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ABSTRACT

The ingress of main annulus gas into the wheel space of an one-stage axial flow turbine with 30 stator and 62 rotor

blades is analyzed based on the results of a large-eddy simulation (LES) of the full 360◦ circumference of the turbine stage.
The Navier-Stokes equations are solved using a finite-volume solver based on a Cartesian mesh with cut cells for the wall

surfaces. The rotating blades are tracked by a level set, which is transported with a semi-Lagrangian method. The cut cell

formulation at the boundaries with a flux redistribution method ensures conservation of mass, momentum, and energy. The

LES is performed for a low cooling gas mass flow rate, at which several acoustic modes are excited in the wheel space.

The focus of the analysis is on the determination of the main annulus gas ingress contributed by the various modes. For

that purpose, the radial velocity component is filtered at the frequencies of the various modes and the time and azimuthally

averaged main annulus gas ingress is computed as a function of the individual modes of the radial velocity fluctuations. The

results show that the acoustic modes generating the largest amplitude of radial velocity fluctuations do not cause substantial

ingress. This can be attributed to the relatively long time scale of the turbulent mixing of main annulus gas with the cooling

gas compared to the time scale of the acoustic modes. Only modes at low frequencies generate substantial ingress, which

is confirmed by the energy spectra of main annulus gas concentration variations.

INTRODUCTION

By optimizing the thermal efficiency of turbomachinery the emission of polutants and the amount of primary energy

used by the transport and energy sector can be reduced. One means to improve the thermal efficiency of gas turbines, is

increasing the turbine inlet temperature. The higher thermal loads due to the increased temperature, however, result in

immense challenges in the design of turbine cooling systems. This also includes the unavoidable wheel space between the

stator and the rotor disks. Hot gas from the outer main annulus flow that enters the wheel space through the rim seal gap

enhances the thermal loads on the stator and rotor disks, which reduces the turbine life span. To prevent ingress of main

annulus gas into the wheel space, cooling gas from the turbine’s secondary air system is introduced into the wheel space.

The cooling air serves as sealing gas in the rim seal gap and cools the stator and rotor disks. Since providing the cool gas

decreases the turbine’s efficiency, sophisticated rim seal geometries are developed to minimize the necessary amount of

cooling gas. This requires a profound knowledge of the flow inside the rim seal.

Inside the wheel space, the disk pumping effect of the rotor disk accelerates the cooling gas in the circumferential and

radial direction. (Johnson et al., 1994). In the rim seal gap, the cooling gas interacts with the main annulus flow, i.e., a shear

layer exists because of the different velocities of the cooling gas and the main annulus flow, and further, pressure fluctuations

caused by rotor stator interactions propagate into the rim seal gap. This creates a highly complex, three- dimensional and

unsteady flow in the rim seal gap. When exiting the rim seal gap into the main annulus, these complex flow strucures affect

the secondary flow structures of the main annulus flow (Schuepbach et al., 2010) and (Schädler et al., 2016) and, moreover,

they can transport more main annulus gas into the wheel space, i.e., reduce the sealing effectiveness.

To evaluate the quality of rim seal geometries, i.e., sealing effectiveness, by use of numerical simulations, the cor-

rect prediction of these unsteady flow phenomena is essential. For instance, (Horwood et al., 2018, 2020) compared data

from unsteady Reynolds-Averaged Navier-Stokes (URANS)-simulations to experimental results for different wheel space

geometries and evidenced that for some cooling gas mass flow rates the URANS underestimates the hot gas ingress. This

deviation was suspected to be related to strong pressure fluctuations, which were measured but not captured in the numerical
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data. (Laskowski et al., 2009), further, compared the results of steady-state RANS simulations to results of unsteady RANS

simulations of a turbine model with simplified rotor blading. The comparison showed considerably better agreement of the

unsteady data with experimental data than for the steady-state results. The unsteady RANS predicted Kelvin-Helmholtz

fluctuations in the shear layer inside the rim seal gap even with neglected rotor rotation. Similar structures were found

by (Rabs et al., 2009), when simulating a 1.5-stage axial turbine without blading, which were significantly reduced when

blades were added.

The structure of the observed large scale unsteady flow phenomena depends on several factors such as the rim seal ge-

ometry (Chilla et al., 2013) and the rotor speed (Beard et al., 2016). Further, several authors, e.g., (Beard et al., 2016), (Bohn

et al., 2003) and (Rudzinski, 2009), reported an influence of the cooling gas mass flow rate on the unsteady flow. (Bohn

et al., 2003) and (Rudzinski, 2009) measured pressure fluctuations inside the rim seal, which strongly affected the sealing

effectiveness and which frequencies were unrelated to the blade passing frequency (BPF). The unsteady phenomena only

existed in a certain range of cooling gas mass flow rates, which is in agreement of the findings of (Horwood et al., 2018,

2020). Outside this range, the fluctuations vanished abruptly. Recently, (Iranidokht et al., 2021) were able to affect the

amplitudes and the frequencies of cavity modes observed on their test rig by modifying the wheel space geometry.

The large number of influencing factors renders the numerical simulations of the unsteady flow challenging. Moreover,

it is difficult to estimate the effects of certain simplifications such as the application of a sector model. For example, (Jakoby

et al., 2004) conducted numerical simulations of the 1.5-stage turbine, which has been experimetally investigated by (Bohn

et al., 2003) and (Rudzinski, 2009), for multiple sector sizes and a full 360° simulation. They observed that only the 360°

simulation predicted a rotating mode inside the wheel space, which was supressed in the sector computations due to the

insufficient sector size. Similar, (Cao et al., 2004) observed periodic structures inside the rim seal where the number of

lobes depended on the sector size.

The numerical simulations are commonly based on the RANS approach. The commonly used turbulence models seem,

however, to not be able to accurately desrcibe the turbulent flow field. (O’Mahoney et al., 2010) carried out a large-eddy

simulation (LES), which requires less modelling and compared the results obtained for a small sector model to URANS and

experimental data. The LES results showed better agreement with the experimental data than the URANS solution.

The capability of LES to accurately predict the complex flow field in the wheel space and rim seal has been shown by

(Pogorelov et al., 2019). They used LES to investigate the full 360° circumference of an axial flow turbine including the

main annulus and the wheel space. For a setup with a single lip rim seal, Kelvin-Helmholtz fluctuations were found in the

shear layer between main annulus flow and cooling gas. These fluctuations interacted with the main annulus flow and led to

an increased ingress. When a second sealing lip was added to the rim seal, the fluctuations were supressed, which increased

the sealing effectiveness. The same double lip rim seal was later investigated by (Hösgen et al., 2020) for a reduced cooling

mass flow rate. One important finding was the occurrence of standing acoustic waves, where the frequencies coincide with

acoustic modes of the wheel space.

In this paper, the results from (Hösgen et al., 2020) are further analyzed to determine the net ingress due to the various

modes observed in the simulations. The paper is organized as follows. First, the governing equations and the numerical

approach are discussed. Second, the computational setup and the investigated operating condition are presented. Subse-

quently, the analyses for the ingress of hot gas are summarized based on the filtered velocity signals at the frequencies of

the observed modes at the upper and lower lip of the rim seal. Finally, some conclusions are drawn.

METHODOLOGY

Numerical Method

The LES results are obained using the in-house flow sovler m-AIA. This numerical method solves the compressible

Navier-Stokes equations for an ideal gas in the absolute frame of reference. The sub-grid scales are determined using the

monotone integrated LES (MILES) approach (Boris et al., 1992). A modified version of the advection upstream splitting

method (AUSM) proposed by (Meinke et al., 2002) is used to compute the inviscid flux. The viscous flux is obtained

with a central-difference scheme. Time-integration is carried out using the explicit second-order accurate 5-stage Runge-

Kutta scheme of (Schneiders et al., 2016), which has been developed specifically for the simulation of moving boundaries.

The movement of the rotor is prescribed by a multi-level-set method (Günther et al., 2014). The conservation of mass,

momentum, and energy at the walls is ensured by an strictly conservative cut-cell method (Schneiders et al., 2016). More

details regarding the numerical method can be found in Hösgen et al. (2020).

COMPUTATIONAL SETUP

The analysis is based on the flow field in the one-stage axial turbine depicted in Figure 1. The stator row consists of

30 vanes and the rotor has 62 blades. The rim seal, shown in Figure 2, consists of two seal lips, where the upper lip is

mounted on the stator disk and the lower lip is mounted on the rotor disk.

The computational mesh has approximately 450 million cells and includes the full 360◦ circumference of the main
annulus flow and the wheel space. For more detailed information on the computational grid and the imposed boundary

conditions the reader is referred to (Hösgen et al., 2020).
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Figure 1 Cut through the one-stage axial flow turbine; ro-

tor and stator are separated (Hösgen et al., 2020).

Figure 2 Schematic view of the rim seal geometry (Hös-

gen et al., 2020).

The operating condition is defined by the four dimensionless quantities given in Table 1. The two subscripts, 1 and cg
denote the flow state 0.013 ·R downstream of the stator blades and at the cooling gas inlet.

Table 1 Operating condition.

Main flow Reynolds number Rec1 = ρ1c1R/µ1 0.8 ·106

Main flow Mach number Mc1 = c1/
√

γRT1 0.37

Rotational Reynolds number Reu = ρcgΩR2/µcg 0.8 ·106

Dimensionless cooling gas mass flux cw = ṁcg/µcgR 1000

RESULTS AND DISCUSSION

In (Hösgen et al., 2020) simulation results of the flow field in the one-stage axial flow turbine have been discussed

in detail for two cooling gas mass flow rates, i.e., cw = 1000 and cw = 2000. Good agreement of the cooling efficiency
with experimental data has been shown in both cases. In the following, the ingress of the main annulus gas for the case

with the lower cooling gas mass flux, i.e., cw = 1000, is analyzed in more detail by determining the mass flow rates of

the main annulus gas ingress associated to various modes observed in the wheel space and the rim seal gap of the one

stage axial turbine. This analysis is based on the simulation results after approximately 40 full rotor rotations, when a fully

developed flow field is established also in the wheel space. Time resolved data for the flow variables were recorded at the

outer and inner lip of the rim seal for about 1.5 rotations of the rotor in several distinct locations with 0.2 degree spacing in

the circumferential direction and at a time interval of ∆t/n = 5.5 ·10−4 such that a sample is taken each 0.2 degree rotation

of the rotor. All variables were averaged along the seal gap width sc in the axial direction.

The results in (Hösgen et al., 2020) showed peaks in the fluctuations of the radial velocity component at various

acoustic modes of the wheel space. The spectrum of the radial velocity component averaged in the circumferential direction

is shown in Figure 3 and the acoustic modes are summarized in Table 2 in comparison to the harmonics of a closed pipe

with comparable characteristic length L = R− (2 ·d+ sc)− rb as the radius of the wheel space. The quantity rb is the radius

of the rotor shaft. More details can be found in (Hösgen et al., 2020).

Table 2 Harmonics of a closed pipe and the modes observed in the radial velocity spectra normalized by the rotor

speed (Hösgen et al., 2020).

Mode No. 7 8 11 12 13 16 17 18 21 24

Pipe f/n 84.17 96.20 132.27 144.29 156.32 192.39 204.42 216.44 252.51 288.59

LES f/n 79.53 94.33 126.6 141.5 156.3 188.7 203.5 218.3 250.6 283.1

Rel. Error -5.5 % -1.9 % 4.2 % -1.9 % -0.01 % -1.9 % -0.5 % 0.9 % -0.8 % -1.9 %

In the following, the contribution to the main annulus gas ingress of individual modes is analyzed. The radial velocity

fluctuations v′r are computed from the velocity signal recorded in the rim seal gap. To obtain the radial velocity fluctuations

that correspond to a certain mode, the fluctuations are filtered at the frequency of the respective mode using a 4th-order

butterworth bandpass filter. This way, the contribution v′r,m of a mode m to the raw velocity fluctuations v′r is determined.
The magnitude and the phase response of the filter applied at the frequency f/n = 126 are displayed in Figure 4. The lower
and upper cut-off frequencies are chosen to fcut−o f f /n = 126±3. In the frequency domain, the amplitudes of the discrete
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Figure 3 Spectra of the radial velocity fluctuations aver-

aged in the circumferential direction at r/R = 0.98, i.e.,
the outer rim seal gap.
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Figure 4 Magnitude and phase response of the applied

bandpass filter at the distinct frequency f/n = 126.

frequencies outside the passband, i.e., below or above the cut-off frequencies, are damped by more than 3 dB by the filter.

Further frequencies away from the filter frequency fm/n = 126 in the center of the passband experience a phase shift, which
results in a distortion of the signal after it is transformed back into the time domain. The cut-off frequencies are chosen such

that a sharp filter is achieved, while distortions of the filtered signal due the phase shift are kept small. Hence, the filtered

signal contains a range of discrete frequencies rather than a distinct frequency.

Using the filtered fluctuations of the radial velocity component v′r,m, the main annulus gas mass flow rate ṁhg,m through

the sealing gap associated to a certain frequency range can be computed by

ṁhg,m =
∫ 2π

θ=0

1
1.5T

∫ 1.5T

t=0
ρ Yhg v′r,m dt scRdθ , (1)

where 1.5 T corresponds to the 1.5 rotations rotor, for which data was sampled. The quantity ρ is the instantaneous density

and Yhg is the main annulus gas concentration.

The ingress and the concentration flux of the main annulus gas v′r,mYhg as a function of filter frequency are shown in

Figure 5. Here, the main annulus gas mass flow rate ṁhg,m was computed by continously shifting the filter frequency fm/n
from low to high values.
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Figure 5 Modal decomposition of the ingress mass flux

and the main annulus gas concentration flux at the outer

rim seal gap (r/R = 0.98). Negative values indicate

ingress into the wheel space.
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Figure 6 Spectra of the fluctuations of the main annulus

gas concentration Y ′
hg averaged in circumferential direc-

tion at r/R = 0.98, i.e., the outer rim seal gap.

The mass flux variations around the frequencies fm/n = 94 and fm/n = 126 are discussed first. In general, a pure

acoustic standing wave generates velocity and density modes at the same frequency with a phase shift of φ = π/2 such that
the resulting mass flux being the product of the velocity and density integrated over time is zero. Although standing acoustic

waves at f/n = 94 and higher frequencies are observed in the wheel space, the integrated mass flux shows symmetric peaks
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of ingress and egress around these particular frequencies. This, however, is an artefact of the filter operation. For modes

with frequencies in the range of fm/n = 94± 3 the dominant mode at f/n = 94 lies inside the passband of the filter and

experiences a phases shift. The altered phase difference between the reconstructed radial velocity fluctuations v′r,m and the

unfiltered density ρ results in a positive or negative mass flux around the acoustic modes, and vanishes at fm/n = 94. If a
sharper filter is used, i.e., when the cut-off frequencies are set to fcut−o f f /n= fm/n±2, the peaks move closer to fm/n= 94,
however, the amplitudes increase. For the concentration flux v′r,mYhg, these artificial peaks do not appear, since no significant

mode amplitude of the concentration fluctuations exists at this frequency. From the mode decomposition at f/n = 94 of

the density and radial velocity fluctuations, a phase difference of ∆φ = 0.56π is determined from the LES results, which is

close to the theoretical value for a standing wave.

Ingress of the main annulus gas can occur when the main annulus gas concentration fluctuations defined by Y ′
hg show

significant variations where alsomodes of velocity fluctuations exist. The energy spectrum of the radial velocity fluctuations

v′r averaged in the circumferential direction in Figure 3 shows the mode with the highest amplitude to be at f/n = 94. From
Figure 5 it is evident that this dominant mode only results in a minor transport of main annulus gas into the wheel space.

Since concentration variations are mainly caused by the turbulent fluctuations at a convective time scale, which appear

mainly below t ·n = 1/94, no significant concentration variations can be generated at the higher frequencies of the observed
acoustic waves. Therefore, modes at f/n ≥ 94 only contribute marginally to the main annulus flow ingress. This is also

confirmed by the circumferentially averaged energy spectrum of the main annulus gas concentrationYhg at the upper sealing

lip in Figure 6. The spectrum only shows a minor peak at f/n = 94 and no mode amplitudes at higher frequencies.
Figure 5 shows that the ingress at the outer sealing lip at r/R= 0.98mainly occurs at the modes f/n= 47, f/n=BPF=

62 and, additionally, at lower frequentmodes. The exact frequencies of the two lowermodes cannot be accurately determined
based on the short averaging interval of 1.5 rotations. They are approximately f/n ≈ 22 and f/n ≈ 35, which could be
subharmonics of f/n = 47 and the BPF. These two modes are especially interesting, since they do not appear as high

amplitude modes in the energy spectrum of the radial velocity fluctuations in Figure 3. This analysis, however, shows that

they have a major impact on the main annulus gas ingestion. Hence, these results suggest that ingress in this axial turbine

stage setup is not driven by the modes with the largest amplitudes of velocity or pressure fluctuations such that a tuning of

the wheel space geometry as suggested by (Iranidokht et al., 2021) to reduce these mode amplitudes does not necessarily

result in a better cooling effectivenss.

Next, the results for the in- and egress of main annulus gas at the inner lip at r/R = 0.93 shown in Figure 7 are

discussed. In general, the peaks of in- or egress are of much lower amplitude than for the outer seal lip. Similar to the
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Figure 8 Spectra of the radial velocity fluctuations aver-

aged in circumferential direction at r/R = 0.93, i.e., the
inner rim seal gap.

results for the outer sealing lip, the integrated mass flux shows artificial peaks due to the non-perfect bandpass filtering

around the frequencies fm/n = 94 and fm/n = 126. Non-zero ingress can only be observed at the modes fm/n ≈ 31 and

fm/n ≈ 40, where again the exact determination of this modes needs additional time samples. No significant main annulus
gas ingress is observed at any of the various high amplitude modes of the radial velocity fluctuations, clearly discernable in

the energy spectrum of v′r depicted in Figure 8.
Although the short sampling interval does not allow an exact determination of the ingress at low frequencies, the

analysis shows that the ingress of the main annulus gas at the lower sealing lip seems to occur at frequencies of f/n = 40
and lower, where the energy spectrum of the radial velocity fluctuations does not show significant mode peaks.

5



CONCLUSIONS

Amodal analysis of the main annulus gas ingress into the wheel space of a one-stage axial flow turbine was performed

based on results of a large-eddy simulation for an operating condition with a small cooling gas mass flow rate. For this

operating condition, several acoustic modes are excited. The modal analysis of the ingress of the main annulus gas shows

that modes at high frequency, i.e., f/n ≥ 94 do not generate significant ingress. This can be attributed to the relatively

long time scale of the turbulent mixing of the main annulus and the cooling gas at a convective time scale, compared to the

time scale of the acoustic modes. This is confirmed by the results of the energy spectra for the concentration fluctuations,

which shows only 3 distinct modes at frequencies lower than the most dominant acoustic mode. Further analyses will be

performed to reveal the detailed mechanism of the low frequent modes at which the largest ingress is observed.

NOMENCLATURE

Symbol

BPF Blade passing frequency

c Velocity in main flow direction

cw Dimensionless cooling gas mass flow rate

d Width of rim seal lip

f Frequency

fcut−o f f Filter cut-off frequency

fm Filter frequency

LES Large-eddy simulation

Mc1 Main flow Mach number

ṁcg Cooling gas mass flow rate

ṁhg,m Main annulus gas mass flux asscociated to frequency m
n Rotor speed (Hz)

R Rotor hub radius

RANS Reynolds-Averaged Navier-Stokes

Rec1 Main flow Reynolds number

Reu Rotational Reynolds number

rb Radius of rotor shaft

s Axial with of wheel space

sc Axial with of rim seal gap

T Temperature

T Time needed for one full rotor rotation (1/n)
∆t Time step size

v′r Radial velocity fluctuations

v′r,m Filtered radial velocity fluctuations at frequency m
Yhg Main annulus gas concentration

γ Ratio of specific heats

µ Dynamic viscosity

ρ Density

Ω Rotor speed (rad/s)
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