPERIMENTAL SETUP

Adetailed discussion of the test rig and its associated measurement uncertainties was published by Kluge et al. (2019).

Additional information regarding the 3D-PIV and 3D-PTV measurements can be found in Wein et al. (2020). For com-

pleteness, a short introduction of the test rig will be given hereafter. A longitudinal section of the test rig is displayed in

Fig. 1(a). Boundary conditions for RANS simulations may be measured directly at the inlet and outlet measurement planes,

since they correspond to the inlet and outlet of the computational domain. A volute casing is used to impose a circumfer-

ential velocity component on the flow. Downstream of the outlet plane, a second volute is used to collect the flow. This

design ensures a high level of circumferential homogeneity in the flow field, which allows comparison of experimental and

RANS simulations in a partial model (Kluge et al., 2019). The disk rotates at 7000 rpm, leading to realistic circumferential

Mach numbers at the tip compared to low pressure turbines (Henke et al., 2016). The shroud of the disk has two sealing

fins of height h (see Fig. 1(b)), forming a straight labyrinth seal with an inlet cavity (K1), a vortex chamber (K2), and
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Figure 2 (a) Test cases for the validation of LES for labyrinth seal flows. (b) Time and horizontally averaged cir-

cumferential velocity in a Taylor-Couette flow with ReC = 10500. The DNS results are taken from Pirrò and Quadrio

(2007). The sampling error of the LES is less than 0.2% and is smaller than the size of the symbols.

an outlet cavity (K3). The aerodynamic design point is characterized by the following dimensional and non-dimensional

parameters, using air as the working fluid. The Taylor number is Ta =
2Uθ ,iH

ν

√
H
ri
= 2370, the axial Reynolds number is

Reax =
ṁl

µπri
= 17100, the Couette Reynolds number is ReC =

Uθ ,iH
µ

= 77065, and the inlet temperature is T = 298 K. In the

equations given before, Uθ ,i is the tangential velocity of the disk at its shroud, H the height of the cavity, and ri the radius
of the shroud (see Fig. 1(b)). µ is the dynamic viscosity which was was modelled according to Sutherland (1893) and ν the

kinematic viscosity.

NUMERICAL MODEL

For RANS simulations, the same numerical model, computational domain, solver, settings and boundary conditions

as in Wein et al. (2020) have been used. Therefore, we refer to Wein et al. (2020) for detailed information and focus on the

introduction of the LES model in this work.

LES of turbulent flows require that all relevant scales of the flow are resolved. Since the knowledge of turbulence in

labyrinth seals is vague, the aforementioned requirement is not trivial. Therefore, extensive sensitivity studies must be

performed, to quantify the influence of boundary conditions and spatial discretization on the results. In order to minimize

the computational costs, this sensitivity studies will be done with simplified test cases. The required spatial discretization in

the rotating boundary layer will be analysed based on a Taylor-Couette flow. Pirrò and Quadrio (2007) provided DNS results

with which we will validate our numerical model. The requirements regarding numerical stability and domain size will be

investigated in the vortex chamber of the RLP first, and will then be verified for the outlet cavity of the RLP. Comparability

of the results will be ensured by satisfying the same non-dimensional similarity parameters between all models. The test

cases vortex chamber and the outlet cavity satisfy the sameMa, Reax, ReC, and Ta compared to the RLP. The test case Taylor-

Couette was simulated with two different ReC. Firstly, with ReC = 10500 for which DNS reference data are provided by

Pirrò and Quadrio (2007) and, secondly, with the same ReC as the RLP. This methodology and the test cases are shown in

Fig. 2(a).

Domain and spatial discretization

For the Taylor-Couette flow the same setup as in Pirrò and Quadrio (2007) was used. The axial length is five times the

distance between both cylinders and in circumferential direction a domain size of 20◦ is used. Periodic boundary conditions
are defined in both directions. Block structured grids with O-Grids along the walls will be used for all LES simulations.

The non-dimensional cell size in wall normal direction is y+ is ≤ 0.6 at the wall and increases with a factor of 1.1 only. In

both axial and circumferential direction ∆x+ is ≤ 10 and ∆z+ is ≤ 10. In addition to this DNS-like resolution two coarser
grids with ∆x+ = ∆x+ ≤ 20 and ∆x+ = ∆x+ ≤ 40 will be validated against the DNS, keeping y+ and ∆y+ values constant.

For the vortex chamber a section from the RLP is used. The inlet is placed 1H upstream of the first throttling and the outlet

is located in the second throttling. The latter is extended to prevent a separated flow at the outlet and numerical instabilities.

Determining the size in circumferential direction is part of this studies. The size will be increased in steps starting from 1◦

until 15◦. At the inlet, the total pressure, total temperature, and swirl ratio are defined, neglecting turbulence. According to
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Tyacke and Tucker (2015) this is not expected to have a significant influence, since much of the turbulence kinetic energy

will be produced in the free shear layers of the leakage jet and the rotating disk. At the outlet a non-reflecting static pressure

boundary condition will be used. The blocking topology for the vortex chamber, the outlet cavity and the RLP are similar

to the RANS simulations and we refer to Wein et al. (2020) for details. Since the streamline curvature in straight-through

labyrinth seals is small, no benefit is expected from using stream-aligned grids, as proposed by Tyacke et al. (2012) and

Wein et al. (2017), to minimise numerical diffusion in stepped labyrinth seals. The non-dimensional cell size in wall normal

direction is y+ is ≤ 0.7 at the wall and increases with a factor of 1.1 only. A DNS-like resolution in axial direction of

∆x+ ≤ 10 and in circumferential direction ∆z+ ≤ 10 will be used.

The same spatial discretization and boundary conditions as for the vortex chamber will be used for the outlet cavity. The

computational domain starts 1H upstream of the second throttling in the RLP. It ends at the inlet to the diffuser, where a

wall static pressure measurement position in the RLP provides alternative outlet boundary conditions for CFD.

Tominimize the computational costs for LES of the RLP as much as possible, the domain ranges from the inlet measurement

plane until the inlet into the diffuser of the RLP (see Fig. 1). At the inlet, the total pressure, total temperature, and swirl ratio

according to the measurements in the RLP are defined. Again, inlet turbulence was neglected. At the outlet a non-reflecting

static pressure boundary condition will be used. In Fig. 1 a back chamber below the outlet cavity can be seen. It is sealed

at the bottom and at the top it is separated from the regular flow path by a narrow gap. Consequently, no significant flow

through is expected and this zone is excluded from the LES. Details on the mesh will be given below since they are a result

of the sensitivity studies. Uncertainties due to the small dimensions of the gap and associated measurement uncertainties

will be accounted for, as proposed in Kluge et al. (2019).

Solver and mathematical discretization

Steady-state simulations were conducted using TRACE (Turbomachinery Research Aerodynamic Computational En-

vironment) (Nürnberger, 2004; Kügeler, 2004), a flow solver for turbomachinery applications developed by the Institute

of Propulsion Technology of the German Aerospace Center (DLR) in cooperation with MTUAero Engines AG. See Wein

et al. (2020) for details. LES will be conducted using OpenFOAM (version 1612) and the system of equations is solved

using rhoPimpleFoam. The working fluid was modelled as an ideal gas with a temperature-dependent dynamic viscosity

according to the Sutherland model (Sutherland, 1893). The finite volume method is of second-order accuracy in space

and time. The influence of non-resolved isotropic and dissipative turbulent scales is modelled by the wall adapting local

eddy-viscosity (WALE) sub grid-scale model (Nicoud and Ducros, 1999). The filter width is the mesh, specifically, the

third root of the volume of the respective cell. The spatial discretization is done with the Linear-upwind stabilised transport

scheme (LUST), which is a combination of 25% second order upwind and 75% central differences schemes. The temporal

discretization is done by means of the implicit second order backward scheme. For all simulations, the CFL number was

below 0.6. The non-reflection boundary condition waveTransmissive based on Poinsot and Lelef (1992) will be used at

the outlet. In order to account for the influence of viscose dissipation in the energy equation, a source term available in

OpenFOAM v1912 was backported into OpenFOAM v1612.

RESULTS

Preliminary Studies: Required Boundary Layer Resolution

The required spatial discretization at the rotating disk will be examined based on a Taylor-Couette flow. Two conclu-

sions can be drawn from Fig. 2(b), where the time and horizontally averaged circumferential velocity for ReC = 10500 is

plotted for three different levels of spatial discretizations and against the DNS. Firstly, a strong and non-linear mesh de-

pendency which was not anticipated previously can be observed. Doubling the mesh resolution from ∆x+ = ∆z+ ≤ 20 to

∆x+ = ∆z+ ≤ 10 increases the predicted circumferential velocity by 30%, while it increases by 5% only, when the mesh

is refined from ∆x+ = ∆z+ ≤ 40 to ∆x+ = ∆z+ ≤ 20. This can by quite misleading for inexperienced users and should be
kept in mind. Secondly, a mesh resolution of ∆x+ = ∆z+ ≤ 10 is required to accurately predict the circumferential velocity

in the Taylor-Couette flow. This was also not expected, since it is close to the requirements of wall resolved DNS and

the expected benefit of LES in terms of less computational resources vanishes. To understand the high demand in spatial

discretization the power spectral density of the turbulence kinetic energy k will be analysed at point 1©, as it is denoted in

Fig. 4(a). Figure 3(a) shows that the area where k is produced, is under-resolved with the coarse mesh (∆x+ = ∆z+ ≤ 40).
Consequently, the turbulent mixing or transport of momentum in the boundary layer is under-predicted and the acceleration

of the flow in circumferential direction, caused by the viscosity of the fluid, is weakened. Obviously, the WALE sub grid

scale model cannot compensate for this unresolved turbulence. From a methodological point of view this is correct, since

the unresolved part belongs to the energy producing range of the spectrum which ought to be resolved. Figure 4(a) shows

the iso-surface of the velocity and reveals the reason for the aforementioned observations. The boundary of the rotating

cylinder contains turbulent vortices, referred to as turbulent streaks. These streaks are too small to be fullyresolved by a

mesh of ∆x+ = ∆z+ ≤ 40, but require ∆x+ = ∆z+ ≤ 10 or approximately six cells per wave length.

This study was repeated for ReC = 77000, the design ReC of the RLP to validate the choice of spatial discretization for the
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Figure 3 (a) Power spectral density of k at point 1© in Fig. 4(a) for two different meshes. (b) Time and horizontally

averaged circumferential velocity in a Taylor-Couette flow with ReC = 77000. The DNS results are taken from Pirrò

and Quadrio (2007). The sampling error of the LES is less than 0.2% and is smaller than the size of the symbols.

boundary layer at the rotating part of the labyrinth seal. The mesh was scaled according to the higher Reynolds number

to satisfy the same non-dimensional grid sizes. In this case, ∆x+ = ∆z+ ≤ 20 is sufficient to resolve the turbulent streaks.

Within the range of temporal averaging uncertainty, it yields the same prediction of the circumferential velocity as with

∆x+ = ∆z+ ≤ 10, see Fig. 3(b). This indicates a non-linear and decreasing dependency of their size from ReC, which will

be analysed and correlated in future research. Summarizing this part of the study a spatial discretization of ∆x+ = ∆z+ ≤ 20
is sufficient for ReC = 77000. It will therefore be used for the simulation of the complete RLP, since it saves at least 75%
of the computational resources required for a simulation with ∆x+ = ∆z+ ≤ 10.

Preliminary Studies: Required Size of the Computational Domain

Arequirement for accurate turbulence resolving simulations is that the computational domain is de-correlated, meaning

that it is large enough to resolve all coherent and turbulent structures. The required size in circumferential direction will be

determined by increasing the domain in steps until the normalised cross-correlations

Bnorm
11 (x, x̂) =

u′ (x)u′ (x+ x̂)
urms (x)urms (x+ x̂)

, (3)

in circumferential direction approach zero.

Figure 4(b) shows the time averaged velocity in the vortex chamber for computational domains of 1◦ and 15◦. The general
vortex systems stay the same. However, the corner vortex in the 15◦ model is approximately 50% smaller compared to the

1◦ model. Its size does not change for computational models above 5◦. The under-prediction of the corner vortex in the 1◦

model, causes an under-prediction of the circumferential velocity up to 3.7% at S1 in Fig. 4(b), not shown in this paper.

Since the corner vortex, the cavity vortex, and the leakage jet are related to each other, their individual size will influence

the overall sealing performance.

All monitor points shown in Fig. 4(b) were subject to a thorough analysis in terms of convergence, sampling error, spec-

tral analysis, and cross correlations. The largest turbulent length scale, given by the integral of Eq. 3, is 2.7 mm and was

observed for the location R1X1. Therefore, the further analysis focuses on this point. Figure 5(a) a© shows that the cross-

correlation for computational models of 1◦, 2◦, and 3◦ does not approach zero, but rather starts to increase again from the

middle of the computational model until its periodic boundary. The flow cannot develop completely but is significantly

influenced by the assumption of periodicity. The cross-correlation for the 5◦ and 15◦ models approaches zero at 1.8◦ and
2◦, leading to slightly different turbulent length scales.
Similar to the Taylor-Couette flow, the reason for the under-predicted corner vortex can also be seen in the turbulent kinetic

energy spectra, plotted in Fig. 5(b). Wrong choices of periodicity cause an under-prediction of the energy producing range

of the spectrum, i.e. the large turbulent scales of the flow are under-resolved. Consequently, the mixing and momentum

transport due to turbulence is under-predicted, which explains the different size of the corner vortex and circumferential

velocity. The spectra of the 3◦, 5◦, and 15◦ models are nearly the same. Together with the almost invisible difference in

first order statistics between the 5◦ and 15◦ models, it is concluded, that a computational domain of 5◦ yields a reasonable
compromise between accuracy and efficiency.

A peak in the turbulent kinetic energy spectra was observed for the locations R4X1, see Fig. 6(a). The frequency band of
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Figure 4 (a) Turbulent streaks at the rotating inner cylinder of the Taylor-Couette flow for ReC = 10500 resolved by

two different meshes. (b) Time averaged axial velocity and stream lines in the vortex chamber for computational

domains of 1◦ (left) and 15◦ (right).
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Figure 5 (a) Normalised cross-correlation of the velocity in circumferential direction at location R1X1, marked in Fig.

4(b) for different sizes of the computational domain. (b) Power spectral density of the turbulent kinetic energy at

location R1X1, marked in Fig. 4(b) for different sizes of the computational domain.

this peak ranges from 10000-30000 Hz and corresponds to the frequency of vortex shedding at the tip of the seals, forming

a vortex street in the shear layer between the leakage jet and cavity vortex. This is highlighted in Fig. 7(a) and was also

observed inWein et al. (2017) andWein et al. (2018). However, this frequency band is consistently predicted for all different

sizes of the computational domain. Therefore, the vortex shedding does not determine the largest scale in circumferential

direction nor the required size of the computational domain.

The same analysis was done and the same results and conclusions can be obtained for the outlet cavity. The largest tur-

bulent length scale is present at the rotating disk and computational domains smaller than 5◦ lead to over-predicted corner
vortices and under-predicted circumferential velocities, turbulent mixing, and turbulent kinetic energy. Moreover, Fig. 6(b)

highlights a remarkable similarity between the Taylor-Couette flow, the vortex chamber, and the outlet cavity. In fact, the

boundary layer at the rotating disk of all test cases is dominated by turbulent streaks. Exceedingly coarse spatial discretiza-

tion and excessively small computational domains suppress the nature of these turbulent streaks, which define the energy

producing range of the turbulent kinetic energy spectrum and, therefore, the turbulent mixing, momentum transfer and ac-

celeration of the flow in circumferential direction. This observation can support the development of improved wall-function

approaches for steady-state RANS as well as turbulence resolving simulations.

Validation for the RLP - Integral Losses

One conclusion of the preliminary studies is that an LES model with a circumferential size of 5◦ and a spatial dis-

cretization of ∆x+ = ∆z+ ≤ 20 yields a reasonable compromise between accuracy and efficiency for LES of labyrinth seal

flows. Such a model was chosen to be validated based on measurements at the RLP.

As can be seen in Fig. 7(a), the prediction of the discharge coefficient, i.e. integral losses, varies strongly with the choice of

turbulence model and possible model extensions. k−ω based model combinations provide a good prediction ofCD within

the measurement and geometric uncertainties. SST (Menter, 1994) based model combinations typically over-predict CD,
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Figure 6 (a) Power spectral density of the turbulent kinetic energy at location R4X1, marked in Fig. 4(b) for different

sizes of the computational domain. (b) Turbulent streaks in the boundary layer of the rotating disk in the outlet

cavity for computational domains of 15◦.

which can be related to lower eddy viscosities compared to k−ω (Wein et al., 2020). The fix against increased production

of turbulent kinetic energy at stagnation points (KT) by Kato and Launder (1993) consistently yields a higher CD, i.e. a

reduced sealing efficiency, for k−ω and SST. The fix to account for streamline curvature (BD) by Bardina et al. (1985)

consistently reduces CD for both models too. However, the influence of the streamline curvature correction is three times

larger for the SST model compared to the k−ω model. Within the measurement and geometric uncertainties, the LES and

k−ω-based models provide an exact prediction of CD.

Validation for the RLP - Local Pressure

Measurements of the static pressure along the outer casing will be used next to validate the prediction of local pres-

sure losses. For reasons of clarity, only the k−ω+KT and the SST+BD model will be shown next, because these models

provide the best prediction of CD. As shown in Fig. 7(b), the drop in pressure before the first throttling is captured well

by all RANS models and LES. However, the prediction downstream strongly depends on the choice of turbulence model.

Especially inside the vortex chamber, the pressure is over-predicted by up to 30% using k−ω+KT and under-predicted by

up to 25% using SST+BD. None of these models predicts the correct development of the pressure inside the vortex chamber.

The expansion of the leakage jet, indicated by the measurements, is under-predicted by more than 50% with both models.

They predict a continuous pressure recovery just after the first throttling. The LES correctly predicts the expansion of the

leakage jet throughout the vortex chamber. Contrary to the RANS models tested, the LES provides a correct prediction of

the loading of both throats, which is relevant for aeroelasticity and aeroacoustic reasons.

In the outlet cavity all RANS models and the LES provide a reasonable prediction of the static pressure. The LES slightly

under-predicts the second and third measurement points in the outlet cavity. However, it is the only model that predicts

the pressure-plateau in the outlet cavity. This plateau is accompanied by a sudden acceleration and necking of the leakage

jet shown by the PTV results. So, the LES provides a correct prediction of integral losses and local pressure in labyrinth

seals. The discrepancy of the RANS models for the good prediction of CD and the false prediction of the drop in pressure

in the vortex chamber demonstrate the need for more detailed experimental data for the validation of numerical models. It

is questionable whether the good prediction of CD is based on appropriate modelling of the physical phenomena involved

or an accumulation and compensation of modelling errors.

Validation for the RLP - Local Flow Field

Figure 8 shows the velocity field in the inlet cavity of the RLP. Due to reflections at the solid surfaces of the cavity,

PIV results are not obtained close to the walls. The areas of successful measurements are shown as contour plots in Fig. 8,

where the complete flow domain is shown in the background and coloured grey. The principal vortex systems in the inlet

cavity are captured well by all turbulence models and show a good agreement with the PIV results. At the backward facing

step at the entrance of the inlet cavity (pos. a© in Fig. 8), the flow detaches and forms a large recirculation zone. However,

the size of this recirculation zone is too small in all RANS models. At location S3 in Fig. 8 k−ω+KT under-predicts it by
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Figure 7 (a) Measurement and prediction of the discharge coefficient for different RANS turbulence models and

LES. The error bars of the numerical results are due to an uncertainty in the clearance, see Kluge et al. (2019). The

sampling error of the LES is less than 0.0002 and is smaller than the size of the symbols. (b) Prediction of wall static

pressure with different RANS turbulence models and LES. The sampling error of the LES is within the size of the

symbols.

50% and SST+BD by 30%. In consequence, the leakage jet (pos. b© in Fig. 8) predicted by the RANS models has a steeper

inflow angle into the cavity and reattaches to the disk earlier (pos. c© in Fig. 8). The LES yields an improved prediction

of the recirculation zone and, consequently, the width of the leakage jet. The influence of this RANS deficit on the static

pressure at the disk is negligible compared to the measurement uncertainty. Nevertheless, in turbomachinery, the size of

this recirculation zone might influence the interaction of the flow in the cavity with the main flow and the associated mixing

losses.

k−ω+KT tends to over-predict the swirl ratio in the near field (pos. d© in Fig. 8) and in the far field (pos. e© in Fig. 8)

of the rotating disc. SST+BD behaves similarly. Possibly, the streamline curvature correction over compensates for the

influence of streamline curvature and increases the eddy viscosity too much. Overall, LES yields improved predictions of

the swirl ratio but slightly under-predicts it in the near field of the disc.

To be more precise, the radial inflow angle β = arctan(VRad/VAxial) and the swirl ratio
Vθ

Vθ ,max
at the constant radial slice

S3 in Fig. 8 are plotted in Fig. 9. Between 0.3 ≤ X/L ≤ 0.6 the inflow angle predicted by RANS is ≥ 20◦ steeper

than observed experimentally. From 0.4 ≤ X/L ≤ 1 the LES yields an exact prediction of the inflow angle within the

measurement uncertainty and sampling error of the LES. The error in the prediction of the recirculation is ≤ 2% only. This

deviation could be caused by the negligence of inflow turbulence in the LES. The RANS models over-predict the swirl ratio

by up to 50%. The LES is closer to the experiment but under-predicts the swirl ratio between 0.7 ≤ X/L ≤ 0.9 by up to

30%. This indicates first deficits of the LES which, as will be shown later, are related to the spatial discretization of the

boundary layer and under-resolved turbulent streaks.

Figure 10 shows a comparison of the 3D-PTV measurements and the numerical results in the outlet cavity. At the inner

casing, deposited seeding particles accumulated during operation and caused strong reflections. Therefore, post-processing

of the 3D-PTV measurements below the outer radius of the rotating disk was accompanied by increased measurement

uncertainties. The regions affected are shaded grey, see a© in Fig. 10. As for the inlet cavity, the vortex systems above

the rotating disk are well predicted by all turbulence models and the size of the recirculation zones depends on the choice

of turbulence model. As mentioned before, the measurements indicate that the leakage jet, which flows along the outer

casing, is accelerated and contracted downstream of the trailing edge of the rotating disk ( b© in Fig. 10). As Fig. 7(b)

shows, this is accompanied by a plateau in the pressure. This is not captured by either linear eddy viscosity turbulence

model combination. They predict a continuous deceleration and extension of the leakage jet. Only the LES resolves this.

The contraction is most certainly caused by the separation of the cavity vortex ( c© in Fig. 10) at the trailing edge of the disk

and its angular momentum. It pushes the leakage jet towards the outer casing and reduces its flow area. This increases the

momentum of the leakage jet, which is the driving force of the cavity vortex. Therefore, a non-linear and highly sensitive

correlation between leakage jet and cavity vortex can be expected.
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Figure 8 Axial and circumferential velocity in the inlet cavity of the RLP from Stereo-PIV measurements, different

RANS turbulence models, and LES. The numerical results are interpolated to the measurement grid of the PIV data.

The 95%-confidence interval of the PIV results is ±1.97% and the sampling error of the LES is ≤±1%.
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Figure 9 Radial inflow angle and swirl ratio at location S3 in Fig. 8 for Stereo-PIV measurements, different RANS

turbulence models, and LES. The 95%-confidence interval of the PIV results is ±1.97% and the sampling error of

the LES is ≤±1%.
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Figure 11 Radial profiles of the axial velocity and the swirl ratio in the outlet cavity K3 at location S4 for 3D-PTV

measurements and numerical models. The 95%-confidence interval of the PIV results is ±1.97% and the sampling
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In the outlet cavity, the k−ω+KT tends to under-predict the swirl ratio, while SST+BD over-predicts it. The LES

shows the largest difference between the measurements and under-predicts the swirl ratio. For location S4, as it is marked

in Fig. 10, the difference in swirl ratio is up to−15% for the LES and up to 10% for SST+BD, see Fig.11. k−ω+KT yields

the best prediction for this location although it over-predicted the swirl in inlet cavity already. So, the good prediction at this

location can be a lucky guess and is not a result of a correct modelling approach for the development of the flow throughout

the labyrinth seal. The axial velocity in the leakage jet is over-predicted by all RANS models and by the LES up to 15%.

Consequently, the angular momentum of the cavity vortex at this position is over-predicted too. However, this can be related

to the geometric uncertainties of the clearance (Kluge et al., 2019).

The under-prediction of the swirl ratio by the LES raises the question regarding the sensitivity of the LES on the spatial

discretization and geometric simplifications. In Fig. 3(b) it can be seen that too coarse meshes can easily explain a deficit of

up to 30%. Therefore, a grid-dependency study was initiated for the outlet cavity of the RLP only (see Fig. 2(a)). As can be

seen in Fig. 12 (a), refining the mesh from ∆x+ = ∆z+ ≤ 20 to ∆x+ = ∆z+ ≤ 10 increases the averaged swirl ratio at location
S4 by 4%. For the Couette Reynolds number of the RLP (ReC = 77000), such a large dependency was not present in the
Taylor-Couette flow test case. Neglecting the back chamber below the rotating disk causes an additional loss of 5% in the

swirl ratio, see Fig. 12 (b). Therefore, the main part of the deficit between LES and experiment can already be explained by

the spatial discretization and the back chamber, summing up to 9%. It must be noted, that the whole boundary layer around

the disk must be under-resolved, since first deficits regarding the swirl ratio are already present in the inlet cavity (see. Fig.

9). It seems plausible that this is the reason for the remaining difference of 6% between LES and experiment. The historical

effect of the swirl will be investigated in future work.
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Figure 12 Influence of the spatial discretization and the back chamber on the swirl ratio in the outlet cavity.

CONCLUSIONS

It was shown that LES can provide accurate predictions of integral and local losses in labyrinth seal flows when all

relevant features of the flow are resolved by the model. Particularly challenging are the turbulent streaks in the boundary

layer on the rotating disc. The small size of these streaks requires a DNS-like spatial discretization of ∆x+ = ∆z+ ≤ 10.
Otherwise, a significant deficit in the predicted swirl can occur (e.g. ≥ 4 for ∆x+ = ∆z+ ≤ 20 for the outlet cavity only).

Since the streaks determine the production range of turbulent kinetic energy in the boundary layer, the WALE subgrid scale

model does not and is not supposed to compensate for the under-resolved streaks. Furthermore, the computational domain

must be as large as 5◦ in the circumferential direction to resolve the largest turbulent length scales of 2.7 mm.
The deficit of RANS turbulence models presented earlier was confirmed by the LES in this work. Although a reasonable

prediction of integral loses can be provided by k−ω+KT and SST+BD, large differences in the prediction of local losses

and the flow field remain in the RANS solutions. This can be critical for the design of turbomachinery, particularly for the

aeroelastic and aeroacoustic optimization of labyrinth seal flows and the prediction of mixing losses.

Futureworkwill focus on the investigation of the transport of angularmomentum in labyrinth seals to increase the confidence

in this validation. Additional LES of different labyrinth seals and operating points will be conducted using higher order

methods to minimize the computational cost. Hence a deeper understanding of the streaks and their influence on the swirl

ratio will be gained for the development of improved RANS turbulence models and possible wall functions.
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NOMENCLATURE

A Cross sectional area of the clearance in m2

CD Discharge coefficient

H Height of the cavity in m

k Turbulence kinetic energy in m2/s2

L Length in m

ṁ Mass flow rate in kg/s

ṁideal Mass flow rate through an ideal nozzle in kg/s

ptot Stagnation Pressure in Pa

p, pstat Pressure in Pa

Reax Axial Reynolds number

ReC Couette Reynolds number

Ri Ideal gas constant

ri Radius of the inner cylinder in m

Ta Taylor number

T Temperature in K

Ttot Stagnation Temperature in K

Uθ , Vθ Circumferential velocity in m/s

VAxial Axial velocity of the flow in m/s

VRad Radial velocity of the flow in m/s

X Axial position in the test section in m

xi Spatial coordinates

∆x+ Non-dimensional cell sizes in tangential direction

∆y+ Non-dimensional cell sizes in wall-normal direction

∆z+ Non-dimensional cell sizes in span wise direction

Greek Letters

β Radiale flow angle in ◦

ω Turbulent dissipation rate in 1/s

µ Dynamic viscosity in kg/ms
ν Kinematic viscosity in m2/s
κ Isentropic exponent
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