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Abstract

In recent years, the effects of side geometries, such as air seal cavities, have gained increasing attention in the design process of
modern turbomachinery. This study investigates the hypothesis that radial mixing effects by these geometries significantly influence
performance metrics and radial temperature distributions. In order to identify the fidelity level necessary to predict these effects
accurately results of steady and unsteady Computational Fluid Dynamics (CFD) simulations are compared to experimental data of
a 1.5-stage turbine with inner and outer air seal cavities. In particular state-of-the-art steady simulations are compared with high-
fidelity unsteady time-domain simulations and an unsteady frequency-domain Harmonic Balance (HB) method. The latter being
recently extended for such configurations with a novel sliding mesh approach. The results demonstrate that the inclusion of the
cavity geometries in the computational setup increases the prediction quality for all three numerical approaches. However, only
with both unsteady approaches an excellent agreement with experimental performance metrics and radial temperature distributions
is achieved. The HB method requires one order of magnitude less computationally resources than the time-domain approach. The
results allow for the conclusion that the accurate prediction of radial mixing processes requires the inclusion of side geometries as
well as unsteady blade row interactions. Being as accurate but significantly more efficient than the time-domain method HB enables
the improvement of industrial design processes with regard to such effects.
Keywords: Unsteady turbine flow, Cavities, Harmonic Balance

1 Introduction

In the field of turbomachinery design and analysis, compu-
tation fluid dynamics (CFD) simulations have emerged as a
crucial tool for predicting and improving the performance in
a wide range of applications. The increasing complexity of
methods for the unsteady flow simulation has become a de-
manding field today. Moreover, with the availability of more
computational resources, there is a growing demand for in-
corporating more realistic geometries, such as inner and outer
air seal cavities. These cavities can play a significant role in
the overall performance and efficiency of turbomachinery sys-
tems in terms of aerodynamics, which can expressed by a shift
in the operating point. Furthermore, unsteady methods are es-
sential in the field of aeroelastic analyses, such as flutter or
forced response calculations.

To combine these challenges of computational expensive
unsteady simulations and the urge to incorporate side geome-
tries like cavities, we show the application of different meth-
ods in the time and frequency domain using a novel imple-
mentation of a sliding mesh interface to connect the cavities
to the main flow channel [1, 2]. In the frequency domain, we
use the Harmonic Balance (HB) method that assumes a tem-
porally and spatially periodic unsteady flow field. The studies
of Kluge et al. [3] have shown that the investigated rotating
cavity induces fluctuations which are non-harmonic w.r.t. the
machine’s engine order. These fluctuations can only be cap-
tured by the HB solver if their corresponding frequencies are
exactly defined at the start of the simulation. Unfortunately,
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there are only rough empirical estimates for these frequencies,
and in most cases, they remain unknown prior to detailed sim-
ulations. In contrast to the isolated cavity, it is questionable
if these induced non-harmonic fluctuations, which can be de-
scribed as turbulent large-scale structures, can build up under
the forced pressure fluctuations of the rotor by incorporating
the whole turbine with cavities.

Furthermore, the cavity flow often exhibits significantly
lower velocities and Mach numbers when compared to the
main flow. For a density-based solver like TRACE, a reso-
lution of these low Mach numbers can be challenging and po-
tentially leads to significantly longer convergence times. Al-
though recent efforts, such as those by Sivel et al. [4], have fo-
cused on low-Mach number preconditioning, particularly for
the HB solver, no preconditioning was applied in this work.

This paper is organized as follows: Section 2 details the nu-
merical methods employed in this study. Section 3 describes
the test case, providing all necessary information. In Sec-
tion 4, we compare the CFD results across different numerical
setups and validate them against experimental data where pos-
sible. Finally, Section 5 presents our conclusions, discusses
the significance of our results for current turbomachinery de-
signs, and highlights potential directions for future research.

2 Numerical methods

The TRACE turbomachinery research and design code, jointly
developed by MTU Aero Engines and the German Aerospace
Center (DLR) [5], is used for the CFD simulations in this
study. TRACE employs a finite volume approach to solve
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the three-dimensional compressible Favre-averaged Navier-
Stokes equations with a density based update, on both struc-
tured and unstructured multi-block meshes. Convective
fluxes are discretized by Roe’s second-order accurate upwind
scheme with MUSCL extrapolation. To enhance the solution
smoothness near shocks, a modified van Albada limiter is ap-
plied. Additionally, diffusive fluxes are discretized using a
central difference scheme that incorporates mixed derivatives.
Turbulence is modeled by Wilcox’ two-equation eddy viscos-
ity model [6]. This model solves the transport of the turbulent
kinetic energy k and turbulent dissipation rate ω . The Kato-
Launder modification prevents the unphysical overproduction
of k in flow stagnation regions [7].

An additional model is applied to account for turbulent tran-
sition effects. Previous studies using the multi-mode tran-
sition model by Kozulovic [8] in the HB solver revealed a
poor convergence behavior. Therefore, a two-equation γ-ReΘ

model by Müller-Schindewolffs [9] is employed that allows
for robust simulations in the frequency domain. It is applied
to all walls, except in the cavities.

In the main flow domain, all boundary layers on viscous
walls are discretized by a mesh that captures the laminar sub-
layer without using any wall functions. Inside the cavities,
viscous walls are modeled with wall functions. At the in- and
outlet boundaries, non-reflecting boundary conditions formu-
lated in the frequency domain are applied in all simulations,
as these methods can be used for the time-domain solver as
well as for HB [10, 11]. This ensures a consistent comparison
between both methods.

2.1 URANS in time domain

The URANS simulations in the time domain are conducted
using an implicit Euler backward time discretization scheme.
Because of its implicit formulation, a CFL number of 200 can
be applied. To capture also the harmonics of the highest en-
gine orders, generated by the row with the highest blade count,
we have chosen to resolve one blade passing period with 90
time steps. This results in 540 time steps for one passing of
the 60 deg segment. Each of these time steps contains up to
40 inner pseudo-time iterations.

Quasi-steady convergence is assessed by monitoring the
local flow values at several locations in the main flow and
within the cavities. These signals are analyzed using a Dis-
crete Fourier Transform (DFT) over one segment passing pe-
riod, similar to the work of Clark and Grover [12].

Starting from a steady-state initial solution, the unsteady
time-domain simulations converged after approximately 40
segment passing periods. This long convergence time is
caused by a relatively small drift in the time-averaged values
that was observed at the outlet plane.

2.2 Harmonic Balance

The HB solver within TRACE has proven to be highly ef-
fective in simulating unsteady flow fields, frequently offer-
ing a more efficient alternative to conventional time-domain
methods in various applications [13]. It solves the quasi-
steady RANS equations for a given set of solution harmon-
ics using an alternating time and frequency domain algorithm.

Table 1: Rig geometric and operating parameters.

Rotational speed in 1/min 7000
Mass-flow rate in kgs−1 9.20
Total pressure ratio 1.42

Vane 1 Rotor Vane 2
Blade count 18 30 36
Aspect ratio 2.15 2.15 2.15
Re = cCax

ν
79 900 65 000 42 900

This approach allows the general transport equations, as well
as boundary conditions, to be consistently applied in both
solvers. The consistency between these two modes is unique
to the HB method and enables a direct and reliable compar-
ison between the conventional time-domain solver and the
HB solver. The HB calculations have been initialized by a
converged steady RANS solution. To incorporate the fluctua-
tions of the turbulent model quantities in a numerically stable
manner, a Lanczos filter method is applied in all HB calcu-
lations [14]. A CFL number of five was employed for the
pseudo-time step, as using higher values resulted in a destabi-
lization of the solver. All sliding mesh interfaces use the latest
implementation by Geiser et al. [1] for both simulation types
in time and frequency domain. First successful applications
of this interface have been presented by Hartmann et al. [2].

3 Test case

The test case is based on a 1.5-stage low-pressure turbine in-
vestigated previously by Oettinger et al. [15, 16]. Compared
to these previous investigations, the present configuration fea-
tures a new rotor cavity design that is more representative
of a straight-through labyrinth seal in aero engines (cf. Fig-
ure 1). Details on this new configuration are given in the work
of Lohse et al. [17] who used it to derive an acoustic scal-
ing method. We use the “large-gap” configuration with an
axial gap between the vanes and the rotor of X/Cax = 80%.
The measurements for the new casing cavity have been con-
ducted at identical operating points when compared to previ-
ous works. A summary of key geometric and operating pa-
rameters is given in Table 1. The geometry of the cavities is
shown in Figure 1 and is not the focus of this work. Due to
confidentiality reasons, detailed geometry data cannot be pub-
lished.

3.1 Instrumentation

The instrumentation concept is described in detail by Oet-
tinger et al. [16]. Here, only a summary focusing on addi-
tional instrumentation and key features for the numerical val-
idation is given. In measurement plane (MP) 2.10, the two-
dimensional turbine inlet flow field is measured across a cir-
cumferential segment of 30deg which equals half of the strut
pitch and contains the strut wake. Additional radial traverses
at 0deg and 60deg allow for an extrapolation to a full strut
pitch. In addition to pneumatic five-hole probe traverses, hot-
wire anemometry is used to measure turbulence intensities and
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Table 2: Overview of CFD setups.

Setup Description Cavities

A1 RANS in time domain no
B1 URANS in time domain no
C1 HB in frequency domain, v1 no
D1 HB in frequency domain, v2 no
A2 RANS in time domain yes
B2 URANS in time domain yes
C2 HB in frequency domain, v1 yes
D2 HB in frequency domain, v2 yes

length scales. Five rake probes in MP 3.02 allow to determine
the outlet total pressure and total temperature. Local three-
hole probe measurements additionally provide the outlet flow
angle and pressure. Vanes 1 and 2 are instrumented with pres-
sure taps at mid-span. Vane 2 has additional pressure taps at
rrel = 90%.

Both the inlet and outlet chambers of the outer cavity fea-
ture unsteady pressure measurements (Kulite XCQ-062). One
pressure transducer is located in the inlet chamber. The out-
let chamber uses a staggered positioning of four taps across
58deg.

3.2 Numerical setup

The main flow domain mesh is identical to the one used by
Oettinger et al. [16]. At all walls the mesh resolution is able to
resolve the laminar sub-layer of the boundary layer in the main
flow domain. The cavity mesh is attached using a sliding-
mesh interface. This mesh is not wall-resolved; here, a wall-
function formulation of the turbulence model is used instead.

The circumferentially averaged inlet boundary condition is
obtained from the measurements in MP 2.10. At the outlet,
the static pressure is iterated until the total pressure ratio of the
experiment is matched by the steady-state simulations. Here,
the total pressure ratio was calculated using the circumferen-
tially averaged total pressure at the Euler radius at MP 2.10
and MP 3.02. This procedere was done for both steady sim-
ulations, with and without cavities and the same outlet pres-
sure is applied in all unsteady simulations. For all unsteady,
time and frequency domain, simulations the value obtained in
steady-state simulations is prescribed.

To investigate the influence of the cavity flow and the im-
pact on the main flow, two different setups are considered,
which are further refined by the different methods used. In
the first set, the cavity is neglected while it is included in the
second set. A complete overview of all investigated numer-
ical setups and their abbreviations is given in Table 2. Each
geometry was simulated using four different numerical meth-
ods and setups. The time domain simulations were conducted
using both a steady RANS approach and a dual-time stepping
method as described in Section 2.1. The rotor-stator inter-
faces in the main flow are consistently modeled using a mix-
ing plane approach [18], except for setup B, which features
multiple passages in each domain.

In this case, all domains have the same circumferential
pitch, so there is no need for a phase shift for the sliding

Figure 1: Turbine rig geometry with measurement planes and
axial position of Kulite sensors K.

mesh approach. The interfaces between the main flow and
the cavities are entirely in radial direction. Previous studies
have shown that in such secondary flow directions, the mixing
plane approach is insufficient to capture the flow interactions
between the two domains. Therefore, in each setup, the slid-
ing mesh interface approach is used to interpolate the local
flow field in both directions, without any circumferential av-
eraging. The position of the interfaces for the rotor domain
with OAS can be seen in Figure 7.

Figure 1 shows the geometry of the turbine with two inner
air seal (IAS) cavities at the hub of each stator and an outer
air seal (OAS) cavity at the shroud of the rotor. This OAS is
identical to the geometry of the rotating labyrinth test facility
in Hanover, which has been investigated in previous studies
[3]. The measurement planes are named by MP. In this study,
we focus on the analysis of MP 2.12 right before the second
stator and MP 3.02 at the outlet.

In the HB method, harmonic sets are defined by a base fre-
quency and its higher harmonics, along with the inter-blade
phase angle (IBPA), which describes the phase shift between
the pitch of the disturbance source domain and the actual do-
main. The specific harmonics used in the simulation are listed
in Table 3. As noted in previous experimental studies [15]
the first three harmonics of the neighboring domain’s blade
or vane passing frequencies are the most significant sources
of unsteady pressure disturbances. In this work, all down-
stream disturbances are resolved using four harmonics. Since
the vane count ratio between stator 1 and 2 is exactly two, the
upstream effects of stator 2 can be captured using the same
base frequency as stator 1. As a result, the rotor domain can
capture four harmonics of stator 1 and three harmonics of sta-
tor 2. All domains, related to cavities, have only one neigh-
boring domain, so the harmonic sets are identical to those of
the connected main flow domain.

The only difference between HB setups C and D is the
IBPA, which is set to 120 deg (Setup D) instead of 60 deg
(Setup C) due to the pitch ratio between rotor and stator 2. By
using two passages of stator 2, the pitch becomes equal to that
of stator 1, allowing the disturbances from stator 1 to be cap-
tured by the 0th harmonic flow solution. This is a current lim-
itation of the sliding interface because clocking modes with
an IBPA of ±180 deg result in Fourier coefficients with only
a real part such that the imaginary part of the spatial Fourier
transform cannot be determined.
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Table 3: Harmonic sets of HB Setups C/D. Setup D has a
different IBPA of 120 deg.

Domain Base frequency Harmonics IBPA [deg]

Stator 1 BPF1 0 1 2 3 4 120
Rotor 1 VPF1 0 1 2 3 4 6 −144
Stator 2 BPF1 0 1 2 3 4 60 (120)
IAS 1 BPF1 0 1 2 3 4 120
OAS (rot) VPF1 0 1 2 3 4 6 −144
OAS (nonrot) BPF1 0 1 2 3 4 60 (120)
IAS 2 BPF1 0 1 2 3 4 60 (120)

4 Results and discussion

4.1 Time-averaged results

In this section, we present the time-averaged results at the se-
lected operating point. The comparison between the turbine
configurations with and without cavities clearly shows that it
is very important to take the cavities into account in the analy-
sis. As can be seen in Figure 2a all transient simulations show
a higher pressure ratio, but the deviations are not significant
compared to a relative deviation of 0.2% from the experimen-
tal pressure ratio. In this representation, all values are normal-
ized by the results from the measurement data. Setup D was
designed to achieve better consistency with the TD-URANS
reference, which is confirmed when comparing the total pres-
sure ratio results of both B2 and D2.

Next to the pressure ratio, we evaluate the isentropic effi-
ciency in Figure 2b. The isentropic efficiency of a turbine is
the ratio of the actual total enthalpy change to the maximum
possible enthalpy change, assuming an isentropic process:

ηis =
∆ht

∆ht,is
(1)

For an ideal gas this simplifies to:

ηis =
Tt2 −Tt1

Tt2is −Tt1
=

Tt2
Tt1

−1(
pt2
pt1

)
(γ−1)/γ −1

(2)

In the present simulations without cavities, the isentropic
efficiency decreases by around 1.5% due to transient effects.
Additionally, the presence of cavities results in a further ef-
ficiency reduction of approximately 3%. Nevertheless, while
the efficiency still deviates from the reference, the divergence
is notably smaller than that observed in the steady-state re-
sults. By considering the meausrement tolerance of 1.66%,
only the unsteady methods with cavity are able to predict the
isentropic efficiency from the experiment.

To further investigate the effects of the OAS cavity, the
time-averaged pressure on the surfaces of the stator 2 vanes
was analyzed and is illustrated in Figure 3 at two different
channel heights. The static pressure is non-dimensionalized
using the pressure coefficient

cp =
p− pout

pt,in − pout
(3)

which incorporates the total pressure at the inlet of the ma-
chine pt,in and the static pressure at the outlet of the row
pout. Both reference pressures are evaluated at the Euler ra-
dius (54% of channel height) that separates the channel into
two equally sized areas.

The impact of the OAS is stronger at a channel height of
90%. The cavity ejects fluid into the main flow, directly im-
pacting stator 2. The most significant differences occur at the
leading edge and the first half of the suction side, due to a
change in the flow angle at the leading edge. The fluid emitted
from the OAS has a lower momentum than the main flow and
is not significantly deflected by the rotor. Although the max-
imum pressure values remain almost unchanged when con-
sidering the cavities, the pressure distribution shifts, resulting
in higher pressure on the suction side, particularly in the first
halft of the vane. There is an agreement between the exper-
imental data and the CFD results for the configuration with
cavities. However, there are some noticeable deviations at the
suction side, that cannot be attributed to measurement toler-
ances, which are not higher than the shown symbols.

But even at mid-span, the pressure profile on the suction
side changes significantly due to the cavity influence. Be-
tween the steady and unsteady methods, only a relatively
small deviation is observed. In this context, HB setup C that
neglects clocking effects is more similar to the steady setup A.
However, the resolution of the clocking effect of stator 1 on
stator 2 in HB setup D results in a very good agreement with
the unsteady setup B. The clocking effect is also highlighted
in Figure 5 that will be discussed later. The results are con-
sistent with the findings of Oettinger et al. [16], as the present
configuration describes the “large-gap” case in their investi-
gations. Due to the comparatively large gap, the influence of
unsteady wake-boundary-layer interactions on the loading is
relatively small. In comparison to the experimental data, mi-
nor deviations are observed at the suction side. However, the
results demonstrate a strong agreement at the leading edge and
the entire pressure side.

Figure 4 shows the radial temperature distribution predicted
by the different simulation methods. The radial profile be-
comes more uniform, where both low and high temperature
extrema are being reduced when using unsteady approaches.
When compared to the simulations without cavities, the total
temperature is around 5% higher. These temperatures are av-
eraged, weighted by the mass, in the circumferential direction
across the entire computational domain. For setups A and C,
the averaging is performed over a single passage of stator 2.
In setup B, the averaging is done over six passages, while in
setup D, it is performed over two passages. The higher tem-
peratures at the shroud surface are caused by hot fluid ejected
from the OAS. This is also observed in the measurement data
and there is a sufficient agreement between simulation and ex-
periment at the shroud. At mid-span the unsteady simulations
predict temperature distributions that are much closer to ex-
perimental data when compared to steady simulation results.
However, the distinct temperature peak at the hub has not been
observed in the experiment and this deviation also cannot be
explained by measurement tolerances. This is still under in-
vestigation.

The investigated numerical methods exhibit similar behav-
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(a) (b)

Figure 2: Global performance values between MP 2.10 and MP 3.02. (a) Total pressure ratio, (b) Isentropic efficiency.

Figure 3: Time-averaged surface pressure coefficient for sta-
tor 2 at mid-span (Left) and close to the tip (Right).

Figure 4: Time- and circumferentially-averaged normalized
total temperature over the channel height at MP 3.02. Without
cavities (Left), with cavities (Right).

ior for both machine configurations, with the greatest differ-
ences observed between the steady setup A and the unsteady
variants. Although the deviations in temperature are well be-
low 1%, setup B shows an increase in the minimum temper-
ature at mid-channel and a decrease in the temperature peaks
close to the hub. Notice that both HB setups are also able to
predict this behavior. Furthermore, incorporating the distur-
bances from stator 1 on stator 2 (setup D) leads to a clear im-
provement in matching time-domain URANS reference data
(setup B). The lower temperature at the shroud in setup A2 is
probably caused by the steady mixing plane interface between
OAS, rotor and stator 2. Only the transient interfaces used in
the unsteady simulation can accurately predict the mixing pro-
cesses in the hot fluid at the shroud.

Although the differences between HB setups C and D
are not significant in the fluid temperature distributions, the
resolved clocking effect is clearly noticeable in the time-
averaged flow field. Figure 5 highlights vortical flow struc-
tures and radial flow from the OAS into the main channel by
depicting the radial component of the fluid velocity vector at
MP 2.12. This velocity is normalized by a consistent value
across all setups, ensuring that disturbances remain within ap-
proximately ±1. For comparison purposes, the data is period-
ically duplicated in circumferential direction to allow a direct
comparison between all setups.

A distinct pattern of three is observed in the lower half of
the channel in both reference results B1 and B2 1 . This pat-
tern corresponds to a wave number of 18 over the entire cir-
cumference, caused by the number of vanes in the stator 1 (see
Table 1). It is clearly generated by the three stator 1 vanes
over the 60 deg domain in time-domain URANS simulation
and can only be captured by HB setup D, which accounts for
the downstream disturbances of stator 1 that affect stator 2.
In the configuration with cavities, a larger region of flow in
negative radial direction is observed, driven by the bleed flow
from the OAS into the main flow. This region 2 exhibits a
wave number of 36, caused by the interaction with the poten-
tial pressure field of the downstream stator.

When comparing setups A and C, the pattern with a wave
number of 36 is again observed, but with varying intensity. If
this pattern were solely caused by the potential field of sta-
tor 2, there should not be any noticeable difference. However,
the flow is already affected by the second harmonic of the sta-
tor 1 disturbance in the rotor, which is then transported into
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the stator 2 domain. Moreover, in setup D2, the wave number
of 18 is more present in the upper region 2 , whereas setup B2
shows a more distinctive pattern of 36 3 .

4.2 Instantaneous results

To gain deeper insight into the differences between the nu-
merical methods, an analysis of the instantaneous flow fields
is conducted.

Figure 6 illustrates the row interactions by normalized en-
tropy contours at mid-span. Apparently, the wakes induced by
the turbomachinery blades are only transported downstream
when using unsteady simulation methods.

The outflow region after stator 2 where all flow disturbances
interact with each other is of particular interest. The merg-
ing entropy trails are only captured by the unsteady methods,
which explains why the temperature is less mixed in the radial
direction for the steady simulation results in setup A, cf. Fig-
ure 4. Between the two HB setups, C and D, the influence of
stator 1 on stator 2 can be observed (highlighted by red rect-
angles). However, even HB setup C represents a significant
improvement over the RANS simulation approach.

It is important to note that the novel sliding mesh interface,
particularly within the HB method, plays a crucial role in the
success of these simulations. In this study, we further vali-
date the accurate transport between the main flow and cavity,
ensuring continuity between both domains. To illustrate this,
instantaneous total fluid temperature distributions using an ab-
solute frame of reference are shown in Figure 7. For normal-
ization, the same representative value Tref, corresponding to
the mean temperature in the experimental data, was used for
all results. The angular position is constant, located exactly
between two vanes of stator 2, in order to minimize the up-
stream impact of the potential field. This specific position is
indicated in the upper left view, which also denotes the cur-
rent relative position of the rotor in relation to the stators. It
is evident how the fluid expands as it passes through the rotor
passage, extracting work and thereby reducing the total tem-
perature. Within the cavity, expansion is not possible, so the
hot fluid bypasses the rotor and enters the main flow, even-
tually reaching stator 2. Nevertheless, the hot streak is only
noticeable near the shroud wall. With regard to the validation
of the sliding mesh interface, no discontinuities are observed
in this representation. The transition between rotating and sta-
tionary components is handled seamlessly. When comparing
the results of the different numerical setups, a small difference
between B2 and the HB results can be observed.

4.3 Frequency spectrum in outer cavity

During the measurement campaign, time-discrete static pres-
sure signals were recorded using Kulite sensors in the OAS,
with data being collected at one position near the inlet and at
four different circumferential positions in the outlet chamber.
The axial position of these sensors is shown in Figure 1. The
pressure was measured over a defined, with each time sam-
ple corresponding to a specific rotor angle. In total, there are
1700 phase angles covering the full annulus, and each data
set is averaged over time. To compare this data with the nu-
merical results, the rotating domain is transformed into the

corresponding absolute frame of reference. The signal is then
processed using a discrete Fourier transform (DFT) to obtain
the spectrum of pressure fluctuations. The original signal in
the time domain and its corresponding spectrum are shown in
Figure 8 and Figure 9 along with results from the URANS
setup B and Harmonic Balance setups C/D. In terms of fre-
quency domain results, the reconstructed time-domain signal
is shown for 1/6th of a revolution. For the URANS simula-
tion and the experiment, a full revolution of the rotor is taken
into account for the DFT. Signals from simulations are all
converged periodically and show only content at harmonics
of the blade passing frequency (BPF). In contrary, the exper-
imental data shows strong fluctuations in amplitude intensity,
although the BPF is again captured correctly. Looking at Fig-
ure 9, the fluctuations around the time-averaged static pres-
sure value at this specific location are approximately 0.5% in
the simulation. The experimental results indicate fluctuations
within the range of 0.4% and 1% of the time-averaged static
pressure value at this specific location. In Figure 8, all ampli-
tudes are normalized by the same value, which is the highest
pressure amplitude at engine order (EO) 30 from the experi-
mental data. The simulated pressure fluctuations are in aver-
age lower than the experimental data. Looking at the first BPF
harmonic, only simulation C2 shows a significantly lower am-
plitude. The time-domain simulation B2 predicts a decreased
amplitude which is approximately 10% lower than, in the ex-
periment. Surprisingly the HB setup D2 has an even better
agreement to the experiment than the time-domain simulation
B2. Further, the amplitude at second harmonic is only about
20% the amplitude of the first harmonic. In the case of simula-
tion results, there is no noticeable content in frequencies above
EO 90, while experimental data shows some higher pressure
amplitudes at 3% to 5%. This approves that the use of only
four higher harmonics in the HB simulations can accurately
reproduce the results of the time-domain URANS method.

In the case of simulation results, there is no noticeable con-
tent in freqeuencies above EO 90, which agrees fairly well
with the experimental data showing low amplitudes from 3%
to 5%. This confirms that, at least for the discussed test
case, the use of only four higher harmonics in the HB simula-
tions can accurately reproduce the results of the time-domain
URANS method.

4.4 Computational costs

One major advantage in using the frequency domain meth-
ods is the reduction in computational costs. In this study, we
compare a highly resolved time-domain simulation with two
different HB simulations, both considering the same number
of harmonic solutions, but differing in size of the computa-
tional domain of stator 2, where either one or two passages
are considered. The computational costs, in terms of CPU
time, and the number of volume elements for each numeri-
cal setup are summarized in Table 4. Notice that these values
strongly depend on the convergence rate of the solver. Over-
all, the computational effort for the time-domain simulations
is O(100) higher than for a steady RANS simulation, while
the HB method is only O(10) more expensive.
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A1

1

B1 C1 D1

A2

2

B2 C2

3

D2

Figure 5: Time-averaged radial flow velocity component at MP 2.12. Results are normalized using the same reference value for
every setup.

7



RANS (A1) RANS TD w. cavities (A2)

URANS (B1) URANS TD w. cavities (B2)

HB (C1) HB w. cavities (C2)

HB with clocking (D1) HB w. clocking and cavities (D2)

Figure 6: Normalized fluid entropy contours at mid-span S1 surfaces. Results are instantaneous, except for RANS.
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B2 C2 D2

Figure 7: Instantaneous normalized total fluid temperature distributions in a θ = const. plane using the absolute frame of refer-
ence. Interfaces are highlighted: Sliding mesh interface (green) and HB mixing plane approach (purple).

Figure 8: DFT of the static pressure in the outer air seal cavity.
Line is only shown for experimental data, because simulations
provide only multiples of EO.

Figure 9: Time signal of the static pressure in the outer air seal
cavity.

Table 4: Computational costs of time and frequency domain
methods for cavity setups.

Setup Normalized CPU time Grid elements

A2 1 1.2×107

B2 171 5.7×107

C2 15 1.2×107

D2 21 1.7×107

5 Conclusions

Simulation results of a turbine rig at the design operating
point with and without cavities were investigated. Differ-
ent computational methods in the time and frequency do-
main were used to analyze the unsteady flow field in the out-
let region of the OAS. We compared the Harmonic Balance
(HB) method with conventional unsteady Reynolds-averaged
Navier–Stokes (URANS) methods to evaluate their accuracy
and efficiency. By examining the computational demands and
ability to capture key flow characteristics, we highlighted the
strengths and limitations of each approach.

The main findings of this study are:

• First of all, the ability to conduct unsteady simulations
with the HB method for main flow and cavity geometries
is shown.

• The study shows that unsteady methods are necessary to
capture specific aspects, such as accurate radial tempera-
ture profiles.

• There is good agreement between time domain and fre-
quency domain methods, demonstrating the accuracy and
consistency of both approaches.

• While the instantaneous influence of stator 1 on stator 2
is visible in an instantaneous view, it has a relatively mi-
nor impact on the overall machine performance.

• The Harmonic Balance (HB) method offers a significant
reduction in computational effort, by a factor of around
10 when compared to conventional URANS simulations
in the time domain.
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• Unlike former investigations of the isolated OAS, no
non-harmonic frequencies were observed in the time do-
main reference simulations in this study. Therefore, the
HB method can be effectively applied without the need
to account for additional non-harmonic frequencies.

Thus, it can be concluded:

1. The HB method, with its newly implemented sliding
mesh interface, successfully replicates the results of con-
ventional URANS methods, which were used as the
benchmark besides experimental data within this work.

2. The HB method can be employed without concerns of in-
troducing new or potential non-synchronous vibrations,
making it a robust and reliable approach for this type of
analysis.

Future research directions in aeroelastic analysis could in-
volve the utilization of Harmonic Balance simulations for con-
figurations like the presented one. While the differences be-
tween steady and unsteady simulations may not be signifi-
cantly high in the presented test case, it is important to rec-
ognize the crucial role of unsteady methods in future applica-
tions. In particular, aeroelastic investigations such as forced
response or flutter analysis inherently involve unsteady ef-
fects, making advanced unsteady methods essential.

As the demand for accurate and reliable simulations in these
areas grows, the use of advanced unsteady methods will be
essential to capture the complex interactions and dynamic ef-
fects that influence the overall performance and stability of
turbomachinery.
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Nomenclature

c chord length [m]

cp Pressure coefficient [-]

f Frequency [Hz]

m Circumferential wave number [-]

N Blade count [-]

p Static pressure [Pa]

s/c Relative chord length [-]

T Temperature, [K]

t Time [sec]

Re Reynolds number [-]

Greek symbols

η Efficiency

γ Isentropic coefficient / Intermittency in turbulence
transition

ν kinematic viscosity

Subscripts

amp Amplitude

is Isentropic

max Maximum

norm Normalized value

R,S Rotor, Stator

ref Reference

t Stagnation quantity (total)

Acronyms

BPF Blade Passing Frequency

CFD Computational Fluid Dynamics

HB Harmonic Balance

IAS Inner Air-Seal cavity

IBPA Inter-Blade Phase Angle

LE Leading Edge

OAS Outer Air-Seal cavity

TD Time Domain

TE Trailing Edge

VPF Vane Passing Frequency
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