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ABSTRACT
Unsteady large scale flow structures rotating in rim

seal cavities are identified to possibly influence the flow
field near the hub side endwalls in axial turbines. Re-
cently, a number of investigations were published on their
identification, quantification and interpretation. As the
formation of the cavity structures can be dominated by
the unsteady interaction between stator and rotor, com-
plex test setups are necessary requiring rotating facilities.
Concerning numerical investigations, transient full circle
CFD-setups or at least multiple sectors are necessary to
allow the formation of the rotating cavity structures.

This conference contribution presents a combined ex-
perimental and numerical study of rotating cavity struc-
tures identified in the hub side region of the Large Scale
Turbine Rig at Technische Universität Darmstadt, Ger-
many. Unsteady aerodynamic probe data close to the end-
wall but in the main annulus are combined with unsteady
wall pressure information located inside the cavity. The
data is used to validate an unsteady 60°-sector CFD. Us-
ing infrared based instantaneous wall temperatures on the
rotor hub side endwall the purge flow distribution is eval-
uated and again accompanied by CFD-results. For the in-
vestigated purge flow rate, the instantaneous rim seal dis-
tribution is shown to be dominated by the identified cavity-
modes leading to strong inhomogeneities between the sin-
gle rotor passages.

INTRODUCTION
The hub side endwall region of the first high pres-

sure rotor has always been of critical importance for the
design of safe and reliable high pressure turbine sections.
The blade root is simultaneously stressed by high centrifu-
gal forces and thermal loads. Due to the rotation and the
interaction with stationary flow structures the rotor pas-
sage flow by nature is dominated by periodic fluctuations.

In the hub side region this transient but basically periodic
character is superposed by the interaction with the rim seal
purge flow, an important share of the high pressure sec-
ondary air system. It is intended to prohibit the ingestion
of hot main flow into the inner cavities and wheel-spaces.

Besides the negative effect on the thermal cycle ef-
ficiency the interaction between the main and sealing
flow locally produces losses lowering the efficiency of
the stage/component. Therefore, an optimization of the
rim seal configuration is of high interest to the turbine de-
signer. The final character of the seal flow is a combina-
tion of the internal and external boundary conditions on
both, the stationary and rotating frame of reference. The
spatio temporal flow patterns in the vicinity of the seal are
three dimensional and highly transient. To further inves-
tigate the complex mechanisms, researchers have built up
rotating test facilities accompanied by transient 3D com-
putational models. Due to restrictions in transient mea-
surement techniques as well as limited computational ca-
pacity, many setups historically were strong simplifica-
tions of the real turbine.

Within the last two decades, purge flow investiga-
tions then have become more sophisticated in terms of
their space-time resolution. Among other findings, they
lead to the discovery of large scale rotating structures in
the rim seal. These cavity modes were found to be unre-
lated to the blade passing and disc frequencies. An early
study, where such comparably low frequencies in the rim
seal of an axial test turbine were identified, was the com-
bined experimental and numerical study conducted by Cao
et al. (2004). Both, unsteady wall pressure measurements
in the cavity and the CFD showed pressure patterns ro-
tating slightly below the rotor speed. Similar detections
of large scale rotating cavity structures were presented in
Jakoby et al. (2004), Boudet et al. (2006) and Julien et al.
(2010). All of those studies highlight the importance to
carefully choose the circumferential sector size to enable
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the structures to be evolved in unsteady computational se-
tups.

For the integrated design and optimization of turbine
stages, unsteady multi-sector computations however were
all but state of the art in that time. With increasing com-
puting capacity, unsteady 360 degmodels became possible
to a wider variety of applications. However, detailed fea-
tures as rim seal cavities were often part of necessary ide-
alizations and not fully accounted for in computations. A
similar development can be observed in the field of experi-
mental setups. Unsteady measurement techniques contin-
uously found their applications in rotating test facilities.
Those, however, had often a focus on either the main flow
path or the rim seal / wheel space region.

Nevertheless, the trend is towards fully integrated in-
vestigations accounting for realistic external and internal
boundary conditions of the purge flow. In doing so, the
improvements are forced from both sides of the aforemen-
tioned segmented environments. Rotating disc spaces are
supplemented by the external flow guiding geometries,
first of all the vanes and blades. Sangan et al. (2013) is
referenced exemplary for a whole series of experimental
investigations conducted at University of Bath. The ex-
perimental facility was continuously developed over the
years. A good overview can be found in their review Sco-
bie et al. (2016). The basic findings regarding the different
mechanisms of ingress, mainly the differentiation between
external and internal induced ingress, were continuously
refined. More recent combined experimental and numer-
ical studies with a focus on the unsteady ingress mecha-
nisms were conducted, see Horwood et al. (2018), Hualca
et al. (2020) and Roy et al. (2021) (last one from KTH).

In the other way around, rotating test turbine inves-
tigations were expanded with more realistic and well in-
strumented rim seals. The focus laid on a further under-
standing of the interaction between the annulus and rim
sealing flows and their influence to the adjacent passage
flows. A numerical study on a generic high-pressure tur-
bine stage is the work by Chilla et al. (2013). Besides the
detailed investigation of the tempo-spacial distribution of
the purge flow, its effect on the adiabatic wall tempera-
ture distribution on the rotor hub side endwall was investi-
gated. A non-axisymmetric redesign of the seal geometry
was subsequently presented in Chilla et al. (2016). Camci
et al. (2019) have also recently published a combined ex-
perimental and numerical study identifying cavity modes
in an axial turbine research facility.

To experimentally determine possible large scale
modes in the cavity of the Oxford Rotor Facility, Beard
et al. (2017) have modified and instrumented the rig with
an array of radially and circumferentially distributed un-
steady wall pressure transducers. In this work, a proce-
dure for the detailed quantification of the lobe system in-
side the cavity is presented. Findings were confirmed and
extended in the numerical studies presented in Gao et al.
(2017) and Palermo et al. (2019). In their review, Chew
et al. (2019) have summarized the wide field of research
activities and findings in the field of rim seal investiga-

tions.
While focusing on the influence of rim seal purge

flow to the secondary flow patterns in the rotor passage,
the extensive experimental study of Schuepbach et al.
(2008) is another early evidence of rotor unrelated fre-
quencies in the rim seal region of axial turbines. Fre-
quency analysis of the fast response aerodynamic probe
data showed characteristic elevations at around half the
blade passing frequency in the hub region. Jenny et al.
(2013) presented a detailed investigation of the purge flow
effect on the radial migration and unsteadiness of the rotor
hub passage vortex. The rig was then modified to allow a
more precise quantification of hub cavity modes. Schädler
et al. (2017) could provide clear evidence on a possibly
strong interaction of rotating cavity structures to the purge
flow patterns. They conclude, that the large scale rotating
structures need to be considered in the design process of
next generation sealing features. In Schädler et al. (2017)
a study on non-axisymmetric purge control features (PCF)
is presented. The work of Iranidokht et al. (2021a) shows
a detailed analysis of how geometry and operating condi-
tions can influence the nature of cavity modes. A dense
array of wall mounted unsteady pressure transducers is in-
stalled to a two-stage test turbine. A detailed view on the
amplitudes of the cavity modes again highlights the possi-
bility, that cavity modes may dominate the transient rotor
passage flow in the hub side endwall region. Iranidokht
et al. (2021b) further investigated their impact on the stage
performance.

The literature, as referenced so far, is focusing on
the aerodynamic understanding of the purge flow mech-
anisms. As introduced in the beginning, the thermal loads
in the blade root region are of critical interest for the high
pressure turbine. Experimental heat transfer investiga-
tions in rotating passages however are complex. To en-
able a distinct investigation of thermal purge flow effect,
a spacial high resolution of the thermal quantities is desir-
able. The experimental approach of Lazzi Gazzini et al.
(2016) marks one solution to quantify simultaneously the
heat transfer coefficient and the adiabatic wall tempera-
tures in rotating test environments. In Lazzi Gazzini et al.
(n.d.) the method was then first applied to experimentally
investigate the purge flow effect to the rotor endwall heat
transfer. The method was adopted by Hänni et al. (2019)
to a contoured rotor endwall. They were able to character-
ize the heat transfer patterns and found good agreement to
steady state predictions.

In this paper, tempo-spacial pressure measurements
in the hub side endwall region of the first rotor are used
to provide evidence of the existence of rotating large scale
pressure fluctuations originated in the cavity of the Large
Scale Turbine Rig (LSTR) at TU Darmstadt. The un-
steady flow field information is combined with experi-
mental heat transfer data from the endwall surface itself.
In Ostrowski and Schiffer (2021) the experimental ap-
proach is presented in detail, including a comprehensive
uncertainty evaluation. As the experimental heat transfer
method is based on the evaluation of instantaneous and
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spatially resolved heat flux data on the wall, data reduc-
tion allows the deviation of instantaneous quasi-adiabatic
wall temperatures.

As discussed in the literature review, unsteady com-
putational setups are able to at least qualitatively “pro-
duce” the cavity modes, strongly depending on the sector
size, the discretization scheme and the applied turbulence
model. The presented experimental setup is accompanied
with a geometrically simplified 60 deg sector URANS-
CFD (Four stator one vanes, six blades and six stator two
vanes). The computations are validated against the exper-
imental data and subsequently used for a detailed tempo-
ral investigation of the rim seal purge flow characteristic.
For the investigated operating point, the data indicate a
strong inhomogeneity of purge flow when comparing ad-
jacent hub side endwalls.

METHODOLOGY
Experimental Setup

The investigated cavity flow structures are observed
in the low-Mach, Large Scale Turbine Rig (LSTR) op-
erated by the Institute of Gas Turbines and Aerospace
Propulsion at TU Darmstadt. Figure 1a depicts a flow
chart of the facility including a sketch of the turbine sec-
tion. A scaled-up model of a 1.5-stage high pressure tur-
bine is embedded in a quasi-closed loop main flow duct
environment. The primary blower is speed controlled to
achieve the desired mass-flow as determined with the Ven-
turi nozzle. Turbine inlet temperature is controlled via a
water-air cooler. A blow-off valve system allows to ad-
just the overall pressure level to reproduce the desired tur-
bine total inlet pressure independently of the atmospheric
condition. A secondary air distribution chamber is fed by
an individual radial blower and has its own temperature
control system. Behind the distributor, the facility allows
to supply several secondary air mass flows, individually
controlled with an automatic valve system. Shaft power is
delivered to an electric generator controlling the speed of
rotation. The turbine outlet duct is designed without any
struts. A hollow shaft allows signal, pressure and electric
energy transfer between the rotor assembly group and a
telemetry and slip-ring unit located outside the measure-
ment section.

For the subsequently presented rim seal investiga-
tions, the sub cavity can be fed by a temperature and mass
flow controlled purge supply system. Three pipes are dis-
tributed evenly over the circumference and are located
close to the center of the cavity. Deflector plates are sup-
posed to homogenize the inflow condition. To allow a
precise control of the purge flow temperature, for each of
the three supply lines flow through heaters are located di-
rectly before entering the cavity. A fast response control
loop is installed, where the heating power is adjusted to
meet the target temperature in the upper part of the cav-
ity. As enlarged in Figure 1b, the sealing geometry has
an internal radial gap combined with a diagonal curved
chute. The radius at mid-span is close to 0.5 m with blade
height of 0.134 m and an axial chord lenth of 0.071 m.
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(a) Flow chart of the turbine test facility

(b) Measurement section
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(c) Geometry of the investigated stage

Figure 1 Details on the Large Scale Turbine Rig

Further dimensions of the stage are given in Figure 1c. As
the characteristic sealing dimensions, the minimum radial
distance is selected to be the seal clearance sc = 5 mmwith
its mean radius of b = 0.4 m, as highlighted in the Figure
(sc/b = 12.5×10−3). Based on these quantities the rota-
tional Reynolds number ReΩ = ρ Ω b2/µ = 1.004×106.

The nominal rotational speed of the operation
point investigated is 1000 rpm (Ω = 104.7 1/s, Ω b =
44.88 m/s). In general, the rig is operated at cold con-
ditions and target temperatures are chosen with respect to
both, the cooling capacity of the water-to-air coolers and
the maximum allowable material temperature of the em-
ployed materials. As will be discussed in the heat trans-
fer section, the applied measurement concept depends on
a precise temperature difference between main and sec-
ondary flow. As a third precondition, a fast and reliant
achievement of thermal equilibrium is considered when
choosing the target flow temperatures. For this study, a
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Figure 2 Flow field information on the investigated
stage. Axial coordinate is normalized with rotor axial
chord length at mid-span. Contours depict the abso-
lute Mach number distribution in the stationary frame
of reference at mid span (URANS - time average over
two full revolutions, top) and circumferential mass av-
eraged (URANS - time and circumferential mass aver-
age, bottom)

.

temperature difference of 10K between rim seal and main
flow is chosen, with 313.15K and 323.15K for main and
secondary air, respectively.

To meet the flow coefficient of the stage design
(Φ ≈ 0.38 mid-span, rotor inlet), a main flow rate of
Ṁ = 10.23kg/s is required. The investigated rim seal
purge flow rate is 1 % of the rotor inlet mass flow leading
to ṁ = 0.102kg/s. The mean flow velocity through the
seal then results in um = ṁ/(ρ 2π b sc) = 7.06m/s with
a velocity ratio um/(Ω b) = 167× 10−3. All parameters
are summarized in Table 1. To indicate the global aero-
dynamic stage characteristic, Figure 2 shows the Mach
number distribution at mid-span (top) and in the radial-
axial plane (bottom). Stator exit Mach numbers are in
the range of 0.24 (absolute velocity 85 m/s) leading to a
Reynolds number ReSe = 4.90000×106with respect to the
axial chord length (at mid-span).

Further details on the rig operation, its stability and
overall measurement accuracy can be found in Eitenmüller
et al. (2019). A full description on the investigated stage,
with focus on the aero-thermal impact of different turbine
inlet conditions on the blade tip, is covered in Wilhelm
(2020).

rh hub radius 0.434 m
rs shroud radius 0.568 m
b seal radius 0.400 m
n rotational speed 1000 min
sc seal clearance 5 mm
ReΩ rotational Reynolds

number
1.145×106 -

ReSe Reynolds number
Stator exit

1.145×106 -

Φ Flow coefficient at
mid span

0.38 -

p0,in Turbine inlet total
pressure

1.1×105 Pa

BC Blade Count S1/R/S2 24 / 36 / 32 -
fBP Blade Passing

Frequency
600 Hz

Ṁ main mass flow 10.23 kgs−1

ṁ rim seal mass flow 0.102 kgs−1

PFR Purge Flow Rate 1 %
Tt,in turbine inlet total

temperature
313.15 K

Tt,cav cavity inlet total
temperature

323.15 K

Table 1 Operating conditions and geometrical informa-
tion

Aerodynamic Instrumentation
Within the measurement section a wide variety of

aerodynamic instrumentation is installed. To allow a dis-
tinct determination of the overall turbine performance, a
number of stationary pressure and temperature measuring
points are permanently located in various measurement
planes of the test section. With reference to Figure 3, total
pressure and temperature kiel rakes are installed in mea-
surement planesMP01 andMP05 accompanied with static
wall pressure tabs circumferentially distributed on the
outer casing in all relevant measurement planes MP00S to
MP05. The outlet is furthermore equipped with circumfer-
entially distributed wall pressure tabs at the hub endwall
to allow a permanent control at the outlet.

The rim seal cavity itself is instrumented with a num-
ber of temperature sensors and pressure tabs in two repre-
sentative radial positions. First, the sub cavity is equipped
with in total eight static wall pressure tabs and four type K
thermocouples protruding away from the stator endwall.
To allow the quantification of the flow condition under-
neath the chute a similar distribution of pressure and tem-
perature measuring points is installed.

Time-averaged, two-dimensional flow vector infor-
mation is determined via a traversable multi-hole probe
system. The rig environment thereby follows a combined
concept where the relative radial position is altered via
individual probe towers. The circumferential positioning
within the flow field however is realized by a rotation of
the stationary flow guiding structure. In total, three rings
can be rotated individually relative to the stationary casing.
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One ring located far upstream of the stator inlet (MP00_T)
and two rings holding the fist and second stator vane rows.
Silicone O-ring gaskets are placed in every junction for
sealing. A detailed description of the design philosophy
of the rig is given in Krichbaum et al. (2015). The turbine
inlet velocity field is measured with a seven-hole probe
capable of resolving high flow angels and calibrated for
the expected absolute velocities in MP01. In MP02 and
MP03, cobra-type five-hole probes are used to resolve the
time-averaged flow field.

Time-resolved pressure information of the turbine
flow field are measured with fast response aerodynamic
probes. For the rotor inlet plane, a one channel probe
containing a commercially available Kulite-sensor was de-
signed. The sensor is located in a capillary tube with an
outer diameter of 2 mm. A plug with a cavity is con-
necting the orthogonal hole (0.6 mm) with the sensor is
located at the end of the tube, compare Figure 3. To re-
solve the fluctuating pressure field in the mixing zone of
rim seal and main flow, an inclined measurement plane
(MP02incl) is established via the available access plugs in
MP02. The rotor relative exit flow field is surveyed with
an inhouse built virtual four-hole probe, where the head is
now equipped with two Kulite-sensors.

The Kulite-probes were calibrated to operate them in
a virtual multi hole appraoch. However, it is highlighted
that for the present study, the aerodynamic calibration was
not applied at all and the signal is simply transferred to
pressure with the static calibration. Due to the consecutive
character of the virtual hole method, the post processing is
based on rotor triggered ensemble averages. Therefore,
the virtual mode is not suitable to resolve the expected
non-harmonic cavity structures and both probes are con-
sidered as time-resolving pitot probes. The orientation to-
wards the main flow direction was determined in previous
five-hole probe measurements.

To experimentally resolve the pressure information
within the cavity in time and space, in total five sensors are
installed in the stationary part of the rim seal cavity. They
are evenly distributed over one stator pitch. For the results
presented in this paper, they are simultaneously logged
with the unsteady probe measurements. As will be shown
in the result section, this allows to correlate the rotating
structures inside the cavity to their propagation into the
main flow field.

Heat Transfer Instrumentation
To investigate the influence of the injected purge flow

to the aero-thermal condition on the rotor hub side end-
wall, the rotor of the LSTR is equipped with a high res-
olution heat transfer measurement system. The method
is based on the acquisition of wall temperature maps. A
fast infrared imaging system determines the distribution of
radiation intensity of an instrumented rotor endwall seg-
ment. The setup allows the quantification of spatially
highly resolved heat flux information over a thin insula-
tion layer coated to the flow facing surface of interest. A
regression is then used to derive the adiabatic wall temper-

MP01MP00_TMP00_S MP02MP02_i MP03 MP05MP04

unsteady virtual 
four hole probe

wall-mounted 
Kulite-sensors

unsteady 
virtual three
hole probe

seven-hole probe 
and pt- Tt-rakes

0 3mm

0 2mm 0 7.4 mm 

Figure 3 Measurement section and positions of inves-
tigation

camera
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trigger

44 TC10 DC

20 x 
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WiFi
access

10 x DC
control 

units

thermocouple for 
carrier temperature

insulatorpotting 
compount

reference
thermocouple

thin-foil 
heaters

Figure 4 Experimental heat transfer setup, details can
be found in Ostrowski and Schiffer (2021)

atures and the local heat transfer coefficients on the basis
of a series of thermal boundary conditions.

Implemented feedback controlled electric heaters are
used to set a series of steady state thermal boundary con-
ditions. The instrumented thermocouples and the electric
power are transferred to the rotating frame of reference via
a telemetry and slip ring unit, respectively. As presented in
Ostrowski and Schiffer (2021), the data processing algo-
rithm and therefore the calculation of the heat flux distri-
bution is carried out frame by frame. For the actual study,
this leads to an instant picture of the temperature distribu-
tion at the rotor hub side endwall for every second full rev-
olution. It is highlighted, that this comparatively low ac-
quisition frequency is of different order than the unsteady
pressure information as recorded with the Kulite-sensors.
For this study however, only one specific surface tempera-
ture sequence is investigated and the regression to deduce
the adiabatic heat transfer coefficient is not applied. This
is again based on the consecutive character, as the single
supporting points are ensemble averages. As will be dis-
cussed in the results section, the sequence with thin film
heaters fully switched off are analyzed towards fluctua-
tions. For the in-situ temperature and spacial calibration
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nozzle and outlet box

Idealization of NGV1

Rim seal cavity and
wheel-space as part
of the rotor-domain

Figure 5 CFD-domain

however, the complete data reduction procedure need to
be applied. For detailed information on the measurement
principal, the algorithm and the determination of relative
and absolute uncertainties, the reader is again referred to
Ostrowski and Schiffer (2021).

Numerical Setup
Experiments are accompanied by unsteady computa-

tions using ANSYS-CFX 18.2. The 3D-domain is directly
extracted from the actual CAD-model. However, signif-
icant idealizations were necessary to reduce complexity
and therefore save elements where possible. Historically,
the test turbine geometry was designed to allow investiga-
tions with a focus on cooling features within the first stator
section (see e.g. Werschnik et al. (2017)). For the current
investigation, namely two features are removed to focus on
the time-resolved calculations of the rim seal purge flow
effect. First, the discrete pattern of cooling holes at the
stationary hub side endwall right before the passage entry
is removed. Second, all cooling holes and the trailing edge
slot ejection at the vane itself are replaced by solid walls.

In total, a 60 degree sector model containing four first
stator airfoils, six rotor blades and six second stator air-
foils. As no integral count of the 32 second stator airfoils
fit into the 60 degree sector, the number is artificially in-
creased to 36. To facilitate the potential development of
the expected cavity structures, the wheel space is largely
incorporated into the domain. As illustrated in Figure 5,
the wheel space is part of the rotating domain (red). The
interface to the first stator is not planar but shows a bow
close to the hub. For steady state calculations with mix-
ing planes at the interfaces, this shape showed more stable
convergence compared to the even attempt. However, for
the URANS calculations, as presented in this paper, the
shape and exact position of the interfaces has no influence
on the result.

Themeshes for all three single passages are generated
with the commercially available automatic grid generator
CENTAUR, following a hybrid mesh topology. Prismatic
layers are used in the vicinity of the walls, whereas the
open flow regime exists of tetrahedral elements. During
mesh generation, multiple mesh density studies were per-
formed using steady state calculations with mixing planes
between the vane and blade rows. Turbulence is solved

0 1 2 3 4
y+

(a) Domain of Stator 1

0 1 2 3 4
y+

(b) Domain of Rotor

Figure 6 Mesh details and y+ for the first stator and
rotor domain

with the Shear Stress Transport (SST) model as imple-
mented in CFX. For this approach, the automatic Near-
Wall Treatment guarantees a smooth switch between the
wall function and Low-Reynolds form, depending on the
local resolution.

The 60 degree meshes for the URANS computations
are generated by duplicating the single passage topologies.
The entire domain contains 84.4 million cells, from which
13.19 are prismatic and within the boundary layers, com-
pare Table 2. Time step is chosen to resolve 40 positions
per rotor pitch (0.25 deg). In total, three full revolutions
equivalent to 4420 time steps are solved. The calcula-
tions are initialized with a steady state result. A maximum
number of 10 internal loops is prescribed. The transient
term is discretized with the Second Order Backward Euler
Scheme without a limitation of the Courant Number.

All transient computations were executed on the
Lichtenberg High Performance Computer at TU Darm-
stadt. In the transient result files the total pressure, total
temperature and the velocity vector, all in the stationary
frame were written for every fourth time-step leading to a
one degree or 1/10th rotor pitch resolution. The first rev-
olution is unused in post-processing to allow convergence
of the large scale fluctuations. Global characteristics of
the rotating flow structures are unchanged for the second
and third revolution allowing the assumption that they are
fully developed.

The axial position of the inlet plain coincides with
MP01, which lies approximately 75% in front of the
NGV1 leading edge (referred to its axial chord length).
This short distance results in a high sensitivity on the pre-
specified inlet conditions. The best practice for the exam-
ined setup proved to be the definition of 2D-profiles for the
total pressure and the normalized flow vector. The quan-
tities are derived from seven-hole-probe data. Turbulence
intensity is set to low (1%). At the outlet, a static pressure
2D-profile is rated. The profile data is linearly interpo-

6



Region Number of Elements Tets Wedges
NGV1 4 x 6.43 = 25.72 22.53 3.19
Rotor 6 x 6.06 = 36.36 29.59 6.74
NGV2 6 x 3.72 = 22.32 19.06 3.26
Sum 84.4 71.18 13.19

Table 2 Mesh details - all counts in millions

lated between the stationary wall pressure measurements
at the casing (MP05) and those at the hub. At the inlet of
the cavity, the mass flow rate directing outwards is prede-
fined and equals to the mean value as measured with the
orifice.

Thermal boundaries are set as follows: The main
flow inlet temperature is set to the target total temperature
as verified by the rakes in MP01, 313.15K. Equally, the
cavity inlet total temperature is constant and corresponds
to the control value of the flow through heaters, leading to
323.15K. All wetted surfaces are adiabatic.

RESULTS AND DISCUSSION
The results as presented in the following are restricted

to one OP with 1% purge flow rate, axial turbine inlet
condition and baseline seal geometry. Compared to other
investigated operating points (swirling turbine inlet flow,
different rim seal geometry and purge flow rates), this con-
figuration has proved to produce the most dominant fluc-
tuations when looking at the infrared raw sequences and
the transient wall pressure information.

CFD-Validation
As mentioned in the CFD-setup section, transient re-

sult files were written for two full revolutions and every
fourth time-step leading to 720 files (with a temporal res-
olution of 1/10th rotor pitch). To enable a fast forward
deviation of statistics in both, the stationary and rotating
frame of reference in the full domain, a regular volumet-
ric mesh is used to export the flow variables. Within the
subsequent import procedure (Matlab 2020a) data is re-
structured circumferentially to match a regularly oriented
60°-sector centered to the vertical axis. This procedure
guaranties the correct allocation within the turbine coor-
dinate system and makes 3D vector field operations very
efficient. Further, no specific CFD post processing tool
is necessary to be implemented into the evaluation sup-
porting an effective work-flow. However, the spatial res-
olution is strongly reduced compared to the original mesh
disabling the deviation of flow quantities in regions with
very high gradients, such as in the boundary layers. In ad-
dition to this rather coarse flow field resolution, the flow
quantities on the hub side rotor endwall are exported with
higher resolution (in the range of the infrared system).

Stationary flow field validation
To begin with, the computed time-averaged station-

ary flow field is validated against five-hole-probe mea-
surements in the rotor inlet- and exit-plane. In Figure 7a,
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Figure 7 2D-comparison between five-hole-probe mea-
surements FHP (left), CFD (middle) and circumferential
average (right) of the normalized total pressure differ-
ence Y = (p̄0,in −p0)/(0.5ρΩ2b2) (a) and whirl angle (b)
in the stator-exit plane MP02

the total pressure 2D-distributions for MP02 (Stator exit)
is shown. Throughout this section, the local total pressure
p0 is presented as the difference to the mass averaged inlet
pressure p̄0,in normalized with the dynamic head of the cir-
cumferential speed of the disc 0.5ρΩ2b2. This term equals
the common expression of a pressure loss coefficient. The
disc speed normalization is necessary, as the local mass
averaged dynamic head of the flow is not available for
the time-resolved probe measurements. In Figure 7b the
Stator exit whirl angle is shown. The characteristic to-
tal pressure loss regions behind the trailing edges are in
good agreement between CFD and experiment. However,
the pressure deficit in the hub region is overestimated in
the CFD while the deflection is too high. As the hub side
flow field in MP02 is already influenced by the interac-
tion between purge and main flow, high axial gradients
are present and a strong spatial sensitivity is given and a
correction scheme could be applied in themulti-hole probe
evaluation. However, as the measurement grid resolution
is coarse (21 radial and 15 per stator pitch), local gradients
cannot be resolved making a pressure correction inappro-
priate. Second, the large step size increases the general
inaccuracy of the mass averaged quantities, as they ran-
domly may miss out relevant flow features.The focus of
this validation is therefore not primary on the agreement
of absolute values but more on the qualitative agreement
of the stationary flow structures defining the aerodynamic
boundary conditions in the rim seal region.

In Figure 8 the same two quantities are shown for
MP03. As all influences of the rotating rotor are circum-
ferentially averaged out, all flow patterns are a conse-

7



FHP

-1 0 1

Stator Pitch (-)

0.0

0.5

1.0

h
re

l (
-)

CFD

-1 0 1

Stator Pitch (-)

5.5 6.0

Y (-) - MP03

5.5 6.0
Y (-)

FHP
CFD

(a) Total pressure coefficient in measurement plane 03
(MP03) - Rotor exit

FHP

-1 0 1

Stator Pitch (-)

0.0

0.5

1.0

h
re

l (
-)

CFD

-1 0 1

Stator Pitch (-)

-70.0 0.0

whirl ang (°) - MP03

-80.0 -10.0
whirl ang (°)

FHP
CFD

(b) Whirl angle in measurement plane 03 (MP03) - Rotor exit

Figure 8 2D-comparison between five-hole-probe mea-
surements FHP (left), CFD (middle) and circumferen-
tial average (right) of the total pressure coefficient cp
(a) and whirl angle (b) in the rotor-exit plane MP03

quence of the two stator rows. For validation purposes,
it may be highlighted that again the loss cores are well
predicted in position and strength. Primarily, these are
the pressure elevations around hrel = 0.6− 0.7 originat-
ing from the first stator. Second, the pressure deficit to-
gether with the strong deflection in the lower 40% of the
channel. Generally, Figure 8 proves that the unsteady CFD
correctly predicts the transient influence of the rotor to the
stationary flow field.

Time-resolved flow field validation
The unsteady pressure data by the Kulite-probes

(KUP) are taken to validate the transient CFD in MP02i
and MP03. As the measurement grids of these two probes
were both limited to the hub area, they are not suitable
for a full passage flow characterization. In fact, the grids
were chosen to resolve the rim seal purge flow effect in
two ways. First, the KUP in MP02incl is capable to ex-
perimentally determine the unsteady aerodynamic bound-
ary condition in the rotor inlet area. The measurement
points above the stator lip represent the annulus flow as
propagating towards the mixing area. Those measurement
points underneath however allow the determination of the
purge flow situation right before entering the annulus. As
mentioned before, both probes were operated in a virtual
mode to allow the derivation of the flow vector. However,
this is just possible by ensemble-averaging (rotor relative)
which leads to the loss of the time-discrete nature of the
signal. In the following, all shown pressures correspond
to the pressure signals when the probes were aligned to
the mean flow direction.

The target of this subsection is to provide evidence,
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Figure 9 Comparison of kulite-probe and cfd - time-
average in stationary and rotor relative frame of ref-
erence in (a) MP02i and (b) MP03

that the CFD is capable of reproducing the characteristic
unsteadiness in both, the stator-rotor interface and in the
rotor-exit plane. Besides, confidence is given to the cor-
rect spacial allocation between KUP and CFD in both co-
ordinate systems, stationary and rotor-relative. Referenc-
ing Figure 9a, the CFD is generally capable to predict the
time-averaged total pressure distribution in the stator exit
plane. In the stationary frame of reference, the pressure
loss cores arising from the hub side secondary flow struc-
tures agree in strength and area. As the axial position of
the plane is right after the end of the stator hub side end-
wall, the lower region is affected by the rim seal purge
flow leading to the high radial gradient.

The average total pressure distribution in the rotor
relative frame of reference is almost homogenous. How-
ever, slight gradients are visible in front of each rotor pas-
sage. This is against the expectation, as the total pressure
is consistently defined in the stationary frame. Eventually,
the local elevations must be caused by the upstream effect
of the rotor. However, the potential field alone is no rea-
son as it would just cause a redistribution (with constant
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total pressure). In fact, elevations are most possibly work
delivered locally by the leading edge region of the rotor.
This phenomenon was recently reported by Gaetani and
Persico (2021).

Next, the two different time-averages are compared
in the rotor-exit plane. With reference to Figure 9b, av-
eraging into the stationary frame will again only show ef-
fects by the two stators (in the circumferential distribu-
tion). As all stator-one flow patterns are weakened while
convecting through the rotor, circumferential gradients are
low compared to the characteristics in the rotor-relative
frame of reference. As can be seen, the CFD is generally
capable to predict both flow patterns (stationary and rotor-
relative). Again, the loss cores of the rotor passage flow
are well positioned and distinct. However, the gradients
are higher for the CFD. First, this is possibly caused by
too little predicted dissipation (RANS turbulence model).
A second reason could be the damping effect by the probe
structure (stagnation and re-acceleration). It is again high-
lighted, that the probes signal are only calibrated statically
and no dynamic effect is corrected for with a calibration
procedure. As this study is focusing on the transient be-
havior of the rim seal purge flow, the time-averages are
for sure not the only indication of a reasonable computa-
tional result.

On the basis of the time-averages, as shown so far,
the predictions are now presented in the time-space do-
main and again compared to the probe-data. A relative
channel height of 10% is considered appropriate to look
into the time-space characteristics. In Figure 10a the nor-
malized total pressure difference is depicted for MP02i.
The first stator exit flow has a clear dominance in both, the
experimental and numerical results. The overall distribu-
tion agrees well with the expectation for the total pressure
distribution in a stator-rotor interface. The total pressure
increase, as generated by the rotating profiles, is primarily
visible in the stator wakes and is consistent between KUP
and CFD.

The situation in the rotor exit plane is depicted in Fig-
ure 10b. Now, the inclined structures are dominant as the
rotor wake characteristic is dominant. However, station-
ary features are also distinct. The distribution of station-
ary and rotating patterns are basically comparable but with
significant differences in periodicity. Where the CFD is
well periodic with two distinct stationary structures (ver-
tical lines), the KUP shows a non-periodic discontinuity
between -0.75 and -0.25 stator pitch. This is due to the fact
that the second stator has 32 blades in reality but was mod-
eled with 36 blades to reach a 30 deg periodicity. The dis-
continuity is finally the result of the reorganization scheme
of the experimental data.

Summarized, the time averaged unsteady CFD is
judged valid in the prediction of all relevant total pres-
sure characteristics. Certainly, it was not shown, that the
trends of the other flow variables are also valid in the time-
domain. However, as the identification of the rotating
structures is based on the unsteady total pressure signal
only, the presented verification of the overall flow field
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Figure 10 Time-Space characteristic of Y at hrel = 10%
- ME02i (a) and ME03 (b)

prediction is seen to be adequate at this point.

Verification of rotating structures
The experimental and computational unsteady aero-

dynamic data is now analyzed with a focus on the verifi-
cation of large scale rotating flow structures. Therefore,
the unsteady time-signal is observed and compared at two
distinct points; first, inside the cavity taking one of the
wall mounted pressure transducer positions (at 0 deg stator
pitch) and second, the unsteady pressure probe in MP02i
at hrel = 10% (again at 0 degree). The time-signal from
inside the cavity is used to deduce the existence of a dom-
inating frequency for both, the experimental and compu-
tational flow field. In a second step, the analysis of the
time-resolved pressure signal outside the cavity allows the
assessment of the CFD concerning the ability to correctly
predict the unsteady interaction between CM and the main
flow.

Figure 11 shows the analysis for the experimental test
data. The time-signal of the wall pressure inside the cav-
ity is shown for a period of 10 BPE (black line at around
Cpt = 0.95). It is clearly dominated by one specific fre-
quency and a look to the corresponding FFT (bottom right)
allows it to be identified at around 0.5 BPF. When look-
ing at the pressure signal in the main annulus, the same
frequency is dominant, but with much higher noise. The
overall higher amplitude is based on the fact that the signal
is now incorporating the much higher dynamic head in the
first stator exit flow (in contrast to the very low velocity
inside the cavity). To visualize the ratio of the CM to the
particular full signal, the dominating cavity mode with its
respective amplitude is plotted in gray over the raw signal.
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Figure 11 Verification of cavity modes from experimen-
tal data

The transient CFD is now evaluated similarly to the
procedure as presented for the experimental data, compare
Figure 12. The coordinates and the processed length of the
time-sequences (two full revolutions) are equal. Due to the
lower temporal resolution of the CFD, the resolution of the
spectrum is approximately 1/5 compared to the experiment
(however, it is still 5 times the BPF, as 10 transient result
files are available per rotor pitch).

Looking at the time-dependent pressure inside the
cavity, obviously the level and unsteady amplitude is well
reproduced by the CFD. However, the spectrum differs
from the experiment and a dominating frequency band is
identified around 0.36 BPF. As will be shown bellow, this
is originated in a different number of rotating lobes and
not by the rotational speed of the flow structures. Com-
pared to the experiment, a second difference is, that the
pressure fluctuations are much less following a clear oscil-
lation with one discrete frequency. This indicates a higher
circumferential oriented instability inside the cavity. This
also gets obvious by comparing the true signal (black) and
peak amplitude plot (grey). The characteristic differs from
a true sine-function where the pressure gain is smoother
than the pressure decrease.

For the signal and frequency spectrum of the total
pressure in the annulus, similarly to the experiment, the
CFD also predicts an increase in the cavity mode ampli-
tude. However, the gain is predicted more indistinct. The
influence of the rotor is slightly visible whereas the exper-
imental spectrum does not show any increased amplitude
at 1 BPF. To summarize, the computational setup gener-
ates rotating pressure fluctuations of similar amplitude but
with different characteristic frequencies in both investi-
gated positions in the stator-rotor interface.
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Figure 12 Verification of cavity modes from CFD

Quantification of rotating structures
To further investigate the rotational characteristics

quantitatively, the signals of all five installed fast response
transducers in the cavity are evaluated. Again, a similar
procedure is applied to the corresponding CFD data. The
method, as described briefly in the following, equals to
that one presented in Beard et al. (2017). Target of the
procedure is to clearly identify the rotational speed and the
number of rim seal structures rotating within the cavity.
The method is based on correlating the pressure informa-
tion on different circumferential positions. If the struc-
tures do not change fundamentally while moving from
transducer to the next, each signal will just be phase-
shifted. Of course, the phases of the modes could also
be directly derived from the FFT and for the presented
data this was done to verify the correlation scheme, but
has shown not to be as stable. Again, results are first pre-
sented for the experimental data.

With reference to the top chart in Figure 13a, the nor-
malized pressure coefficient is shown for all five sensors.
Now, signals of sensors two to five are cross-correlated
to the first one. The result is shown in the 3D-view, in a
angle/lag-time/correlation-coordinate system. Determin-
ing the local correlation-peaks and applying a scaled re-
orientation to the angle-lagtime-plane, one gets the chart
to the right. A linear interpolation over the first four corre-
lation peaks leads to the rotating velocity of the structures
and, with simple extrapolation, to the number of lobes
over the full-circle. Applying this procedure to the ex-
perimental data, the number of rotating structures is close
to 18 (N = 17.8) revolving slightly above the rotor speed
(ωs = 1.04Ω). As the rotor counts 36 blades, one structure
always extends over two blades.

The exact same procedure is applied to the computed
pressure signal at the corresponding coordinates. As can
be seen in Figure 13b, the evaluated number of lobes is
very close to 12 (N = 11.74), again rotating slightly above
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Figure 13 Cross correlation of the five transient pres-
sure time-series to quantify the rotating flow struc-
tures

the rotor speed (ωs = 1.10Ω).

Influence of cavity structures to the endwall temper-
ature distribution

The influence of the rotating structures to the end-
wall temperature distribution is now discussed. To gener-
ally review if similarities in the tempo-spacial distribution
of the rotor endwall temperature exist, certain snap-shots
recorded by the infrared camera are opposed to a selected
time-series in the CFD-results. To remember, their are cru-
cial differences in the boundary conditions as well as in the
tempo-spacial resolutions. The most significant points are
summarized as follows:

• the CFD has an ideal adiabatic wall (no conduction
- no damping) whereas the experimental BC of the
carrier (thin insulation layer on a carrier with high
conductivity / all heating elements switched off) leads
to high local damping / homogenization

• the sample-rates are of different order (Infrared - 0.5
samples/revolution vs CFD 360 samples/revolution)

• experimental results are restricted to one rotor-
relative position (one fixed rotor trigger for one stator
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time-step 40

time-step 100
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Figure 14 Influence of bypassing rim seal structures on
the adiabatic wall temperature - experiment (left) and
prediction (right)

position)

• different number of lobes (EXP 18 / every second ro-
tor passage, CFD 12 / every third rotor passage)

Despite these clear drawbacks in the experimental ca-
pability to resolve a representative and instantaneous 2D-
distribution of the adiabatic wall temperature, a precise
investigation of the infrared-sequences lead to character-
istic patterns most possibly induced by large scale rotat-
ing structures in the hub region. Within the 980-frames
containing infrared sequence, several movements of the
high-temperature (rim seal) regions are observable. On the
left side in Figure 14 six consecutive (calibrated) infrared-
images are depicted. In fact, the distributions are domi-
nated by a high random noise. However, the rim seal purge
flow seems to be randomly concentrated either on the pres-
sure side (frames 1 and 2) or the suction side (frames 5 and
6). At some instances however, it does not seem to be pre-
dominantly on either side and the strength is extenuated
(frames 3 and 4). Certainly, this depiction is basically sub-
jective, but a quantitative prove is hardly possible due to
the high noise included in the single frames.

Now, analogies are identified in the computational re-
sults. Again six selected instances of the predicted 2D-
wall temperature distribution are shown on the right side
in Figure 14. There are 60 time-steps (equivalent to a
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Figure 15 Time-average of the wall temperature dis-
tribution for the experimental (left) and computational
(middle) results. Comparison of the circumferential
mean (right).

movement of 6 rotor pitches) between each image. Due
to the slightly higher rotational speed of the cavity struc-
tures (ωs = 1.10Ω), the sequence incorporates a relative
movement of two to three rotor pitches. Regarding the
characteristic shape of the time resolved rim seal distribu-
tion, the bypassing event shows a noticeable pattern. With
a detailed look to the moment, when a lobe is ”‘moving”’
from one leading edge to the next, this transport seems to
be more abrupt than continuous (frame 4 to 5) leading to
a volatile characteristic in the rotor-relative circumferen-
tial distribution of the rim seal structures. This fact is one
possible reason, why methods for the quantification of the
lobe-system based on data recorded in the stationary frame
of reference (as presented above) may be insufficient to
predict an exact integer of lobes.

For the underlying test-rig setup it can be summarized
that the unsteady (and non-harmonious) effect of the ro-
tating large scale pressure fluctuations dominate the near-
wall purge flow distribution. The unsteady CFD predicts
strong circumferential gradients with a strong inequality
from one passage to the other. For this test-case, just ev-
ery third passage would be instantaneously cooled by the
purge flow. Finally, the resulting time-average of the end-
wall temperature distribution is presented in Figure 15.
For both, EXP and CFD, the time-averaged 2D distribu-
tions do not at all indicate the aforementioned passage-
wise absent of purge, as indicated by the unsteady investi-
gations.

To connect the findings in the adiabatic wall tem-
perature distribution to the corresponding flow field, the
CFD-results are now investigated towards the underlying
vortex system in the leading edge region of the rotor pas-
sage. In Figure 16, the time-averaged 3D-distribution of
total temperature is shown together with the stream-wise
vorticity in the hub region. Both quantities are depicted as
iso-surfaces. Their values are carefully chosen to visualize
the interaction between vortex structures originated inside
the cavity and those induced by the blade row itself. As ex-
pected from the wall temperature distribution in Figure 15,
the sealing air is concentrated to the regions upstream of
the suction sides of the blades. The iso-value as chosen

HSV - PS

RS - egress

Figure 16 3D-view on the vortex and temperature dis-
tribution - ensemble average - iso-surfaces of total
temperature (yellow) and positive stream-wise vortic-
ity (red)

for the stream-wise vorticity resolves well the suction side
limb of the horse shoe vortex (HSV-SS). However, it is
not present within the cavity. The distribution of both, the
adiabatic wall temperature and the 3D-distribution of the
total temperature indicate a lift-off away from the wall, as
indicated by the arrows in the figure. This characteristic
pattern agrees well with the general understanding of a gap
ejection in front of a linear cascade.

To deliver insight into the transient interaction of seal
and secondary flow pattern, the same view is now pre-
sented for three individual time-steps in Figure 17. The
distribution of both quantities shows strong differences,
depending on the passage of consideration. The secondary
flow pattern in the passages without purge flow looks sim-
ilar to the time-average. Regions with locally high ejec-
tion however show vortices emerging from the seal itself.
The evolution of these vortices suggest a strong interac-
tion with the corresponding horse-show vortex and they
tend to unify to build one distinct passage vortex. As the
purge flow is feeding the cavity vortex, it is simultaneously
convected into the local passage vortex.

The results, as presented and discussed in this section,
highlight the importance to consider the unsteady charac-
ter of rotating structures in the thermal design process of
the hub side endwall region. Even if a stationary computa-
tion pretends a good sealing performance with an accept-
able thermal load of the endwall, critical unsteady effects
may be overlooked. Fatigue could be dominated by fast
response thermal loads and a durability analysis based on
predictions without taking them into account could be far
away from reality.

CONCLUSIONS
Large scale flow structures rotating in the cavity of

the LSTR are identified to have a strong influence on the
tempo-spacial distribution of the rim seal purge flow. For
the presented setup and operating point, they even tend to
dominate the pattern of ejectionwhich are characterized by
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Figure 17 Instantaneous view on the distribution of
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high circumferential inhomogeneities between the single
rotor passages. The transient CFD with a 60 degree sec-
tor model is capable to reproduce the time-resolved pres-
sure amplitudes inside and outside of the cavity. How-
ever, the CFD overestimates the number of lobes by one
for each sector (CFD: 2 per 60 degree vs. EXP: 3 per
60 degree). The rotational speed of the cavity modes lies
slightly above the disc speed for both, experiment and
computation.

The presented aerodynamic results are accompanied
by investigations of their impact to the heat load on the ro-
tor endwall. Instantaneous infrared-based temperature dis-
tributions on the rotor passage endwall generally confirm
the aero-thermal interaction between rotating pressure-
fluctuations and the purge flow distribution. Comparing
the thermograms to the predicted adiabatic wall tempera-
tures, the CFD generates much higher temperature gradi-
ents. This is in line with expectations as the experimental
setup may just be indicated as quasi time-resolved and not
adiabatic. First, the insulating layer has a damping effect
on the instantaneous temperature distribution on the flow
facing side. Second, the support structure underneath the
insulating layer has a high thermal conductivity forcing the
homogenization of the temperature distribution. However,
the large scale unsteadiness is visible and generally coin-
cides with the experimental flow field investigations. This
is a visible movement of the ejected purge flow from one
leading edge to the other. In future, a further assessment
of the thermal inertance could be used to better quantify
the true damping effect.

Examining the time-series of the aero-thermal pre-
dictions, the presented results one more time highlight the

importance to include the formation of possible unsteady
rim seal structures into the design and optimization of the
purge flow systems. An isolated view to the time-averaged
results may lead to serious misinterpretations of the true
heat load in the hub side rotor endwall region. To handle
the expected further increase of the near wall temperatures
in axial high pressure turbines, CFD-based optimization
need to further implicate the disc spaces to simultaneously
minimize the required purge flow rates.

The degree of transferability of the presented find-
ings to a high-speed high-temperature environment cannot
be addressed at this point. As the first high pressure sta-
tor is often-times choked in the design point, the upstream
influence of the rotor is possibly overestimated in the in-
vestigated test setup. However, the presented procedure
to connect rotating flow patterns with characteristic end-
wall temperature distributions can surely be transferred to
high-speed environments.

NOMENCLATURE

BPF Blade Passing Frequency
MP Measurement Plane
CFD Computational Fluid Dynamics
FHP Five Hole Probe
HSV Horse Shoe Vortex
PS Pressure Side
SS Suction Side
KUP Kulite Probe
URANSUnsteady Reynolds Averaged Navier-Stokes
TU Technical University
ωs angular speed of rotating flow structures
N number of rotating lobes
Y normalized total pressure difference p̄0,in−p0

0.5ρΩ2b2

n rotational speed
Tw wall temperature
rs radius at shroud
rh radius at hub
ρ density
µ dynamic viscosity
Ω angular velocity of rotor
ReΩ rotational Reynolds number
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