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Abstract

In modern high-bypass jet engines a promising approach is to replace the first low pressure
vane row arranged downstream of an intermediate turbine diffuser with non-lifting struts (mid
turbine frame) by the application of turning struts. Thus the weight may be reduced which results in
a lower specific fuel consumption and reduced emissions. The structural duties, such as bearing
support, lubrication pipes and engine mounts, of these so-called turning mid turbine frames (TMTF)
require a minimum strut thickness leading to a maximum possible number of struts. Therefore, a
highly three-dimensional design of the airfoils and the duct is necessary to reduce strong secondary
flow effects and further to provide suitable flow angles and Mach numbers for the following low
pressure turbine (LPT) rotor.

This work deals with the flow evolution through such turning mid turbine frames. Two TMTF
designs have been applied between a transonic high-pressure turbine (HPT) stage and a counter-
rotating low-pressure turbine (LPT) in order to allow engine realistic measurements. The
experimental investigations have been carried out in the newly designed two-stage two-spool test
turbine facility at the Institute of Thermal Turbomachinery and Machine Dynamics at Graz University
of Technology. In order to obtain a better understanding of the unsteady flow field through the TMTF
dominated by strong secondary flows and the complex interactions between the components,
detailed experimental investigations were performed using five-hole probes, static pressure taps, oil
flow visualization and a fast response aerodynamic probe.

The steady results revealed that in both setups the flow field downstream of the TMTF is
dominated by a large but weak vortical structure nearly reaching over the full flow channel. The main
loss generating structures were identified to be the wake of the strut and the vortices adjacent to the
wake close to the endwalls. Furthermore, the comparison of the exit flow of the two TMTFs revealed
that the main objectives that both designs should provide the LPT with similar inflow conditions
while maintaining the same loss level was achieved. However, the flow field at the LPT inlet showed
strong gradients in circumferential and radial direction which have to be taken into account when
designing the subsequent stages. These gradients and flow structures were still observed
downstream of the LP rotor but they were redistributed and modulated in strength due to the
swirled flow and the influence of the second bend of the flow channel.

The influence of the coherent unsteadiness of the flow emanated from the HP stage at the
TMTF exit was found to be confined to the TMTF wake and the adjacent flow structures for the flow
velocities, and hence Mach number and the flow angles. However, the total and static pressure
indicated high fluctuations over nearly the whole flow field. This seems to be due to the shocks
generated by the HP stage as well as the interactions of the blade rows.

In order to be able to resolve the interactions of the two rotors a new data evaluation
procedure was applied; the so-called rotor synchronic averaging. The results revealed that the
interactions of the rotors strongly modulate the static and total pressure flow field whereas for the
other flow parameter the influences were much smaller and confined to the region of the remains of
the TMTF wake and the adjacent flow structures.
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Introduction 1

1. Introduction

When the Wright brothers performed the first successful human flight on the 17" of
December in 1903 they probably didn’t even dream of how this would change the world. Today,
nearly 110 years later, 9.5 million flights are processed within one year only in Europe [1] and
international commercial air traffic is forecasted to double in the next 15 years [2]. The drastically
increasing oil prize and the need of reducing carbon dioxide (CO,) emissions due to environmental
reasons demand for advanced technologies to increase the efficiency of the airplanes and hence
their propulsion systems. Another aspect which should not be neglected is to reduce the noise level.
The Advisory Council for Aeronautical Research in Europe (ACARE) defined in their Strategic Research
Agenda (ACARAE 2020) that until 2020 the emissions of the whole airplane have to be reduced by
50%, CO, emissions by 50% and nitrogen oxides (NO,) by 80% in particular. Additionally, the
perceived noise level has to be halved. Therefore, some research is ongoing on future airplane
concepts like blended wing body, box wing or “double bubble” designs as shown in Figure 1.1 from
left to right.

el B

Figure 1.1: Future aircraft concepts: (a) blended wing body (Boeing), (b) box wing (Lockheed) and (c)
“double bubble” design (IVIITI); [3]

Nevertheless, these concepts will be applied soonest in 20 to 25 years. Therefore, the focus for
the near future is based on the enhancement of the propulsion system of the airplanes, the jet
engines. These next generation engines have to fulfil the ACARE 2020 goals. This means a reduction
of CO, by 20%, of NO, by 60% to 80% and of the effective perceived noise level by 10 ENPdB. The
thermodynamic efficiency of modern turbofans is already at a high level and hence the potential of
decreasing fuel consumption and further the exhaust emissions is limited. This leads to the need of
increasing the bypass ratio (BPR) which results in higher propulsive efficiency. Due to mechanical
constraints the hub to tip ratio of the fan blades has to be above 0.3 hence both diameters (hub and
tip) have to be increased. In order to avoid the generation of shocks especially at the blade tip which
would increase noise emissions and to reduce the stresses on the fan blades the rotational speed of
the fan has to be limited. Furthermore, the low pressure turbine (LPT), directly connected to the fan,
has to have a larger diameters in order to be able to provide the same power output. Figure 1.2
shows a comparison of an engine with a BPR of 6 at the top and with a BPR of 10 at the bottom. The
core engine consisting of the high pressure compressor, the combustion chamber and the high
pressure turbine is similar for both designs, but due to the fact that the higher BPR leads to an
increased mean diameter of the fan and the LPT, the low pressure and high pressure components
have to be connected via very steep channels compared to engines with a lower BPR. Moreover, the
LP turbine and LP compressor consist of much more stages in order to be able provide the required
power output. To avoid these detrimental effects a promising concept is the geared turbofan where
a gear box is placed between the fan and the LPT and, therefore, allows different rotational speeds of
these two components (lower speed of the fan and higher speed of the LPT). The PW1000G jet
engine shown in Figure 1.3 features such a design. This allows higher rotational speeds and a lower

! Massachusetts Institute of Technology



Introduction 2

mean diameter of the LPT. Hence, the meridional flow channel of the MTF can be designed rather
straight or with only a slight S-shape. The higher speed of the LPT leads to a smaller mean diameter
of the low pressure part of the engine and the number of stages can be reduced as well. This is a
result of the higher available power output per stage for a given pressure range () = Ah/u?), hence
an increased rotational speed leads to a higher available enthalpy difference.

In Figure 1.3 a sectional view of the geared turbofan developed by Pratt & Whitney in
collaboration with MTU Aero Engines is shown, which will be applied in the A320neo airplane. By
applying a gear box with a transmission ratio of around 1 to 3 the number of LP stages has been
reduced to three.

l ATTTT, |
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Figure 1.3: Geared turbofan PW1000G; [5]



Introduction 3

Apart from the geared turbofan another promising engine concept is the open-rotor
technology where the fan is replaced by two unducted counter-rotating rotors. This design has
already been investigated in the 1980°s due its large potential in the reduction of specific fuel
consumption. Two different setups were applied; the puller configuration where the counter-rotating
rotors were placed at the engine nose and the pusher configuration with the rotors positioned at the
rear part of the engine. Some examples of demonstration engines are shown in Figure 1.4 and details
are given below:

e GE-36: unducted fan contra rotating engine in pusher configuration (propellers
mounted at the rear part of the engine)

e 578-DX: propfan engine including a reduction gearbox between LPT and propfan
blades (pusher configuration)

e D27: counter-rotating open rotor engine made for the Antonov-70 with the propellers
mounted at the nose of the engine (puller configuration)

— ke A
Figure 1.4: Open rotor concepts in the 1980°s from General Electric (GE-36), Pratt and Whitney (578-

DX) and Iwtschenko Progress (Progress-D27)

Although these concepts showed a high potential in reducing the fuel consumption they
generated higher noise compared to conventional engines. Furthermore they induced acoustic
fatigue to the fuselage and caused intolerable vibrations within the airplane. These detrimental
effects together with the end of the oil crisis, and hence, the drop of the oil prize to an acceptable
level, led to the decision to stop the research on these concepts.

They fell into oblivion until the problem of the increasing oil prize and the need of reducing the
pollutant emissions defined for example in the ACARE 2020 goals put them into the field of interest
again. Therefore, the European project DREAM (valiDation of Radical Engine Architecture systeMs)
was launched in 2008. It was supported by 44 partners from 13 countries all over Europe, Turkey and
Russia. The members were composed of engine manufacturers, universities and research centres. As
shown in Figure 1.5 the project was divided into several sub-projects (SP). One main goal was to
investigate and validate the open-rotor technology in a direct drive configuration (SP2) or with a
gearbox applied between the fan and the LPT (SP3). Further focus was laid on:

e Adaptation of an overall engine integration validation system developed in previous
European projects (VITAL?, NEWAC?®) according to the DREAM topics (SP1)

e Testing of alternative fuels based on findings of the European project NEWAC (SP5)

e Investigation of innovative systems (SP4)

One work package (4.3) within SP4 dealt with novel structures for mid frames. These are
components which connect the LP compressor to the HP compressor and the HP turbine to the LP
turbine in a turbofan engine. This work only deals with the turbine mid frame.

2 EnVironmenTALly Friendly Aero Engine
> NEW Aero Engine Core Concepts
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In order to reduce the weight of the engine the usually applied intermediate turbine duct has
to be aerodynamically optimized and needs to adopt further functions like the structural support for
bearings, the lead through of service lines and the integration of the first LPT vane row. This leads to
the so-called turning mid turbine frame (TMTF). Within work package 4.3 of the DREAM project two
TMTF setups were designed. The baseline design was done by MTU Aero Engines and the second one
by Volvo Aero and they were tested at the new two-spool two-stage transonic test turbine facility at
Graz University of Technology. The main findings of these investigations will be presented in this
thesis.
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|
| | | | |
T SP2 SP3 SP4 SP5
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Figure 1.5: Project structure of DREAM,; [6]
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1.1 Mid Turbine Frame

In common turbofan engines the main purpose of turbine mid structures is to guide the flow
from the HP to the LP stage without flow disturbances, with minimum total pressure losses and to
provide the following LP turbine with proper inlet conditions. It can also be equipped with rigid non-
lifting struts to provide access for oil and cooling air supply lines and the lead through for support
structures for the bearings like it is the case for the GP7000 aero engine shown in Figure 1.6. This
turbine mid structure is also referred to as turbine centre frame or mid turbine frame (MTF) in
literature (Within this thesis the second denomination MTF will be used). Due to the fact that the
MTF is positioned in the hot gas path, the walls of the duct and the non-lifting struts are made of
heat resistant material and, furthermore, are protected via cooling air against the heat loads of the
turbine flow, Gottlich [7]. Figure 1.7 shows the example of a mid turbine frame for the GEnx jet
engine. The red circle marks the hole for the lead through of service lines and structural parts.

Mid Turbine Frame

Figure 1.7: Mid turbine frame of the GEnx jet engine (General Electric); [9]

* The GP7000 is a turbofan engine developed from the joint venture Engine Alliance between General
Electric (50%) and Pratt & Whitney (50%). The design is based on the PW4000 and the GE90 engine
technologies and is designed for the Airbus A380 airplane.
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A further option to reduce the length and hence the weight of the engine is to shift the rear
engine mount from the turbine exit casing (TEC) downstream of the LPT toward the position of the
MTF. Moreover, the rear bearing is also shifted further upstream below the MTF which allows an
overhung design of the LPT and a lighter TEC design due to the omission of the load-carrying duty.
This design has been realized for the PW1000G aero engine shown in Figure 1.3. The much shorter
turbine exit casing compared to the one of the GP7000 engine in Figure 1.6 can be nicely seen.

In new engine concepts another attempt to reduce the weight is to integrate the function of
the first vane row of the LP turbine in the MTF by introducing turning struts. Figure 1.8 shows an MTF
with non-lifting struts on the top and on the bottom a configuration with turning struts, the so-called
turning mid turbine frame (TMTF). The length saving is indicated in the figure (A). The struts in the
latter configuration have to be rather thick and stacked more or less radial in the front part to allow
the lead through of the supply lines and the load-carrying structures. This limits the number of
possible struts due to their blockage. Furthermore, this leads to wide chord vanes with a low aspect
ratio (about 0.5) because the deflection of the flow has to take place downstream of the more or less
radial part of blade to be able to provide the LPT with the right inflow conditions. The low number of
struts together with the low aspect ratio generates a highly three-dimensional (3D) flow field
dominated by strong secondary flows and 3D boundary layers. Moreover, the TMTF has to face the
highly unsteady flow field emanating from the HP stage with wakes, secondary flows and also shocks.
These complex flow structures make it inevitable to perform experimental tests to validate CFD
simulations. The next section deals with the state of the art of the investigations of the flow through
turbine mid structures (intermediate turbine ducts, mid turbine frames with non-lifting struts). This
literature survey should help to identify the scope of the present thesis stated in the last section of
this chapter.

MTF

“\
J "Ny
HP blades \ \
J Struts \ \

HP vanes

LP vanes

TMTF

\
ji';zz .

HP vanes

wide chord
vanes

Figure 1.8: Comparison of a mid turbine frame (MTF) with non-lifting struts at the top and a turning
mid turbine frame (TMTF) where the first LP vane row is replaced by turning struts at the bottom; Géttlich [7]
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1.2 State of the Art on the Research of the Flow Through Mid Turbine
Frames

In the last decade, especially since the European projects AIDA® and AITEB-2° were launched in
2004 and 2005, respectively, a lot of experimental research was performed at Oxford University [10],
Ohio State University [11], Von Karman Institute [12], Chalmers University of Technology [13] and
Graz University of Technology [14] as well as numerical simulations were carried out on the flow
mechanisms through intermediate turbine ducts with and without struts. Gottlich [7] reviews and
summarizes the state of the research on the aerodynamics of intermediate turbine ducts.

Prior to that some fundamental research was performed on swan-necked diffusers by
Dominy et al. [15] where the influence of wakes and swirl on the flow field was investigated. It
turned out that secondary flows are generated through the cross-passage pressure gradients
resulting from the wakes and, furthermore, the swirl induced a skewing of the wakes. Norris et al.
[16] showed that adding two-dimensional non-turning struts in such an S-shaped diffusion duct leads
to an increase in losses due to the blockage of the struts which results in a locally higher diffusion
rate and nearly doubles the measured normalized total pressure loss coefficient. Moreover, the static
pressure rise coefficient is decreased and this means that the efficiency of a downstream LP turbine
stage will be reduced. These detrimental effects could be avoided or at least reduced by altering the
meridional endwall curvature in order to increase the area and to compensate the blockage of the
strut. At the casing surface an existing separation bubble could not be suppressed but was even
increased by introducing the struts. Also time-resolved time-dependent experimental and
computational investigations were performed within this setup (Norris et al. [17]) where it was
observed that the flow separation fluctuates periodically with a low frequency and that it can be
suppressed by adding representative upstream wakes which induce secondary flows and, therefore,
re-energize the boundary layer.

Bailey et al. [18] studied an S-shaped annular compressor duct including a single radial strut
with a thickness-to-chord ratio of 12% with and without a single-stage compressor upstream of the
duct. They found out that the pressure distribution along the strut is imposed by the profile and the
duct curvature which produces streamwise pressure gradients. The drawback of this investigation is
that the effect of usually adjacent blades could not be captured with this setup.

Wallinetal. [19] and Arroyo Ossoetal. [20] performed experimental and numerical
investigations of an S-shaped intermediate turbine duct with non-lifting struts at design and off-
design conditions, respectively, in order to determine the effects of the HPT exit flow onto the
evolution of the flow through the duct. The main influencing features were found to be the wakes
emanated from the HP vanes and the secondary flows induced by the HP rotor, in particular the tip
leakage vortex. One main vortex develops within the duct close to the strut suction side (SS) due to
the interaction of the tip leakage flow with the strut SS which covers the whole span at duct outlet.
The numerical results could capture the same main flow features as the experimental investigations
but seemed to be more pronounced. The off-design examinations revealed that the total pressure
loss increases.

Research work was also done at the Institute of Thermal Turbomachinery and Machine
Dynamics at Graz University of Technology where an aggressive intermediate turbine duct design
with a following LP vane row was redesigned by replacing the vanes with turning struts within the
duct in order to obtain the same exit conditions as the baseline case. This so-called integrated
concept (similar to TMTF) was investigated downstream of a transonic HPT stage, see Marn et al.
[21]. The results revealed that similar exit flow conditions could be obtained but a following LP
turbine would have to face stronger flow angle variations due to the larger secondary flow structures
generated within the strut passage. However, a significant weight reduction (20% to 39% of the
blading weight) could be obtained by introducing such a configuration. Furthermore, Miller et al. [22]
investigated the effect of an HPT onto a downstream low aspect-ratio vane within an S-shaped duct.

> Aggressive Intermediate Duct Aerodynamics
¢ Aerothermal Investigations on Turbine Endwalls and Blades — Follow up project of AITEB



Introduction 8

It was found that the presence of an upstream turbine stage significantly alters the secondary flow
development in a low aspect ratio vane. No typical separation lines due to horse-shoe vortices could
be identified but instead two new separation and reattachment lines appeared due to the tip leakage
flow of the unshrouded turbine together with the upper and lower passage vortex and the lower
trailing shed vortex, whereas the strongest influence was produced by the tip-leakage vortex. Due to
this vortex the casing boundary layer was not transported onto the vane suction surface and the
upper passage vortex within the vane passage could not develop.

In order to reduce the secondary flow development and further the total pressure losses
different 3D blade features (e.g. lean, sweep) as well as axisymmetric and non-axisymmetric endwall
contouring can be introduced. Pullan et al. [23] showed that the right geometry of the trailing edge
of a wide chord vane can reduce or even avoid the generation of a shed vortex occurring at the vane
trailing edge. The investigated trailing edge design in their setup even enforced the formation of a
shed vortex. A further approach to reduce secondary flows for the same test setup was to realize an
aft-loaded vane, see Pullan et al. [24]. It was shown that the stage efficiency could be increased by
0.5 percent points with the aft-loaded design compared to the best mid-loaded one (unaltered
trailing edge). This delays the formation of the secondary flows and therefore reduces the entropy
generated along the endwalls. Wallin and Eriksson [25] achieved a length reduction of a given TMTF
design by introducing non-axisymmetric endwall contouring at the hub. However, these results were
base on numerical investigations and could not be validated with experimental data yet.
Furthermore, Harvey et al. [26] examined an intermediate pressure turbine stage with a low aspect
ratio vane applied downstream of an HPT stage. The stage efficiency was increased by introducing
non-axisymmetric endwall contouring on both endwalls within the low aspect ratio vane passage and
the intermediate pressure turbine blade passage. Of course the radial offset of such a flow channel
representing a three-shaft turbofan is much lower compared to a two-shaft arrangement.

1.3 Scope of the Thesis

Since the flow emanated from a transonic HP turbine is very complex including secondary
flows, wakes as well as shocks, it is important to perform experimental investigations in order to
identify the effect of these flow features onto the flow of the downstream components and also to
determine the effect onto a following LP turbine and the interactions between the blade rows, in
particular between the rotors.

As described in the previous section several experimental investigations have been performed
on wide chord vanes within diffusing ducts. However, none of these investigations were performed
with up- and downstream turbine stage except the setup of Harvey et al. [26] whereas that one is not
representative for two-shaft jet engines due to the lower radial offset between the stages.

Within the present thesis two turning mid turbine frame (TMTF) setups have been studied. In
order to obtain more engine realistic measurements the existing transonic test turbine facility at the
Institute of Thermal Turbomachinery and Machine Dynamics was extended with a counter-rotating
LP turbine (see Hubinka [27]) and the setups were placed between the two stages. The main
objective of the thesis was to perform experimental investigations in order to obtain a better
understanding of the flow evolution through these TMTF designs including different design features
like 3D blade design and non-axisymmetric endwall contouring under engine realistic conditions
(downstream LPT).

Furthermore, the influence of the unsteady effects of the flow structures emanated by the HP
stage onto the TMTF flow was examined as well as the influence of the TMTF exit flow onto the
downstream LP rotor. Moreover, the interactions between the two rotors have been studied using a
new data evaluation procedure which allows not only to determine the coherent fluctuations of the
flow quantities corresponding to each rotor but also to identify the ones resulting from the
interaction of the two rotors.

Another aspect of the investigations carried out within this work was to provide a database for
the evaluation of numerical investigations.
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2. Experimental Setup

This chapter describes the test facility where the measurements have been performed, the
investigated aero configurations including HP stage, TMTF and LP turbine, as well as the fixed
instrumentation to monitor the operating point. The measurement setup is described in chapter 4.

2.1 Test Facility

The experimental facilities at the Institute for Thermal Turbomachinery and Machine Dynamics
at Graz University of Technology consist of a compressor station (CS), a cold flow transonic turbine
facility (TTTF), a cold flow subsonic turbine facility (STTF), a transonic cascade (TSWT), a combustion
chamber test rig (HFTF) and a subsonic wind tunnel. Figure 2.1 shows a schematic view of the setup.
All facilities are used in open circuit operation mode and are powered by pressurized air provided by
the 3 MW electrically driven compressor station which is placed in the second basement of the
building.

The original transonic test turbine facility marked with a red rectangle in Figure 2.1 was put
into operation in 1999. It consisted of a single stage transonic turbine. Its power output was used to
drive a three-stage radial brake compressor which delivered part of the overall mass flow for the test
section depending on the operating condition. As explained above the remaining necessary mass
flow was delivered by the compressor station in the second basement of the institute. Detailed
information regarding the original test facility and the compressor station can be found in Erhardt
[28] and Pirker et al. [29].

This part of the facility was kept the same but was expanded by a single-stage counter-rotating
low pressure turbine (LPT) in order to allow more engine realistic investigations of different turbine
mid structures. Both turbines are designed with overhung-type turbine disks and additionally the LPT
is mounted on an axially moveable frame. This unique configuration allows the testing of rig inserts
with a diameter of up to 800 mm with different axial lengths. It also enables a quite fast and simple
exchange of different TMTF setups and an easy rotor disk assembly without the need of dismantling
the bearings.
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Figure 2.1: Schematic view of the experimental facilities situated at the ITTM
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brake compressor
air intake

—

air from compressor station
Figure 2.2: 3D view of the transonic test turbine facility including the pass of the air through the test rig
(red and blue arrows)

The redesigned test facility is depicted in Figure 2.2 where the colored parts indicate the new
stage. The arrows in the figure outline the air flow through the rig. The two mass flows originating
from the compressor station and the brake compressor, respectively, are merged in a complex
system consisting of a mixer and a tandem cascade at the inlet of the mixing chamber. The system
was aerodynamically optimized by Bas and Mooren [30] using numerical investigations in order to
obtain a quite homogenous mass flow and temperature distribution at the test section inlet.

Furthermore, the inlet temperature can be adjusted by cooling the air coming from the
compressor station. However, the boundaries for the temperature control are limited due to the fact
the mass flow provided by the brake compressor cannot be cooled. As mentioned before due to the
additional mass flow of the brake compressor an overall mass flow of up to 22 kg/s can be achieved.
The inlet pressure is limited to 4.5 bar absolute due to the design of the mixing chamber. In order to
reach higher overall pressure ratios the back pressure at the exit of the facility can be decreased with
a suction blower (SB in Figure 2.1) down to 200 mbar below ambient pressure. The maximum
rotational speed of the HPT stage is delimited by the overspeed of the HPT to 11550 rpm and
depending on the stage characteristic a maximum coupling power of 2.8 MW can be reached. The
power of the LPT is absorbed by a waterbrake with a maximum power of 700 kW and a maximum
rotational speed of 4500 rpm. Detailed descriptions of the design, the possibilities and the operation
of the adapted TTTF can be found in Hubinka [27].

Figure 2.3 depicts a cross-sectional view of the test setup with the flow going from left to right.
The air enters the rig through the mixing chamber and is then guided to the inlet of the test section
which consists of the transonic HP stage, an S-shaped TMTF and a counter-rotating shrouded LP
turbine. The flow leaves the test section through support struts with a simple straight airfoil shape
and a diffuser to recover some pressure before entering the exhaust casing. Within this thesis two
TMTF setups have been investigated using the same HP stage and LPT.
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Figure 2.3: Cross-sectional view of the test setup
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Figure 2.4 shows a sketch of the blade profiles and their arrangement. Furthermore, the
velocity triangles are added in this picture to illustrate the flow directions. The absolute velocity is
depicted in red, the relative velocity in blue and the circumferential component in green. Although
some swirl remains at the exit of the LPT (Figure 2.4) no deswirler was applied because of the
necessity to be able to traverse the outer casing and to avoid disturbances for acoustical
measurements planned in the future.

A particularity of this rig is that the HP vanes including the upstream outer contour (orange
parts in Figure 2.3) and the outer casing downstream of the turning struts together with the rotor
casing and the part downstream the LP rotor, respectively, are fully rotatable over the circumference
(360 degree). This is realized using rotatable gear rings which are driven by servo motors. This
configuration allows rake and probe traverses:

e at test section inlet (plane A in Figure 2.5),

e quasi—field traverses downstream of the HP stage (plane C in Figure 2.5) where the
probes and rakes are fixed in circumferential direction due to the constraints of the rig
boundary conditions

e at TMTF exit (plane D and E)

e at LPT/test section exit

Furthermore, different relative stator — stator/strut positions can be realized with the turnable
HP vanes to perform clocking investigations.

HP vane HP blade Turning strut LP blade

N\ e
AN x: </

Figure 2.4: Sketch of the profile sections at midspan including HP stage and counter-rotating LP stage
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2.2 Test Configuration

This chapter describes the test section consisting of the HPT stage, the two investigated TMTF
setups and the LPT rotor.

2.2.1 High Pressure Turbine (HPT) Stage

In order to be able to provide engine-like inflow conditions occurring in LP turbines of modern
aero engines the HP stage was designed accordingly. The number of 24 vanes and 36 blades was kept
the same like it was applied in the previous project AIDA. The airfoil design of the HP stator was also
used from this project but it was re-staggered by 2.96 degree which resulted in a lower reduced mass
flow, and furthermore, lower HP stage exit Mach numbers. Moreover, the flow is choked through the
HP vanes for all operating conditions investigated within this work. This was a fundamental design
criterion.

Table 2.1: HP stage blading parameter

HP stator HP Rotor

vane/blade no. - 24 36
thickness/chord ratio* - 0.31 0.19
aspect ratio H/C,, (C mid)* - 1.15 1.37
Reynolds Re - 2.38-10° 1.1-10°
work parameter AH/u’ - -1.624

flow parameter c,/u - 0.531

Degree of reaction - 0.338

The 36 rotor blades were aerodynamically re-designed. The blades have an aspect ratio (H/C,,)
of 1.37 at midspan but as it can be seen in Figure 2.5 it varies over the channel height. The rotor is
unshrouded and the tip gap was chosen to be 0.85% of the blade height. In Table 2.1 the main
parameters of the HP blading are summarized. More information of the blading design can be found
in Hoeger [31].

The mechanical setup of the rotor features the same design as the initial setup, see Erhardt
[28]. Only the positions and geometries for the fixation of the blades were slightly adjusted to
account for the different weight and centre of gravity of the blades compared to the previous
designs.

2.2.2 Turning Mid Turbine Frame (TMTF)

As described in the introduction the TMTF connects the HP turbine with the LP turbine. In the
test turbine facility the LP rotor rotates at a lower speed compared to the HP turbine and has a larger
mean radius like in a real engine. Therefore, the meridional flow path is S-shaped. The first bend is
situated within the TMTF whereas the second bend is just downstream of the LP rotor exit.

2.2.2.1 TMTF Configuration C1

Configuration 1 is the basic configuration and was designed by MTU Aero Engines. It consists of
16 turning struts, has a non-dimensional axial duct length of about 3.5 (L,/hi,, see Figure 2.5) and an
area ratio of 2. Figure 2.5 represents a cross-sectional view of this setup. The baseline configuration
was designed using a quite complex three-dimensional design of the TMTF strut (see Figure 2.6) and
keeping rotationally symmetric endwall contours. The struts have a maximum thickness to chord
ratio of 22% at about 25% of the axial chord length to provide enough space for service lines like oil
pipes and for load carrying structures which results in a radial insertability of 18% (thickness to chord
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ratio). The chord length of the strut increases from hub to casing to generate a more homogenous
pitch-to-chord ratio in spanwise direction (Figure 2.6(d)). Furthermore, the leading edge is bowed in
meridional direction. The strut is bowed in circumferential direction as well but mainly close to the
endwalls as shown in Figure 2.6(b) and (c) in order to increase the angles between the endwalls and
the suction surface. The trailing edge of the turning strut is swept backwards in meridional direction
and the increasing chord length from hub to casing results in a positive lean in circumferential
direction. To avoid pressure spikes at the leading edge the turning strut was designed to have
negative incidence angles at the hub, Hoeger [31]. Due to costs and manufacturing purposes no
fillets were implemented between the endwalls and the struts.

For the design of the TMTF the MTU 3D multi-stage URANS solver TRACE (Vers. 6.2/ 6.3)
together with the k- turbulence model was used in the steady mode.

] 1 T T
Figure 2.5: Cross-sectional view of the test setup with TMTF configuration 1 including the position of

the measurement planes (A, B, C, D, E, and F)

d

Figure 2.6: Geometry of the C1 strut: (a) Lateral view of the strut geometry showing the bowed leading
edge; (b) front and (c) rear view, respectively, to illustrate the bow of the blade suction side and lean of the
trailing edge; (d) depicts the view from the top to depict the increasing chord length from hub to casing
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2.2.2.2 TMTF Configuration C2

The second configuration (C2) was developed by Volvo Aero. It consists of the same number of
struts (16) with the same radial insertability of 18% (thickness to chord ratio) as the baseline design.
Figure 2.7 shows a cross-sectional view of this setup. Due to the fact that the same HP stage and LP
rotor are applied for both setups the radial offset and the area ratio are identical but C2 was
designed 10% shorter (L., /hi, = 3.1). The strut trailing edge was positioned at the same axial distance
at midspan as the one of the baseline design.

n ’

e ' P 4

i [
Figure 2.7: Cross-sectional view of the test setup with TMTF configuration 2 including the position of
the measurement planes (A, B, C, D, E, and F)

In order to maintain the axial distance between strut TE and LP blade LE, respectively, also the
axial length of the strut, using the axial length at midspan as reference, was reduced by 10% as
illustrated in Figure 2.8 where the baseline case C1 is depicted in blue and the second design C2 in
red. This was done to obtain similar interactions between the strut exit flow and the LP rotor like in
the C1 design. A less three-dimensional design of the strut was chosen consisting of 7 two-
dimensional profiles from -25% to 125% span. They are stacked at the position of maximum thickness
along a straight line to minimize the blockage and, further, the losses. The axial position of the
trailing and leading edge were kept constant, hence the trailing edge appears to be straight in
meridional direction (see Figure 2.9(a)) but results leaned due to the blade stacking and the
increasing chord length. Due to further blade optimization the TE also features a slight S-curvature in
circumferential direction shown in Figure 2.9(b). Furthermore, it can be seen that the leading edge is
slightly bowed in circumferential direction. Detailed information about the design process can be
found in Wallin [32].

The baseline design with axi-symmetric endwalls suffered from an occurring separation close
to the suction peak at the strut suction side — hub — corner. In order to avoid this separation, to
obtain a similar loss level and provide the same inflow conditions to the LP turbine as the baseline
configuration non-axisymmetric endwall contouring was applied at the hub. This is illustrated in
Figure 2.9(d) by iso-lines of constant axial positions. The endwall contouring was performed using a
parameterization based on orthogonal basis functions as described in Wallin [33]. Also this design
was realized without fillets in order to ease the manufacturing and CFD meshing, as well as to reduce
the costs.
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16

-C1
- C2

Figure 2.8: Comparison of the meridional flowpath of the two TMTF designs

In Table 2.2 the main parameters of C2 are opposed to the parameters of the baseline design

C1 and it illustrates the main similarities and differences.

Table 2.2: Comparison of the parameters of the two TMTF designs

Cc1 c2
No. of vanes - 16 16
Duct area ratio, Aoyt / Ain - 2 2
Duct non-dim. Length, L.,/ hin - 3.5 3.1
Pitch-to-chord ratio - 0.58 0.63
Radial insertability*, @ / C - 0.18 0.18
Thickness-to-chord ratio - 0.24 0.18
strut aspect ratio, H / C - 0.46 0.54
Turning**, Aa deg 39 39

* Insertability assuming zero material thickness

**CFD by Volvo Aero on both C1 and C2

a b

d

Figure 2.9: Design features of design C2: lateral view of the strut (a), front view (b) and view from the
top to depict increasing chord length from hub to casing (c) and non-axisymmetric endwall contouring

illustrated by iso-lines of constant axial positions (c)

2.2.3 Low Pressure Turbine (LPT)

Contrary to a conventional 1* LPT stage this configuration has no vane row applied in front of
the rotor due to the fact that the TMTF is installed which already integrates the function of turning
the flow. Therefore, it only consists of a counter-rotating shrouded LP rotor with 72 blades. The LP
blades have a high aspect ratio of around 3 with high lift airfoils which is typical for such a turbine but
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makes the blades very sensitive to flow separation at the rear suction side. Due to the fact that a
deswirler could not be applied downstream of the LP rotor the inclination of the hub endwall had to
be increased to avoid separation in this region due to the high swirl.

The blade counts of the TMTF and the LP rotor were a compromise in order to minimize the
risk of excitation of the LP turbine and to optimize the periodicity of the whole rig (90 degree) in
order to ease unsteady CFD calculations and to reduce the necessary measurement range,
respectively.

2.3 Rig Instrumentation

In order to ensure the repeatability of the test runs to obtain comparable measurement results
the test rig is instrumented with several sensors and total pressure and temperature rakes to be able
to adjust and to monitor the operating conditions. The equipment and the positions of the applied
techniques will be explained in this part just briefly whereas detailed information of the applied
instrumentation can be found in Hubinka [27] and in the rig configuration and instrumentation
report for C1 and C2, respectively.

2.3.1 Measurement devises

The permanent instrumentation of the rig consists of:

e Pressure scanner modules PSI 9016 with 16 channels and an accuracy of 0.05% full
scale to measure total and static pressure
- 4 x20.35 bar
- 1x%2.1bar
- 1x 2.1 bar (12 channels) and 3.5 bar (4 channels)
e National Instruments Field Point modules for temperature measurements
- 2 xresistance thermometer input modules FP-RTD-122
— 4 xthermocouple input modules FP-TC-120
e National Instruments Field Point modules for all sensors
- 5 xanalogue input modules FP-AI-110
e Bently Nevada shaft monitoring system to detect and record (ADRE box) the shaft data
like rotational speeds, power output, vibrations and radial displacement

2.3.2 Total Pressure and Total Temperature Rakes

Total pressure and temperature rakes are used to acquire the operating conditions. Therefore,
a total pressure and total temperature rake have been applied at HP stage inlet (plane A), TMTF inlet
(plane C) and LP stage exit (plane F); positions see Figure 2.3. The rakes in plane A and F are mounted
in the rotatable HP vane ring and the rotatable outer LP casing, respectively, which enables
360 degree traverses to acquire the rig inlet and exit flow distributions. Due to the rig design the
rakes in plane C are mounted in the fixed part of the TMTF and cannot be moved in circumferential
direction but by moving the HP vane ring the total pressure and total temperature distribution over
one HP vane pitch can be acquired. The initial position of the rakes and the direction of rotation for
each plane can be found in Figure 2.10.

A Kiel-hole probe design was applied for total pressure as well as total temperature
measurements because it is insensitive to flow angle variations up to +30 deg. The design is
illustrated in Figure 2.11. The pressure was acquired with the pressure scanner modules PSI 9016.
The total temperature rakes were equipped with type K thermocouples connected to the National
Instruments field point modules (FP-TC-120). Area averaging was performed to obtain the mean total
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pressure and total temperature in each plane. More information about the design and the calibration
of the rakes can be found in Hubinka [27].

Plane A Plane C Plane F
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Figure 2.10: Circumferential zero position and positive direction of rotation (green arrows) for total
pressure and temperature rakes in Plane A, C and F (plane C: HP vanes are rotated, probe is fixed in
circumferential direction); all planes are viewed from downstream
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Figure 2.11: Kiel-hole design of the measurement positions of the total pressure (a) and the total
temperature rakes (b); Hubinka [27]

2.4 Operating Conditions

The intention of the measurements was to investigate the TMTF under engine realistic
conditions. Therefore, the aero design point was chosen in order to simulate cruise operating
conditions like in a modern jet engine with a single stage HPT. Due to the fact that the facility is a
cold flow facility with temperatures around 440 K (compared to about 1700 K in turbofan engines)
the Mach number similarity was chosen as criterion.

Table 2.3 displays the main parameters of the investigated operating point. For the aero design
point an overall pressure ratio of 4 was obtained from the test section inlet (mixing chamber) to the
exit (exhaust casing). The total pressure ratio was 3 over the HPT and 1.3 over the LPT.

In order to obtain comparable measurement results it is important to keep the operating
conditions constant for each test run. Due to the fact that the test facility is operated in open-loop
configuration as shown in Figure 2.1 the ambient conditions can vary from day to day. Therefore, the
HP vanes were designed to choke the mass flow to have the same reduced mass flow for all
measurements. Furthermore, non-dimensional and/or reduced parameters were defined to
guarantee the same conditions and to obtain comparable results. Hence, the overall pressure ratio
defined in equation 2.1 from the mixing chamber (MC) to the exhaust casing (EX) was kept constant.
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The reduced speed of the turbines and the reduced mass flow were kept constant as well:

Reduced speed Nyoq = n 2.2
V Tt,in
Inlet reduced mass flow /Tt,in 23
Myeqg =M * D
t,in

Additionally, also the inlet temperature was adjusted. Taking into account the very different
conditions in winter and summer, the maximum difference between the measurement days was
around 0.6 %.

Table 2.3: Investigated operating conditions

Design point
mass flow kg/s 15.37
inlet corrected mass flow | kg-sqrt(K)/(s-bar) 81.3
overall pressure ratio - 4.0
HPT
mechanical speed rem -11070
reduced speed rpom/sqrt(K) -527
Stage total pressure ratio - 2.94
Power kW 1522
LPT
mechanical speed rpm 3550
reduced speed rom/sqrt(K) 194
Stage total pressure ratio - 1.3
Power kw 326.58
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3. Numerical Methods

To support the interpretation of the measurement results numerical investigations performed
by Spataro [34] and Wallin [35] have been used. The CFD approaches used for this work will be
introduced shortly in this chapter.

3.1 Configuration 1

Steady state CFD simulations of the second stage have been performed by Spataro [34] using
Ansys CFX©v12.1 as solver. The applied mesh consisted of 2.5 million nodes with a y* which was kept
lower than 1 next to the blades surfaces and lower than 2 next to the endwalls. A grid independence
study was done as assumption for the numerical investigation. The code solves the Navier Stokes
equation system with first order accuracy in areas where the gradients change sharply to prevent
overshoots and undershoots and maintain robustness. Second order accuracy was applied in flow
regions with low variations of the gradients to enhance accuracy [36]. The turbulence was modeled
using the k-w SST turbulence model by Menter [37]. Figure 3.1 shows the numerical model of this
configuration.

Between the turning strut (stationary domain) and the LP rotor (rotating domain) a mixing
plane was applied. The measurement results from area traverses (one HP vane pitch) at TMTF inlet
(plane C) were used as inlet boundary conditions. To obtain the full HP vane — strut periodicity of
45 degree the plane was continued three times in circumferential direction. As outlet boundary the
mean static pressure measured at an axial distance of 6 times the LP blade axial chord length
downstream of the LP rotor trailing edge was defined.

HP stage LP stage

11000 rpm

Figure 3.1: Computational domain of the baseline configuration C1
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3.2 Configuration 2

For configuration 2 the 3D steady state CFD calculations were performed by Wallin [35] using
the commercial code Ansys CFX©Ov12.1. The mesh was generated using the commercial grid
generator ANSYS ICEMCFD 12.1. Similar to the baseline configuration the computational domain only
consists of the TMTF and the LP rotor as shown in Figure 3.2. The TMTF domain consists of 1.2 million
nodes and the LPT is modeled with 0.5 million nodes. At the surfaces an average value of y+ ~ 2 was
obtained for both domains. The turbulence was modeled with the k-w SST turbulence model by
Menter [37] as well. In between the TMTF and the LPT rotor a mixing-plane (stage) interface was
used. Due to the fact that the LP rotor designed by MTU Aero Engines was confidential, another LP
rotor design was applied by Volvo for the CFD investigations.

Similar to C1 the measurements at TMTF inlet (plane C) were used as inlet boundary
conditions. However, instead of using the whole field data from the five-hole probe measurements
like it was done for the numerical setup of the baseline design, here only the radial distributions of
total pressure and total temperature together with the velocity direction components were used.
Near-wall data of the inlet profiles was calculated based on the acquired experimental data and on
pre-test results from a CFD analysis including the upstream HPT. In order to specify a turbulent
boundary condition, radial profiles of turbulent kinetic energy and dissipation taken from the pre-
test analysis were used. As outlet boundary condition an average static pressure was set. This value
was adjusted to match the averages of the computed and measured Mach number at TMTF exit
(plane E).

L

Figure 3.2: Computational domain of the second configuration C2
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4. Instrumentation and Measurement Techniques

The flow through a turning mid turbine frame with an upstream HP stage and downstream LP
turbine is very complex and in order to get a detailed insight into the flow phenomena of the TMTF
and its interactions with the adjacent components steady as well as unsteady measurement
techniques have been applied. For the steady investigations the test section is equipped with static
pressure taps at several positions and five-hole probe (FHP) measurements have been performed at
TMTF inlet and exit as well as at the LPT exit. Furthermore, oil flow visualization was applied to
obtain a qualitative insight into the flow evolution. The unsteady effects and interactions of the
components were investigated using a fast response aerodynamic probe (FRAP). In this chapter the
applied instrumentation and the measurement techniques will be explained.

Furthermore, the particular configuration with two counter-rotating rotors and different
rotational speeds require a special data evaluation in order to not only account for the unsteady
effects evoked by each rotor but also to identify the interactions between the rotors. Therefore, a
new data evaluation procedure, the rotor synchronic averaging, has been introduced which will be
also described in this chapter.

4.1 Static Pressure Taps

The test rig is equipped with pressure taps at each measurement plane (A to F, see Figure 2.5
and Figure 2.7) at hub and casing at four positions over the circumference. One TMTF flow passage of
each setup was fully instrumented with pressure taps. As illustrated in Figure 4.1 and Figure 4.2 taps
were placed at 5 spanwise positions (10, 25, 50,75, 90% span) on the strut surface and additionally
four taps were added on the strut suction side at 5% span close to the trailing edge to identify a
possible occurring corner separation in this sensitive area. Furthermore, the TMTF endwalls were
equipped with static pressure taps from duct inlet to exit at five circumferential locations (5, 25, 50,
75, 95% pitch) and up- and downstream the strut at 0% pitch, as shown in Figure 4.3 and Figure 4.4.

Suction side Pressure side

+ 5% span
= 10% span
4 25% span
»<50% span
1 75% span
90% span

Figure 4.1: Static pressure taps on strut surface for the baseline TMTF setup C1
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Suction side Pressure side

* 5% span
= 10% span
A 25% span
< 50% span
£ 75% span
90% span

Figure 4.2: Static pressure taps on strut surface for TMTF setup C2
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Figure 4.3: Static pressure taps along the TMTF endwalls for setup C1

—— (0% pitch \

—— 5% pitch
—m-25% pitch
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Figure 4.4: Static pressure taps along the TMTF endwalls for setup C2
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All measurement positions along the endwalls were realized with an inner diameter of 0.8 mm.
For most of the measurement positions metal pipes mounted plane with the surface were used
(Figure 4.5(a)) whereas due to accessibility problems in some positions the design shown in Figure
4.5(b) was applied with a special connector at the end of the 5mm hole. The struts were equipped
with metal pipes with a smaller diameter in order to not disturb the flow along the surface too much
(design see Figure 4.5(c)). All pressure taps were connected to the pressure scanner modules PSI
9016 via silicone tubes. The measurement accuracy of the pressure taps was around +1 mbar.

©1.5 ©0.8

20.8 "\ : ©0.5
T e

4
—
=

a b I C
Figure 4.5: Design of static pressure taps at the endwalls (a), (b) and on the strut surfaces (c)

4.2 OQil Flow Visualization

This technique helps to visualize the surface flow. The consistence of this mixture is very
critical because on one side it has to be viscous enough to sustain the wall shear until the rig reaches
the operating point and on the other side it has to be liquid enough that the “streamlines” which are
equal to the trajectories of the wall shear stress can form. In previous measurements it was found
that a mixture of titanium oxide (TiO,) and motor oil is the best solution for such a setup.

In the present investigations the mixture was applied on the strut surfaces and on the endwalls
shown in Figure 4.6. As shown in this plot the strut was painted pink whereas on the endwalls the
TiO2-Motoroil-mixture was white in order to identify the origin of the quasi-streamlines.

. ————

Figure 4.6: Oil flow applied on the TMTF hub endwall (white) and on the strut SS (pink)

4.3 Probe Measurements

Probe measurements with five-hole probes (FHP, steady) and fast response aerodynamic
probes (FRAP, unsteady) were performed downstream of the HP stage at TMTF inlet (plane C), at
TMTF exit (plane D and E) and downstream of the LP rotor (plane F), see Figure 4.7(a) and (b). Due to
the strong slope of the duct and hence the large pitch angles in plane E a special FHP with an inclined
probe had was applied. However, the FRAP could not be used in this plane because it would have
been out of the calibration range of the pitch angle for most of the area (This will be explained in
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detail later on). In order enable measurements with the FRAP directly downstream of the TMTF
plane D was inclined for each setup by 20 and 13 degree, respectively.

To be able to capture all features related to the interactions of the non-rotating blades (HP
vanes, TMTF struts) measurements downstream of the TMTF were performed over two strut pitches
(45 degree). For these measurements in plane D, E and F the probes were mounted on the rotatable
outer casing. It was not possible to realize this 45 degree traverse for the measurements in plane C
because the probe position was fixed in circumferential direction, therefore, area traverses could
only be performed by rotating the HP vanes. However, to be able to identify a possible upstream
effect of the turning struts onto the HPT exit flow five-hole probe measurements were carried out in
front and between the strut leading edges, see Figure 4.7(b). Table 4.1 shows the resolution of the
planes and their axial position in respect to the axial chord of the HP or LP blade at midspan, and in
Figure 4.7(d) a 3D sketch of the measurement grid of the planes in the test rig is shown.

Table 4.1: Axial position and grid resolution of the planes

axial [:?osmon n Radial Circumf. HP vane/strut  plane inclination
Plane % axial chord Positions Positions itch C1/C2 [deg]
c1/c2 P &
C 48%* 19 21 1/- 0
D 79%%**/ 56%** 21 91 3/2 13/20
E 59%** 23 91 3/2 0
F 77%** 21 91 3/2 0
* HP blade ** LP blade
——PlaneC ]
—PlaneD

——PlaneE
—Plane F

— Between strut LEes

—In front of strut LE

b

Figure 4.7: Meridional sketches of configuration C1 (a) and C2 (b) with probe measurement planes;
circumferential probe positions in front of and between strut leading edges (LEes) in plane C (c) and 3D-view of
the measurement grids
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The radial measurement positions were realized using a traverse system to rotate the probe
around the probe’s shaft axis and move it in- and outwards, see Figure 4.8(a). For the FHP the in-
house traverse system was applied but for the two-sensor FRAP the associated traverse system from
Limmat Scientific was used as shown in Figure 4.8(b). Both traverse systems are equipped with a
rotary axis to be able to rotate the probe into the flow. This ensures that the probe is always within
the calibration range for the yaw angle and enables the virtual four hole mode of the FRAP.

The principles of operation and the data evaluation of the two probes will be explained in the
following part.

-
=3

-5

oo .
SeEss  Linear axis

Rotary axis/
probe fixation

Figure 4.8: Traverse system of the fast response aerodynamic probe (FRAP) (a) and of the five-hole
probe (FHP) (b)

4.3.1 Five-Hole Probe (FHP)

Figure 4.9: Flow angle definitions of the five-hole probe; [38]
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Five-hole probes (FHP) are pneumatic probes and enable the measurement of the time mean
flow of total and static pressure, Mach number and flow angles. If the temperature is measured as
well, the static and total temperature, the flow velocities and the massflow can be reproduced.

The probes used within this work were manufactured and calibrated at the “Institut fir
Strahlantriebe und Turboarbeitsmaschinen” at the Rheinisch Westfalische Technische Hochschule
(RWTH) Aachen. These probes have a hemispherical head with a diameter of 2.5 mm. The shaft of
the probe has a diameter of 7 mm and is cranked in the lower part close to the probe head to avoid
any upstream effect onto the measurement positions which are arranged on the probe head as
shown in Figure 4.9. Due to the strong slope of the duct flowpath downstream of the TMTF struts
(see Figure 2.5 and Figure 2.7) it was not possible to measure there with the standard five-hole probe
with an angle of 90 degree relative to the probe shaft axis (Figure 4.10(a)). Therefore, a probe with
an inclined head of 115 deg was used. It was also applied in plane D and downstream of the LPT in
plane F whereas upstream of the TMTF (plane C) measurements were performed using the standard
FHP.

Figure 4.10: (a) Five-hole probe with non-inclined and (b) with inclined probe head

Both probes include a type K thermocouple mounted on the bottom of the probe head (Tsonge
in Figure 4.9) which enables the reading of the temperature. With this knowledge the static and total
temperature, the mass flow as well as the flow velocities can be calculated.

The flow within the test rig is strongly varying in circumferential and radial direction.
Therefore, quite large calibration ranges for the two probes were chosen which is shown in Table 4.2
and Table 4.3, respectively. Additionally, each probe was aligned with the flow by rotating it around
its shaft axis until the pressure difference between the left and right hole (1 and 3 in Figure 4.9)
reached a predefined minimum which was depending on the Mach number level of the investigated
measurement plane. This assured that the probe was within the calibration range of at least the yaw
angle. This alignment was of course not possible for the pitch angle.

Table 4.2: Calibration range of the non-inclined five-hole probe

Minimum Maximum Step
Mach number Ma 0.1 0.8 0.1
Yaw angle a -20 20
Pitch angle y -20 20

Table 4.3: Calibration range of the inclined five-hole probe

Minimum Maximum Step
Mach number Ma 0.1 0.8 0.1
Yaw angle a -25 25 5
Pitch angle y -25 25 5
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4.3.1.1 Data Evaluation of the five-hole probe

A flow field is usually influenced by multiple factors which have to be taken into account when
calibrating a pneumatic probe. Some of these influencing parameters can be neglected or drop out
due to geometric similarities. Hence, the flow can be described as a function of Mach number, yaw
and pitch angle. Therefore, the pressure at five different locations on the probe head is acquired as
shown in Figure 4.9 (holes 0 to 4), and these values are used to define the following non-dimensional
parameter:

Mach number parameter Ap 4.1
kMa = '
Po
Yaw angle parameter pP;—Dy 4.2
k,=——1 :
Ap
Pitch angle parameter " Ps—D> 4.3
y Ap
with pi+p 4.4
Ap=p, _IT3

With these parameters the Mach number, yaw angle a, pitch angle y, recovery factor r and a
total pressure parameter k, can be calculated according to the multi-parameter approximation by
Bohn and Simon [39]:

I m n
Y =ZZZ6URCYUkkMakjkk 4.5

i=0 j=0k=0

with 1V i+j+k<max(l,mn) 4.6

5ijk={OV i +j+ k> max(l,m,n)

where Y represents one of the parameter (Ma, a, v, ky,, r) and cy ;i is the coefficient obtained
from the probe calibration. Subsequently, the total pressure can be calculated using following
equation.

Total pressure parameter .o P —Po 47
pt
Ap

A similar parameter exists for the static pressure but it is more accurate to calculate it
according to the following equation:

K 4.8
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The total and static temperature can be calculated from the probe temperature, the Mach
number and the recovery factor.

-1
1457 Ma?
T, = Tppype| ——2——— 4.9
Total temperature t " Probe -
P 1+rK—IMa2
2
TProbe
Static temperature T = k-1, 4.10
l+r—Ma
2
Furthermore, the absolute velocity can be obtained as follows:
¢ = May/xRT 4.11

4.3.1.2 Averaging of the five-hole probe results

For the averaging of the FHP data area averaging was applied for the static pressure, whereas
all other values were mass-averaged. The local mass flow is calculated from the local density and the
local velocity component perpendicular to the cross-sectional area.

4.3.1.3 Measurement Uncertainties of the five-hole probe

In Table 4.4 the mean measurement uncertainties of the five-hole-probe measurements are
shown. These values contain the error due to the approximation and the systematic error of the PSI
Modules of +1 mbar. The asymmetry of the measurement uncertainties is a result of the
approximation matrix.

Table 4.4: Measurement uncertainties for the Five-Hole probe measurements

Mach number Ma [-] 0.005 -0.004
Yaw angle a [deg] 0.3 -0.3
Pitch angle y [deg] 0.5 -0.4
Total pressure p; [mbar] 3 -3
Static pressure p [mbar] 5.4 -5.1
Total temperature T; [K] 0.6 -0.5
Static temperature T [K] 0.7 -0.8

4.3.2 Two-Sensor Fast Response Aerodynamic Probe (FRAP)

In order to investigate the unsteady effects of the highly 3-dimenstional unsteady flow through
the test setup a two-sensor fast response aerodynamic probe (FRAP) was applied, see e.g.
Porreca et al. [40]. As shown in Figure 4.11(a) the sensor sensible to the yaw angle is positioned on
the cylindrical part whereas the second sensor, sensitive to the pitch angle, is mounted on the
rounded probe head. To enable 3D measurements of the flow the probe is operated in a virtual four-
hole mode, which means that it is turned around its shaft axis in three directions as shown in Figure
4.11(a). The zero position (Position 1) is defined using the mean yaw angle at each measurement
position gained from the FHP results and then the probe is rotated by +42 deg (Position 2 and 3). In
these positions only the pressure of the yaw angle is used for the further data evaluation.
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P2 (-42°) P1, P4 P3 (+42°)

Head Diameter

Del.8mm . . Pitch Sensor Pitch Angle B
0 Yaw Sensor
P2 (_420) P3 (+42°)
Position 3
+ .
Position 2 X
Positios + Yaw Angle o
3 Positio b k/' 4

Figure 4.11: (a) Probe rotations to perform virtual four-hole probe measurements and (b) definition of
the flow angle; [41]

The pressure sensors installed are based on the piezo-resistive effect where four piezo-
resistors are arranged in a Wheatstone bridge on a silicone membrane. They provide an AC and DC
signal corresponding to the instantaneous pressure in the flow field. The dimensions of these sensors
are 0.4 x 0.8 mm and the distance between them is approximately 2.2 mm. With a probe tip
diameter of 1.8 mm the sensing area of the probe is in the order of 3.9 mm?.

As illustrated in Figure 4.12 the measurement system developed and built by Limmat Scientific
consists of the FRAP probe, the pressure-power-unit (PPU), the traverse system and a measurement
computer with a digital IN/OUT board (NI-PCI-6503) and two data acquisition (DAQ) boards (NI-4452)
with 4 channels. The pressure-power-unit supplies the reference pressure at the backside of the
sensors inside the probe, but also serves as a signal port for the FRAP probe (voltages U, U.). Also the
optical Schmitt trigger used to acquire the LP rotor trigger signal is connected there.

The FRAP probe including the whole measurement setup was calibrated at the Laboratory of
Energy Conversion at the Swiss Federal Institute of Technology Zurich for yaw angle variations of +24
deg and for pitch angle variations from +20 to -28 deg relative to the probe, see Table 4.5.

Computer Waorkstation

Soltware for DA LabView

Fast DACQ Board 4-Channel Simultaneons
200 kHz

Cable for 4 Voltage Signals between
PCand FPU Charput

Pstar U (Veltage related to Pressure)
! P}*f o j}: {(Valtage related to Teimperanire)

L
1 S HI. !f -ﬁéﬁ"f Pressure-Power-Unit (PPU)
Axial Turbine e = Trigger I . Trigger I1
Rotor Trigger = P
Tower Pressume Air Supply
Set Pref —
@ 4 | Amplifier " 3 bar )
— V. AR
|; - Y
. E “FRAP Probe m
FLO il TN DRUCK Pressure Control Unit
(=2l Druck DPI 520

”| ]" Traversing System

Figure 4.12: Setup of the FRAP measurement system; [41]
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Table 4.5: Applied calibration ranges of the FRAP probe

min max
Mach number Ma 0.15 0.8
Yaw angle a -24 24
Pitch angle y -28 20

The maximum sampling frequency of the system is 200 kHz and due to the small cavities and
the sensors positioned very close to the pressure tap fluctuations of the flow at frequencies of up to
60 kHz can be resolved. This is sufficient to capture the main unsteady flow features resulting from
the rotors and their interactions.

4.3.2.1 Trigger

For time-resolved (unsteady) measurements it is necessary to know the exact position of the
rotor at each time step for each measurement point acquired. Therefore, a trigger has to be applied
which delivers an accurate signal in order to avoid any phase-lag between the serially acquired data
sets. This is very important for the two-sensor FRAP because in this case the signals from the virtually
“four” sensors are recorded at different times (3 rotations of the FRAP probe) and require a precise
superposition to be able to reconstruct the investigated flow field.

The particular configuration of the investigated test rig consisting of two contour-rotating
turbine stages with independent rotational speeds makes it necessary to provide two trigger signals.
For the HP rotor the trigger signal is obtained using the signal of the keyphasor and tachometer
module of the shaft monitoring system and converting them with an electronic circuit into a precise
square wave signal, see Mayrhofer [42]. The position of the LP rotor was provided by an optical
trigger (Schmidt-Trigger) which was part of the FRAP system. Figure 4.13 shows the positions of one
HP and LP rotor blade trailing edge (TE) at the hub, respectively, when the trigger occurs.

T \‘\i\\\ _Triggerposition LPT-TE (hub)

___Triggerposition HPT-TE (hub)

Viewing direction from
downstream

Position of blade trailing edges
(TE) at midspan at timestep O

Figure 4.13: Position of the HP and LP blade trailing edge (TE) when trigger signal occurs

4.3.2.2 Data Evaluation of the fast response aerodynamic probe

Data is acquired for two seconds with a sampling rate of 200 kSamples/s and a low-pass filter
at 80 kHz is applied. This corresponds to more than 100 LP rotor revolutions and around 350
revolutions of the HP rotor. For one measurement position data is acquired three times in order to
obtain the virtual four-hole mode of the probe (three rotations), see also Porreca et al. [40].

The evaluation of the measurement data has to be performed in several steps.
1. Sensor calibration: to obtain pressure and sensor temperature values from the

acquired voltage signals
2. Offset-gain-correction: corrects the drift of the signal in time
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3. Averaging procedures and data reduction
4. Aerodynamic calibration: to obtain static and total pressure, the flow angles and the
Mach number

The averaging procedure is performed for the pressure values before applying the
aerodynamic calibration due to the fact that the signals from the three rotations of the probe are
acquired at different times. This means that the coherent fluctuations are the same for all rotations
but the stochastic fluctuations are different. Therefore, phase averaging is performed before the
sensor calibration is applied in order to average out the stochastic fluctuations. The data evaluation
sequence will be explained in detail now:

1. Sensor Calibration of the FRAP

As already mentioned the applied sensors consist of four piezo-resistors arranged in a
Wheatstone bridge as shown in Figure 4.14(b). The sensor is fed with a constant excitation current I..
Theoretically, the bridge voltage U changes when a pressure difference is applied, whereas the
excitation voltage U, remains unaffected by a pressure variation. A change of chip temperature alters
the U, voltage but does not affect the bridge voltage U. Hence, an ideal pressure sensor shows two
entirely decoupled voltage signals U and U.. In this case, the voltage U scales with the applied
pressure and U, with the chip temperature only (Limmat Scientific AG [41]).

In reality, this is never the case and a minor coupling of both signals is always observed.
Therefore, a sensor calibration is applied where the voltages U and U, are measured at varying
temperatures (typically 20 — 100 °C) and differential pressures from 0-600 mbar. The applied
pressure and temperature on the sensor can then be calculated using following equations:

n m

p(U,U,) = ZZ kijp - Ut~ U] 4.12
i=0 j=0
n m

T(U,U,) ZZ yr - Ut U} 4.13
=O =0

where i and j are positive integers. The parameter ki and k;r are the polynomial coefficients of
the interpolation function of the calibration model and result from the calibration procedure (least
square fitting).

Piezo-resistors Excitation
current | e
L Ls
s: L]
H 8%
5 &
i
L

Diaphragm

Output signal U

Figure 4.14: (a) Structure of a silicon pressure sensor and (b) connection scheme of the sensor
consisting of four piezo-resistors (R1-R4) arranged in a Wheatstone bridge
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2. Offset-Gain Correction

Due to the fact that the voltage signal U suffers a drift in time an offset-gain correction is
performed which means that after one radial traverse the probe is pulled out of the flow into a tower
where the static pressure is known. Then two different back pressures are applied to the probe and
the voltages U and U, of the sensors are acquired and converted into pressure values using the
polynomial functions from the aerodynamic calibration. With these values two adjustment
coefficients (offset and gain) can be defined and the pressure can be recalculated.

3. Averaging Procedures and Data Reduction of the Fast Response Aerodynamic Probe

A parameter g within an unsteady flow can classically be split with a so-called triple
decomposition procedure, see Hussain and Reynolds [43]:

q(t) =q+{q(®))+q'(t) 4.14

where g is the time-mean component, {q(t)) is the purely periodic component associated with
a coherent structure and q'(t) represents the random fluctuations mainly corresponding to the
turbulence. Figure 4.15 illustrates the decomposition of the time-signal into these components. The
presence of two rotors leads to following equation:

q() =g +{q(®))up +{q@®)rp +{q(O))upp + q'(t) 4.15

with the periodic components (q(t))yp + (q(t)).p corresponding to the two rotors with their
own period and frequency, whereas (q(t))yp.p represents their interaction which generates
frequency peaks at i - BPF;p + k - BPFyp (with i and k not zero). To isolate the time periodic effects
of an up- or downstream rotor a phase averaging procedure has to be performed to remove the
random fluctuations corresponding to noise and turbulence. Due to the fact that the investigated
test facility consists of two counter-rotating rotors the classical phase locked averaging is not
sufficient to consider the effects resulting from the interactions of the two rotors. Therefore, a new
procedure has been introduced, the rotor synchronic averaging (RSA). The two procedures applied
will be explained in more detail in the following.

phase averaged
= = = timemean

----- stochastic

-~

T

| il P

Figure 4.15: Sketch of a time signal of an unsteady flow consisting of a time-mean @, a time periodic
{q(t)) and a stochastic fluctuating component q'(t). The time periodic signal has the period t
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The data reduction is processed in three steps.

a) Division of the raw signal into periodic phenomena (trigger event)
b) Resampling
c) Averaging procedure

— Phase locked averaging (PLA)

— Rotor synchronic averaging (RSA)

a) Division of the raw signal into periodic phenomena (trigger event)

Firstly, a start and end of the periodic phenomena has to be defined in order to be able to
perform phase averaging. For the measurement at TMTF inlet and exit (plane C and D in Figure 4.7(a)
and (b)) it was found that only the influence of the HP rotor was relevant, and therefore, the trigger
signal of the HP shaft is used to divide the raw signal. Downstream of the LP rotor (plane F) the
situation is different. The interactions of the two rotors cannot be neglected and this has to be
accounted for. Therefore, the trigger impulses of both rotors have to occur at the same time.
However, in the investigated case the very different rotational speeds (HP: 11000 rpm, LP: 3550 rpm)
and their counter-rotation lead to the fact that this position of coincidence appears rather
infrequently. Hence, the measurement time would increase from currently around ten seconds for
one measurement position to a couple of minutes. This means that the unsteady measurements in
plane F (21 x 45 points) would take more than four days instead of eight hours.

One solution to this problem could be to split the measurements in this plane on a couple of
days but then the day to day variations and probably slight variations of the test conditions would
have to be taken into account and of course it consumes a lot of time. Another possibility would be
to reduce the number of measurement points but this would lead to a very coarse resolution of the
measurement plane.

Finally, a solution was found where the revolution of the rotors is divided into equidistant
intervals corresponding to the number of blades. This greatly increases the number of possible
coincidence positions between the two rotors. To illustrate this procedure a schematic
representation of the shaft triggers is depicted in Figure 4.16. The time made non-dimensional using
the revolution period of the LP turbine (REV,;) is plotted on the abscissa, and the trigger level is
plotted on the ordinate.
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Figure 4.16: Schematic representation of the trigger signals to illustrate post-processing procedure
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In order to keep the figure readable lower blade counts for the rotors were chosen. Three HP
blades and six LP blades are visible for one revolution which corresponds to the blade count ratio (36
to 72) in the investigated test facility. The trigger level is a symbolic number corresponding to the
different origins of the triggers. A trigger level of two identifies the beginning and end of the
revolution of each rotor (red filled diamonds for the LP rotor, black filled dots for the HP rotor)
whereas a trigger level of one represents the blade passing periods within one revolution.

A simple algorithm is then written to identify positions of coincidence between the triggers of
the two rotors at levels 1 and/or 2. When this condition is satisfied the blades of the two rotors are
always in the same absolute position, as it is shown in the blade to blade view in Figure 4.17. This can
be considered as the origin of the new trigger At which is a multiple of the blade passing periods. It
can be written as:

At = mTHp = nTLP 4.16

where T,» and T are the blade passing period and m and n are positive integers.

With the new trigger the data can be evaluated, and thus, the unsteadiness due to the rotors
and their interactions is correctly resolved. The occurring frequencies are then a linear combination
of the blade passing frequencies (BPF) of the two rotors and can be rewritten with the blade passing
periods:

[ k
fupp =1-BPFp+k-BPFyp = —+— 417
Tp Tup
Considering Equation 4.16 this further results in
i k in+km

Jur.p (m/n)Typ ~ Typ At

with (in + km) a positive integer number. Equation 4.18 proves that the interaction frequency
fup,Lp is always a multiple of the new trigger frequency 1/At.

[ LP Rotor
ﬁ ‘e/
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Figure 4.17: Schematic blade to blade view indicating the trigger positions and the HP (A,B) and LP
(a,b,c,d,e) blade positions in Figure 4.16

The above described procedure implies the assumption that the rotational speed is constant
over the time period. However, considering investigations in the real engine the rotational speed of
the rotors is slightly varying (¥1.5/1000). Although these variations are rather small they are taken
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into account because the signals of the shaft encoders are acquired at a very high frequency. Due to
these variations a tolerance range has to be chosen for the coincidence of the two triggers which is
one thousandth of the HP rotor blade passing period in the present case. With a measurement time
of two seconds this results in approximately 600 coincidences with a variation of £2% between the
measurement positions.

Nevertheless, these small rotor speed fluctuations also alter the intervals between the
coincidence positions which means that they are not constant. In order to perform phase averaging
as defined above a start and end for the periodic phenomena has to be defined. The beginning is
obtained using the new trigger level 3 whereas the end is chosen according to two criteria:

1) A fixed number of LP blades is counted after the coincidence position

2) Within this time interval the ratio of HP blade periods to LP blade periods is compared to
the theoretically predicted and if the difference is larger than a fixed uncertainty the
period is discarded

The stable conditions of the test facility allow evaluating seven LP blade passing periods
without discarding any interval, since the computed blade ratio has variations below 0.5%.

b) Resampling
Contrary to an ideal turbine the rotational speed of real rotors is slightly varying during

operation (below 10 rpm) which generates different time intervals, and hence, different numbers of
samples for each revolution. Therefore, each revolution is resampled to a fixed number of values in
order to be able to perform a precise phase averaging’. The new number of samples has to be
approximately equal to the number of points within one period in the raw signal N;. For the case
using directly the shaft trigger signal it is calculated using the sampling frequency f; divided by the
frequency of the rotor rotation f; (Equation 4.19). If further FFT post processing is applied it should
be equal to a number of 2" in order to strongly reduce the calculation time.

Number of samples _fs 4.19

N =t

For the resampling of the data containing the content of both rotors (trigger level three in
Figure 4.16) for the further RSA procedure the time interval of seven LP blade passing periods is
resampled to 140 points.

Phase Locked Averaging (PLA)

The PLA procedure allows identifying the structures correlated to the rotor rotational speed.
After resampling the phase averaged results are computed by averaging all samples at the same
phase. This removes the random fluctuations and the result is an average period over one rotor
revolution (or blade passing period) and can be written as:

g =g +{q@®) 4.20

For the case of two rotors the phase-locked averaging has to be performed for each rotor
separately to account for the influence of each of them and then the two signals can be summed:

GO sum = q +{q(O))up +(q(O))p 4.21

’ Phase averaging using rotor revolutions with a different number of samples due to a varying rotational
speed produces wider peaks of coherent fluctuations at for example the blade passing frequency of a rotor.
Resampling corrects the real rotor speed and results in thinner, and hence, more precise peaks.
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but with this procedure the cross-interactions of the rotors are completely lost. Therefore, the
rotor synchronic averaging (RSA), has been developed and introduced which allows to also gather the
rotor-rotor interactions.

Rotor Synchronic Averaging (RSA)

With the new trigger introduced above this phase averaging procedure enables to take into
account the full unsteadiness corresponding to the two rotors, which means the interactions at the
frequencies i - BPF.p + k - BPFyp. It provides the following time-resolved distribution:

G rsa = q +{q(®))up +{q(©))rp +{q(O))upLr 4.22

which preserves the frequency content of all coherent structures of the original signal.

With this procedure the relative position of the HP rotor blades and the LP rotor blades, in the
absolute frame of reference, is coherently preserved at any phase of the newly derived averaging
period. Basically, the positions of the rotors are re-synchronized within the period of this new phase
averaging that will be referred to as rotor synchronic averaging (RSA) in the following.

Further, it has to be noted that the only parameters that affect the RSA procedure are the
accuracy of the coincidence and the accuracy of the ratio of Ty, and T,, within one averaging period.
For example, there is no need to assume that the blades of the rotors are identical. The blades of the
HP rotor are transonic and the generation of shock waves increases the sensitivity to small
geometrical asymmetries (see for example McAlpine and Fisher [44]), and hence, energy peaks at
low frequencies may be also observed. However, this does not affect the quality of the results from
the RSA. In fact, when the RSA is performed over a very large number of periods (600 periods in the
present case) derived from random combinations of HP and LP blades, the averaging removes the
unsteadiness at low frequencies due to the rotor geometrical asymmetries.

4. Aerodynamic Calibration of the Fast Response Aerodynamic Probe

With the pressure values obtained from the sensor calibration and after the offset-gain
correction and the phase averaging of the data the following coefficients can be defined:

K = b2 —P3
a= __ p; + p3 4.23

b1 2

K = P1 — Da
v P2t 4.24

b1 2

The variables p; to p; correspond to the measured pressure of the yaw sensor at the three
rotations of the probe, and p, is the pressure obtained from the pitch sensor, see Figure 4.11(a). The
flow angles are then calculated using the corresponding polynomial functions:

n m
- Z Z kije - K 4.25

i=0 j=0

n m
% =ZZkUy-K(§~K}f 4.26
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where k;, and k;, are the coefficients obtained from the aerodynamic calibration of the probe.

For the calculation of the static and total pressure two coefficients are defined using similar
polynomial functions as for the flow angles but with the yaw and pitch angles as variables and
calibration coefficients for static (k;) and total pressure (k;), respectively:

n m
Total pressure coefficient K, = Z Z kl-jt cat- yj 4.27
i=0 j=0
Static pressure coefficient LU o
K:ZZkij’al'yj 4.28
i=0 j=0
These two coefficients can be also defined as:
Pt —P1
K = ~ P2 D3 4.29
P1 7
_ bPt—D
k= Py + D3 4.30
Pr=">5

and with these equations the static and total pressure can be calculated.

The isentropic Mach number Ma, is computed with the total and static pressure and isentropic
coefficient k using equation 4.31

Ma= | E 5 [(%)KT_I _ 1] 4.31

The flow field downstream of the HP stage is very complex due to strong secondary flows and
shocks. This leads to a highly varying Mach number distribution at TMTF inlet and exit but also
downstream the LP turbine. At TMTF inlet in plane C for example the Mach number is within a range
of 0.3 to 0.6. Therefore, in order to obtain the results correctly it is necessary to perform an iteration
procedure for the Mach number which will be described in the following steps:

1. The total pressure is assumed using directly the measured pressure when the probe is
aligned with the flow (p; in Figure 4.11(a)) and the static pressure is calculated as arithmetic
mean of the values obtained when the probe is rotated by +42 degree (p = (p, + p3)/2).

2. The Mach number is calculated with these value using equation 4.31

3. In a next step this Mach number is used to interpolate between two calibration files®. Then,
the data is processed as described using the defined parameters and the interpolated
polynomial functions to obtain the flow angles, static and total pressure and the Mach
number

1f for example the calculated Mach number is 0.45, the interpolation is performed between the
calibration files for Mach 0.4 and 0.5.
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4. If the Mach number differs from the initially calculated one in step 2 the iteration has to be
performed until the result for the Mach number converges

4.3.2.3 Measurement Uncertainties oft the Fast Response Aerodynamic Probe

The measurement accuracy of the FRAP system depends on quite a lot of factors:
* Sensor Model Accuracy

* Aerodynamic Model Accuracy

* Positioning Accuracy of Probe Traversing System

* Calibration Accuracy of FRAP System (DRUCK Pressure supply)

* Setup Accuracy (Mounting of Probe on Rig)

* Type of Facility (low speed or high speed rig)

* Blade Passing Frequencies etc.

* Quality of Rotor Trigger

All those factors have to be taken into account when evaluating a set of FRAP measurement
results. Due to that it is not possible to give an absolute accuracy of a FRAP system [41]. For the
present investigations the absolute uncertainties of the FRAP are equal to 0.3 deg for the flow
angles, and £0.4% for the Mach number. The uncertainty on the absolute value of the total pressure
is £300 Pa when the uncertainty of the multi channel pressure transducers, employed to operate the
facility, is also considered.
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5. Fundamentals

Before discussing the results obtained from the various measurement techniques this chapter
gives a short overview of the flow structures emanated from a transonic HPT stage. Then, the flow
phenomena occurring in an S-shaped channel equipped with wide chord turning struts will be
discussed including the main loss generating structures and how to reduce these detrimental effects.
Finally, the main characteristics of an LP turbine will be explained shortly.

5.1 HPT Exit Flow

The main objective of a turning mid turbine frame (TMTF), apart from the structural demands,
is to safely guide the flow from the HP turbine to the LP rotor without flow separation and to keep
the losses low. Since the exit flow of a transonic HP turbine stage is highly three-dimensional with
strong secondary flows, wakes and shocks as shown by e.g. Milleretal. [10], Marn [14] and
Gottlich et al. [45] it is important to know the flow field at the TMTF inlet. Gottlich et al. [45] identify
the main secondary flow structures emanated from a transonic HP rotor as shown in Figure 5.1.
Especially the tip leakage flow (structure “D” in Figure 5.1) produces angle variations of around
100 degree down to 80% of the channel height as discovered by Miller et al. [22]. Also Marn et al.
[46] revealed that the influence of the tip gap is confined within this range directly downstream of
the HP stage. In that work a TMTF or a so-called integrated concept was investigated applying two
different HP rotor tip gaps® (1.5% and 2.4% of the blade height). It was revealed that the tip leakage
flow influences the flow in the vicinity of the turning strut where the stagnation point was shifted
toward the pressure side. However, downstream of the turning strut the flow parameters like Mach
number and flow angles were only marginally altered. Nevertheless, the tip leakage vortex
contributes to the strongly unsteady flow which differs from the usually applied steady design flow
parameters and has to be taken into account for a vane positioned downstream of such an
unshrouded rotor.

Blade Tip Gap 0.8 mm ~F ; Blade Tip Gap 1.2 mm 3

| [ DS B B I
40000 31724 23348 15172 -B89T 1379 9655 TSI HE0T 4483 40000
Figure 5.1: Streamwise vorticity obtained from numerical investigations of a transonic HPT stage using
two different tip gaps to show the secondary flow effects which are the lower passage vortex “A”, two counter-
rotating trailing edge shed vortices “B” and “C”, the rotor tip leakage vortex “D” and structure “E” is assumed to
be the upper passage vortex, [45]

° Same HPT stage as investigated by Gottlich et al. [40]
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5.2 Flow through Turning Mid Turbine Frames

The aero design of a TMTF, especially the airfoil design, is mainly constraint due to the
necessary thickness of the struts in order to be able to provide structural support but also for the
lead through of service lines. Therefore, the strut has to be rather thick and cylindrical in the front
part and the turning of the flow has to be shifted further downstream. This leads to wide chord vanes
with a low aspect ratio of around 0.5. Hence, the formation of the secondary flow structures is
shifted further downstream but the strength of the secondary flow structures in the strut passage is
still expected to be stronger compared to a high-aspect ratio blade

Sieverding [47]. reviews the research on secondary flows in turbine blade passages. The main
structures are identified as:

passage vortices
horseshoe vortices
trailing filament vortices
trailing shed vortices
corner vortices

FLOW FROM

INNER REGION

OF INLET
SUCTION SIDE
L SToN SIOE BOUNDARY LAYER

VORTEX :g PASSAGE
INLET BOUNDARY SN 1 voRTEX

LAYER FLOW < |2

SUCTION SIDE
LEG HORSESHOE
VORTEX
a N <‘ b VORTEX LEG HORSESHOE VORTEX
(BECOMES PASSAGE VORTEX)

Figure 5.2: Secondary flow structures in blade passages: (a) formation of passage vortices described by
Hawthorne [48] and (b) secondary flow structures identified by Sharma and Butler [49]

The passage vortices are the result of the redistribution of the inlet boundary layer within the
flow channel as it has been shown by Hawthorne [48]; see Figure 5.2(a). Also the trailing filament
vortices are depicted in this figure. When the endwall flow approaches the leading edge it rolls up
and produces the horseshoe vortices shown in Figure 5.2(b). The pressure side leg of the horseshoe
vortex travels to the suction side and merges there with the passage vortex. All other flow structures
are generated by the interaction of the passage and the horseshoe vortices with the endwall flow.

In a low-aspect ratio vane placed in an S-shaped diffusing duct these secondary flow features
are not only influenced by the low aspect-ratio of the vane but also by other aspects:

1) The axial diffusion rate of the duct which results in a deceleration of the flow in axial
direction and hence an adverse pressure gradient.
2) The change of the swirl angle due to the turning of the vane:
a) The turning of the flow accelerates the flow and reduces the pressure, hence the
pressure gradient counter-acts to the axial diffusion
b) additionally centrifugal forces increase the casing pressure and decrease the hub
pressure corresponding to the radial equilibrium (see Figure 5.3)
3) Asillustrated in Figure 5.3 the curvature of the duct produces radial pressure gradients
a) At the first bend it is directed from hub to tip which works against the centrifugal forces
of the turning vane
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b) At the second bend the gradient is reversed and goes from tip to hub which means it is
superimposed to the gradient due to the turning of the flow
Furthermore, fluid from the endwall exposed to high pressure migrates toward the opposite
endwall if wakes from downstream stages or supporting structures are present.

— effect of swirl

p- effect of duct curvature

Figure 5.3: pressure gradients due to the effect of swirl (radial equilibrium) and of the curvature of the
flow path

5.3 Loss Reduction

In order to reduce the secondary flows several design optimization techniques can be applied
and have been reviewed and summarized by Langston [50] for axial turbines and recently by Goéttlich
[7] for intermediate turbine ducts as well as for strutted ducts and TMTFs. The design features to
reduce secondary flows as well as losses are:

1) Passive flow control devices
(e.g. vortex generators, boundary layer fences, grooves)
2) Active flow control devices
(e.g. boundary layer suction, wall jets etc.)
3) 3D blade design
4) Endwall-contouring

Modern blade designs are a combination of these features and are gained by an automatic
process of using optimization tools and CFD simulations which is a very complex procedure. Within
this work only 3D-blade design and endwall-contouring have been applied, therefore these two
techniques will be explained in more detail. Both can influence the pressure gradients and change
the evolution of secondary flows through the TMTF.

3D Blade Design
3D blade design can be generally subdivided into:
1. 3D blade geometries due to blade stacking as illustrated in Figure 5.4:
a) stacking in circumferential direction (dihedral)
e lean: This means that the blade is inclined in circumferential direction with a
constant angle (straight lean) or
e bow: the inclination of the blade changes over the height (compound lean)
b) axial stacking
e sweep: This is the deviation of the blade sections from the stacking axis
(indicated as angle A in Figure 5.4) in meridional (meridional sweep) or chordwise
direction (true sweep), respectively.
e Compound sweep: the inclination of the blade changes over the height
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2. Adaptation of the endwall airfoil junction by adding or removing material in this region

Both 3D blade designs (lean and sweep) change the pressure distribution in the vicinity of the
blade. Forward sweep'® reduces the leading edge loading and increases the trailing edge loading and
vice-versa. On the same argument, lean with the pressure surface facing towards the endwall
increases the pressure on the endwall and vice-versa;Denton [51].

Denton and Xu [52] discuss the different approaches of 3D blade design in particular blade
lean and sweep. They show how these features can improve the performance of turbomachines by
e.g. reducing losses and increasing the stage reaction.

3D blade stacking

circumferential direction (dihedral) axial direction
lean bow compound sweep
casing LE
ss PS SS PS g
[1+]
o
hub

Figure 5.4: Design features due to 3D blade stacking in circumferential direction left side) and in axial
direction (right side)

Endwall Contouring

This approach is commonly applied to compensate the blockage of the blades (also known as
area ruling) using axi- or non-axisymmetric endwall-contouring. In the first case the meridional shape
of the flowpath is modified whereas the in latter case also the contour in circumferential direction is
changed as it is depicted in Figure 5.5.

Especially, non-axisymmetric endwall-contouring is applied to reduce secondary flow effects
and hence to minimize the losses. Therefore, the area close to the suction side is enlarged in order to
increase the static pressure in this area whereas close to the pressure side the effective cross
sectional area is reduced, hence, the static pressure results reduced due to the local acceleration of
the flow. These modifications reduce the cross-passage gradient within the strut passage which
usually forces the formation of secondary flows.

% Forward sweep means that the stacking axis of the blade is inclined contrary to the flow direction.
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Endwall contouring

axisymmetric non-axisymmetric

casing

SS PS

hub

Figure 5.5: Axisymmetric (constant flow contour in circumferential direction) and non-axisymmetric
endwall contouring

5.4 LP turbine flow

LPT turbine blades within a jet engine are usually high-aspect ratio blades with a shroud
applied at the casing, hence, no tip leakage vortex is present but the leakage flow over the shroud
has to be taken into account. Due to the high aspect ratio the passage vortices are rather confined to
the endwalls and a larger area of undisturbed flow is present.

They are operated at low Reynolds numbers in the range of or even below 10°. In conventional
turbofan engines their rotational speed is limited due to the delimited fan blade tip speed. Therefore,
the loading of the turbine stages has to be increased by a higher turning. This is also valid in the case
of geared turbofans where a gearbox, placed between the fan and the LPT, allows higher rotational
speeds of the LPT but in order to reduce the number of stages the loading is increased by a higher
turning as well. These blades are very sensitive to changes in the inflow conditions and tend to
separate downstream of the throat area at the rear part of the SS which results in high profile losses.
It is also possible that separation bubbles occur on the pressure side when the incidence angle is too
high. The high turning requires a higher number of blades compared to the HP turbine in order to
minimize the risk of separation. Furthermore, the flow at LPT inlet has to be carefully evaluated and
adjusted during the design process.
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6. Results and Discussion

In the previous chapters the experimental facility, the instrumentation, the applied
measurement techniques and some fundamentals concerning the flow through such a configuration
have been presented. In this chapter the results obtained from the measurements are shown and
discussed. The first section gives an overview of the definitions which are used to explain the plots
depicted later on. The second section is divided into three parts. At the beginning the inlet flow of
the TMTF is examined and the main flow features emanated from the HPT stage are determined.
Then, the focus is put on the flow evolution through the duct including the exit flow. The secondary
flow structures, and furthermore, the main loss generating structures evolved in the duct are
identified. Finally, the flow at LP rotor exit flow is observed. The results of configuration C1 and C2
are discussed separately for the evolution through the duct but further downstream the results are
directly compared.

6.1 Definitions

This chapter gives an overview of the definitions used for the flow parameters and should help
to read the plotted figures, especially the contour plots.

6.1.1 Relative HP Vane — Strut Position

The relative position of the HP vane and the TMTF strut was chosen using CFD predictions in a
way that the wake of the HP vane impinges on the strut leading edge at midspan. The position was
defined as the angle between the HP vane trailing edge (TE) and the TMTF turning strut TE at the hub
as shown in Figure 6.1 and Table 6.1, respectively. All measurements were performed at this
position.

HP vane TE strut TE

Figure 6.1: Relative position of HP vane in respect to turning strut
Table 6.1: Angle between HP vane TE and TMTF strut TE at the hub for both configurations

Configuration Angle
Cc1 9.34
C2 6.05
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6.1.2 Averaging Procedure and Corrections

The test facility is operated in an open-loop configuration and due to changing ambient
conditions the measurement results had to be corrected. Therefore, the mean total pressure and
total temperature at the test setup inlet (plane A, see Figure 2.5) were used to scale the measured
data. The reference values pi f and Tia, ref represent the area averaged values of the total pressure
and total temperature rakes at test section inlet (plane A) from the reference test run. Scaling was
applied with the inlet conditions measured for each measurement position.

Scaled static pressure P e 6.1
pcorr =p —
Pia
Scaled total pressure Preares 6.2
pt,corr pt
P
Scaled static temperature Tiaref 6.3
7-COIT = T .
Ta
Scaled total temperature Tin e 6.4
7-1' corr = 7-1' ’ : .
’ T,

In order to obtain representative mean values mass and area averaging, respectively, were
performed depending on the flow quantity and the instrumentation.

Mass averaged values 7 _ XX my 6.5
mass —
xm;
Area averaged values 7 XX A 6.6
area —
XA

6.1.3 Flow Angles

Figure 6.2(a) displays the flow velocity components together with the flow angles. The
definitions of the different yaw angles and the pitch angle, respectively, can be found in equation 6.7
to 6.10.

HP vane HP blade Turmng strut LP blade

=\
BT S 7
T

Figure 6.2: (a) Definition of the flow angles and (b) positive direction of the yaw angle
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c
Yaw angle o =arctan| —- 6.7
Cm

with ¢, = wlcxz +c,2

or alternatively it can be specified by the yaw angle component projected on a plane parallel to the
machine axis

c
a, = arctan[—fj 68
CX
and a component normal to the machine axis:
c
a, = arctan[—tj 6.9
4
Cr
The pitch angle is defined as
c
y =arctan| — 6.10
CX

As shown in Figure 6.2(b) the positive direction of the yaw angle is in the direction of rotation
of the HP turbine (grey arrow) for the whole measurement setup, also downstream of the LP rotor
(plane F) which is counter-rotating. A negative value of the pitch angle means the flow is directed
toward the machine axis and a vice versa. The flow angles are defined for a coordinate system with
the X-axis parallel to the machine axis also for the inclined measurement plane D.

6.1.4 Total and Static Pressure
The pressures are plotted in all Figures using the non-dimensional static and total pressure
coefficient:

Static pressure coefficient D~ Drer 6.11

Cp =
pt,ref - pref

Total pressure coefficient Pt — Ptref 6.12

Cpe =
P Ptref — Pref

where p and p; represent the static and total pressure at the local position and p; ror and Dres
are the mass-averaged total and the area-averaged static pressure in the reference plane. For the
measurements within the TMTF passage (static pressure taps and probe measurements in plane C, D
and E) the inlet plane C was taken as reference whereas downstream the LP stage plane F was used.

6.1.5 Streamwise Vorticity

For the numerical results the streamwise vorticity is specified using a similar definition as
Miller et al. [22] which is defined as follows:
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Cx Wy +Cy Wy +Cz Wy

/cxz +c,% +c?
6.1.6 Total Pressure Loss
Total pressure loss is computed as:
Pec — Pt 6.14

( [l ——
Pt Ptc — Pc

6.1.7 Coherent Structures

The influence of the unsteadiness of the two rotors is evaluated using phase locked averaging
(PLA) and rotor synchronic averaging (RSA) of the time-resolved data, respectively, as described in
chapter 4.3.2.2. Depending on the position of the measurement plane only the effect of the HP rotor
(plane C; PLA) or of both rotors (plane F; RSA) had to be taken into account.

In order to provide information about the overall periodic unsteadiness, the root mean square
(RMS) of the coherent periodic fluctuations of different flow quantities according to Tiedemann and
Kost [53] are calculated. With equation 4.22 the periodic fluctuations for example for the RSA
procedure can be computed as:

(@ rsa =D rp +{Dup +(Q)rpup 6.15

Where g represents a flow quantity and the term {q)gs4 is obtained subtracting the time-
averaged value g from the phase locked average G54 at each measurement position.

(@)rsa = Grsa — G 6.16

6.1.8 Contour plots

All contour plots are generated plotting the relative HP vane or TMTF pitch (A®/Oyre) over the
relative channel height (h/H) as illustrated in Figure 6.3 and are viewed from the downstream
direction. Thus, the rotational direction of the HP rotor in the time-resolved results is always from
left to right (clockwise) whereas the LP rotor moves in the contrary direction from right to left
(counter-clockwise). This is indicated with arrows at the top of the plot in Figure 6.3 as well.

LPT
-—

Figure 6.3: Example for a time-resolved contour plot (Mach number in plane F, setup C1) with arrows
indicating the rotational direction of the HP and LP rotor
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Secondary flow velocity vectors

Secondary flow velocity vectors are used to identify the secondary flow structures downstream
of the TMTF and the LP rotor. They are defined as the difference between the local velocity vector
and a reference flow direction (see e.g. Chaluvadi et al. [54], Bagshaw et al. [55] and Persico et al.
[56]). To account for the strong gradients in circumferential and radial direction within this flow field
the reference flow vectors have to be calculated in a different way than usually applied (average of
the whole flow field). The radial velocity component is mass-averaged in circumferential direction
(¢-(r)) and the circumferential velocity component is mass-averaged in radial direction (c;(6)),
respectively. Subsequently, these values are subtracted from the local values, according to equation
6.17 and 6.18. The secondary flow velocity components and the resulting vectors are illustrated in
Figure 6.4.

Ac, = ¢, (1,0) — C,. (1) 6.17

Acy = ¢¢(1,0) — ¢ (0) 6.18

Ma-"fmamid

. 125

1.15
1.05
0.95
0.85
0.75

Figure 6.4: Definition of the secondary flow velocity vectors depicted in the contour plots

6.2 Flow at TMTF Inlet

In this chapter steady as well as unsteady results will be presented in order to describe the
main flow features emanating from the HPT stage. Therefore, investigations by means of a five-hole
probe (FHP) and a fast response aerodynamic probe (FRAP) have been performed in order to
determine the main time steady and time dependent flow features, respectively. As already
explained in chapter 2.1 due to the rig design the probes were fixed in circumferential direction
relative to the TMTF and the HP vanes have been rotated to obtain full area traverses. Thus, the
measurements could not provide information about the absolute influence of the potential field of
the downstream strut. Nevertheless, in order to determine if there is any upstream influence of the
strut potential field, measurements between and in front of the strut leading edges have been
carried out in both setups and the mass- and area-averaged results'’, respectively, for all four cases
are shown in Figure 6.5.

11. . .
The static pressure is area-averaged
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In Figure 6.5 the total and static pressure as well as the yaw angle distribution at TMTF inlet
(plane C; see Figure 4.7) are depicted over the relative channel height. It reveals that the radial
distributions are very similar for all measurements. Only the Mach number distribution differs for the
case when the probe is mounted between the struts for the baseline design C1. There, higher values
are found for the Mach number distribution displayed in Figure 6.5 on the left between 50% and 75%
channel height. It is assumed that the struts of the baseline design C1 create a larger blockage
compared to C2 and, hence, the flow is accelerated more in this area. However, all distributions
indicate a similar trend and due to the overall agreement of the inlet flow for both setups the further
discussion on the flow phenomena entering the TMTF will be only based on one case (setup C1 with
the probe mounted between the struts).

11

0.84

0.64
E Between strut LEes
= = In front of strut LE
0.4
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0 . . 02 0 02 e
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Figure 6.5: Comparison of the radial distributions of Mach number, static pressure as well as the yaw
angle at TMTF inlet with the FHP mounted in front and between the strut leading edges (LE) for both
configurations

The static pressure distribution depicted in Figure 6.5 in the middle shows the typical pressure
gradient due to the presence of the first bend of the duct. It is reduced by the opposite pressure
gradient induced by the swirled flow from the HPT (due to the radial equilibrium). The graph on the
right of Figure 6.5 displays the yaw angle distribution where a maximum variation over the channel
height of 42 degree is present which requires a 3D design of the following TMTF strut in order to
avoid or at least to reduce wrong incidence angles and to reduce the resulting secondary flow
effects. One reason for this strong variation is the tip gap of the shroudless HPT. Thus, less energy is
extracted close to the casing which leads to an unloading of the rotor. The flow is less turned in this
region and results to be nearly axial in the time-mean, whereas in the lower part of the channel the
flow has a strong negative turning of up to -40 degree. Due to this fact the total pressure shows
highest values close to the casing as well (Figure 6.5) and furthermore it is strongly varying over the
height. In both, the total pressure and the yaw angle distribution, two minima can be identified
which are mainly the results of the lower passage vortex and the tip leakage vortex, respectively.

In order to distinguish the influence of the HP vanes Figure 6.6 shows time-mean contour plots
at the TMTF inlet (plane C). The structures due to the movement of the rotor are averaged out and
are only visible as constant streaks in pitchwise direction whereas the variations in pitchwise
direction are due to the interactions of the rotor exit flow with the flow structures emanated from
the HP vane.
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Figure 6.6: Time-averaged contour plots of Mach number, static pressure coefficient and yaw angle at
TMTF inlet (plane C) viewed from the downstream direction (FHP results)

Finally, in order to give a complete impression of the TMTF inlet flow the time-resolved data
obtained with the FRAP are presented in Figure 6.7 by means of contour plots of Mach number, yaw
angle and turbulence level. The figure displays two HP vane pitches (30 degree) over the relative
channel height (h/H)* for four time steps of the HP blade passing period (t/T = 0; 0.25;0.5, 075). In
the turbulence plots on the right side of the figure the shape of the HP rotor wake can be identified
as portions of high turbulence and it is marked as grey dashed-line. Furthermore, the HP blade
passages can be clearly determined in all contour plots and they are modulated in circumferential
position by the flow field of the upstream HP vanes depicted in Figure 6.6.

From the yaw angle distributions depicted in Figure 6.7 in the middle and the pitch angle
distribution (not shown here) three secondary flow phenomena can be identified. The region marked
with circle A is the lower passage vortex (LPV) and close to the casing circle B determines the tip
leakage vortex (TLV). An additional vortex can be identified below the TLV which seems to be a
vortex shed from the trailing edge (structure C). The upper passage vortex cannot be found which
seems to be due to the fact that it results to be quite weak because of the existing tip leakage vortex.
Additionally, it is pushed toward the casing by the radial pressure gradient where it was not possible
to measure with the FHP and therefore it is probably not captured.

A similar behavior was detected by Miller et al. [10] and Gottlich et al. [45] where the upper
passage vortex was found to be confined close to the casing. The centre of the lower passage vortex
is found at around 40% of the channel height which also seems to be due to the pressure gradient in
this region.

2 With two strut pitches the full periodicity of the HP stage (vane to blade ratio is 2:3) is maintained.
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Figure 6.7: Time-resolved contour plots of Mach number, yaw angle and turbulence level plots at TMTF

inlet (plane C) over one HP rotor blade passing period

Another flow phenomenon which has to be taken into account in such a transonic HP stage are
the shocks emerging from the HP rotor trailing edge and their reflections on the suction side of the
adjacent blades. In Figure 6.7 one shock can be clearly detected in the Mach number plot on the left
side as a sharp change in Mach number from high to low values indicated with black-dashed lines.
The trace of this shock is only found in the upper half of the channel above 50% span. Due to its
strength it is assumed to be the shock directly emanated from the HP rotor trailing edge.

The above described complexity of the flow field is challenging for the design of downstream
components, particularly of a turning mid turbine frame with wide chord vanes which results in the
evolution of strong secondary flows. Some of these features can still not be simulated correctly and
therefore two TMTF setups have been designed and experimentally investigated to gain a database

for the evaluation of the CFD predictions.



Results and Discussion 53

6.3 Flow Evolution through the TMTF

The first part of this chapter deals with the evaluation of the flow through the baseline setup
and in the second part the 10% shorter design with a less 3-dimensional airfoil design but endwall-
contouring at the hub is discussed and compared to the baseline design.

6.3.1 Configuration 1

This configuration serves as baseline setup. The focus is laid on the 3D design of the turning
strut in order to reduce the losses. More details regarding the setup have already been described in
chapter 2.2.2.1.

6.3.1.1 Flow Evolution through the Strut Passage of C1

Measurements were performed using static pressure taps along the TMTF endwalls and along
the strut surface and oil flow visualization was conducted as well. In order to support the
measurement results, and furthermore, to better understand the evolution of the flow through the
TMTF 3D steady state numerical investigations were carried out by Spataro [34]. Details regarding
the numerical setup can be found in chapter 3.1.

Figure 6.8 and Figure 6.10 give the static pressure distribution along the TMTF endwalls and
the strut surface, respectively, by means of the pressure recovery coefficient C,, which is defined
according to Equation 6.11.

As described in chapter 4.1 and shown in Figure 4.3 the TMTF endwalls are instrumented with
pressure taps over one strut pitch at five pitchwise positions. Figure 6.8(a) depicts the pressure along
the hub whereas Figure 6.8(b) displays the pressure along the casing over the non-dimensional axial
chord length of the strut. The black dashed lines indicate the position of the strut leading (LE) and
trailing edge (TE), respectively.

Figure 6.9 displays a principle sketch of the strut profile including the pressure taps in the
vicinity of the blade pressure and suction side. It should help to explain the occurring pressure
distributions, especially around the strut LE. The black arrows indicate the flow directions with
negative inlet flow angle at the hub (a) and nearly axial flow at the casing which results in a positive
incidence angle (6) at the casing. The approximate position of the stagnation point is indicated as
black dot. Furthermore, the pressure taps at 0% strut pitch and close to the PS (95% pitch) and SS
(5% pitch), respectively are plotted.

—— 0% pitch
——5% pitch

—— 25% pitch

U
e —+—50% pitch
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-0.6 -0.1 0.4 0.9 1.4 -0.6 -0.1 0.4 0.9 1.4
a ¥/ Lo b X/ Loy

Figure 6.8: Static pressure distribution along the hub (a) and the casing endwall (b) of TMTF
configuration 1 covering one strut pitch
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Figure 6.9: Principle sketch of the strut profiles including the pressure taps in the vicinity of the airfoil at
hub (a) and casing (b); the black arrows indicate the flow directions including the incidence angle 6. The
stagnation point (SP) is indicated as well.

Figure 6.8 reveals that the static pressure distribution is quite homogenous over the
circumference at TMTF inlet on both endwalls. This corresponds to the contour plot in Figure 6.6 in
the central plot where the pitchwise static pressure distribution is rather constant in the vicinity of
the endwalls. At the casing endwall a steep pressure rise is present up to the strut LE. The first
measurement position at this endwall was positioned at 10 % of the axial strut chord upstream of
plane C in order to capture the expected peak suction due to the first bend. This position was
obtained using CFD predictions. The results match the CFD predictions (not shown here) but it is not
sure if the suction peak is really determined because due to the structural restrictions of the rig it
was not possible to place additional pressure taps further upstream.

When the flow approaches the strut leading edge, the pressure diverges due to the potential
field of the strut. Just downstream of the LE, the pressure distribution is very different at both
endwalls.

At the casing endwall the situation is as follows: Within the strut passage, the usual pressure
gradient from suction to pressure side is present over the full strut passage. As illustrated in Figure
6.8(b) the acceleration of the flow around the strut leading edge (first black dashed line) generates a
steep pressure drop on both suction side (SS) and pressure side (PS). Then, the pressure remains
constant until 35% of the axial strut chord length. Further downstream the pressure diverges again; it
rises on the PS and decreases on the SS. This distribution seems to be a result of the aero design of
the duct, the blockage effect and the aft-loaded design of the strut. Starting from about 70% of the
axial strut chord length the flow is again accelerated due to the turning of the struts.

At the hub endwall the pressure field directly downstream of the strut leading edge (LE) differs
from the one found at the casing. In this case the pressure increases from PS to SS which is contrary
to what would be classically expected. As shown in Figure 6.9(a) the airfoil design is adjusted to the
negative exit flow angle of the HP stage (see Figure 6.5; diagram on the right). Hence, as indicated by
the pressure values in the vicinity of the LE the stagnation point is assumed to be close to the LE.
However, the strong convex curvature of the PS close to the LE seem to accelerate the flow, and
hence reduce the pressure in this area which results in a peak suction detected at 5% axial chord.
However, downstream of this position the pressure increases again. At around 50% axial strut chord
the pressure gradient from PS to SS is reversed due to the turning of the flow induced by the strut
and further downstream the usual pressure gradient from suction to pressure side is present within
the strut passage. Compared to the flow at the casing endwall the acceleration of the flow is much
more pronounced which seems to be a result of the shorter true chord length of the strut at the hub
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as it can be seen in Figure 2.6(d). Furthermore, only the pressure measured at midpitch (cyan line)
shows a similar distribution as the one found at the casing.

In order to obtain the static pressure distribution on the strut surface, the strut is
instrumented with static pressure taps to acquire the static pressure distribution at five different
channel heights (5%, 10%, 25%, 50%, 75% and 90 % span). The pressure tap positions are illustrated
in Figure 4.1 in chapter 4.1. In order to keep the diagram readable the spanwise distributions are
displayed in two separate figures. Figure 6.10(a) and Figure 6.10(b) depict the static pressure
distributions from 5% to 50% span and from 50% to 90% span, respectively, along the non-
dimensional axial chord length of the strut. In Figure 6.10(b) the last point of the static pressure
distribution on the SS at 90% span had to be replaced by a mean value between 75% span and the
pressure at the casing because at this position the pressure tap did not work properly. The
substituted value is indicated by the dashed orange line in Figure 6.10(b). The static pressure taps at
5% span are only applied at the rear part of the strut SS in order to detect a possible corner
separation which was expected from CFD predictions.

In chapter 6.2 it was shown that the inlet flow is strongly varying over the span and hence the
inlet flow angle is negative within the lower channel half and becomes even positive close to the
casing before it turns in the negative direction again where the latter is a result of the present tip
leakage flow in this area. Therefore, a positive incidence angle is found at 90% span as is indicated by
the pressure distribution in Figure 6.10(b). As it was already found at the hub endwall, the negative
inlet flow angle and the blade design generate a pressure gradient from PS to SS which is contrary to
the one usually responsible for the formation of the lower passage vortex. Further downstream the
pressure on the PS increases again over the full blade height which seems to be due to the diffusing
duct. On the SS the aft-loaded design of the struts produces a strong but late acceleration. This
design leads to lower losses compared to a front loaded design due to the fact that secondary flow
effects like the passage vortices are generated further downstream. The peak suction on the SS
occurs over the full blade height at about 75% of the axial chord length.
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Figure 6.10: Static pressure distribution along the C1 turning strut over 5 different channel heights,
from 5 to 50 % span (a) and from 50 to 90 % span (b)
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As previously mentioned the strut is instrumented with pressure taps at 5% span on the rear
part of the strut suction side in order to detect an expected corner separation in this area. Such a
separation at the strut - suction side/hub corner usually generates a pressure plateau where it
occurs. However, the pressure taps show no evidence of such a feature. In order to make sure
whether there is a separation at this position or not oil visualization was applied on the strut SS and
on the hub endwall. Furthermore, the flow visualization is also used to obtain a better understanding
of the flow evolution through the TMTF. To ease the identification of the origin of the surface flow
the blades and the endwalls of the TMTF were painted in pink and white, respectively. Figure 6.11
and Figure 6.12 depict the results obtained from these investigations. Both figures are viewed from
the downstream direction and show the SS of the blade. Figure 6.11(a) and Figure 6.12(b) show the
hub whereas Figure 6.11(b) depicts the casing endwall. Black arrows in the figures should help to
visualize the flow direction.

The flow visualization shown in Figure 6.12 reveals that a small corner separation in the strut
suction side - hub corner occurs although the pressure distribution does not indicate it; the
separation is marked with a red dashed circle in the figure. It is a result of the converging of the hub
and the SS surface flow and could probably be avoided if a fillet would be applied like in a real
engine. A further step to enhance the flow in this region would be to introduce non-axisymmetric
endwall contouring at the hub like it was done for the second TMTF setup designed by Volvo Aero.

Regarding the flow evolution through the whole strut passage the oil flow visualization of the
hub contour in Figure 6.11(a) reveals that no cross-flow from SS to PS occurs until around 30% of the
axial chord length (indicated by red line) although a pressure increase from PS to SS is present on the
hub (see Figure 6.8(a)). Further downstream the flow is deflected due to the turning struts and the
resulting pressure gradient pushes the boundary layer fluid in the direction of the SS. The boundary
between the casing endwall flow and the strut surface flow can be clearly identified and is indicated
with a red line in Figure 6.11(b). Contrary to other publications investigating wide chord vanes (e.g.
Pullan et al. [23], Pullan et al. [24] and Marn et al. [21]) no fluid is transported from the hub endwall
onto the strut SS and therefore the flow along the SS follows the slope of the duct up to a channel
height of around 40 % quite well, see Figure 6.12(a). This seems to be a result of the aft-loaded and
three-dimensional design of the blade.

viewed from downstream
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As shown in Figure 6.11(b) the presence of the cross passage pressure gradient on the casing
endwall can be seen very well. There the flow is pushed away from the casing endwall down the strut
SS which indicates the presence of an upper passage vortex (UPV).

In order to be able to determine the secondary flows through the turning mid turbine frame
CFD simulations have been performed (Spataro [34]). Details of the numerical setup can be found in
chapter 3.1. Several planes are extracted from the CFD results. Their positions are indicated in Figure
6.13 as red dashed lines. They are defined using the same non-dimensional axial chord length (x/C,,)
at the hub and the casing as boundary. These planes are used to support the measurement results
and to identify the main forces responsible for the formation of the secondary flows. However, it has
to be kept in mind that this is a steady state simulation which does not account for the influence of
unsteady fluctuations.
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Figure 6.13: Meridional view of the C1 TMTF including the CFD sections for the flow evaluation through
the duct

In Figure 6.14 the numerical results are depicted as contour plots of the time-mean static
pressure coefficient, streamwise vorticity and total pressure loss. These values are defined according
to equation 6.11, 6.13 and 6.14. The plots are viewed from downstream and the planes are ordered
from the inlet (x/C,=-0.11) at the top to the exit (x/C,=0.98) at the bottom of the figure. At the inlet
the position of the strut leading edge is indicated by white dashed lines. All flow structures are
indicated using capital letters and/or numbers. Their direction of rotation is indicated by the color
map in the vorticity plots, where blue means clockwise and red or yellow counter-clockwise rotation;
see also the arrows next to the legend below the vorticity plots.

In the top left of Figure 6.14 the static pressure distribution in front of the strut leading edge
(LE) already indicates the formation of the pressure gradient from PS to SS at the hub due to the
blade design and the negative inlet flow angle; compare Figure 6.8(a). Furthermore, the compound
sweep of the LE results in pressure gradients from the endwalls toward midspan (blue arrows)
pushing the fluid in this region in direction of the endwalls. These pressure gradients are
superimposed to the one resulting from the first bend counteracted by the effect of swirl which is
indicated by a grey arrow. In the vorticity plots in the middle of Figure 6.14 the lower passage vortex,
the tip leakage vortex and a shed vortex can be identified as structures A, B and C, respectively.
These structures correspond to the ones discovered in the time-resolved results at TMTF inlet in
Figure 6.7. However, the CFD simulations performed were steady state and the FHP results shown in
Figure 6.6 were used as boundary conditions. Thus, the secondary flow structures emanating from
the rotor appear as constant streaks of vorticity and can only be considered as kind of the traces of
these effects. In order to obtain the full effect of these structures unsteady numerical simulations
should be performed. Nevertheless, for the identification of the main driving forces responsible for
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the evolution of the secondary flow structures within the TMTF the steady CFD data together with
the measurement results is sufficient. The HPT secondary flow structures are transported
downstream into the vane passage and result stretched and distorted on their way through the
passage.

When the flow approaches the blade surface a boundary layer is generated which induces a
vorticity orthogonally oriented to the compound swept leading edge. This component is multiplied
with the spanwise velocity which is a result of the blade sweep design (see Spataro et al. [57]).
Consequently, the streamwise vorticity is increased around the leading edge and results in the
formation of a pair of counter-rotating vortices in the upper (E1 and E2) and the lower part of the
channel (E3 and E4), respectively. In Figure 6.14 only the lower pair is pronounced due to the fact
that the depicted plane is closer to the backward swept part of the strut LE, compare Figure 6.13. The
formation of the upper pair of vortices is depicted in Figure 6.15 and is similar for the lower one.

The pressure gradient at the hub due to the negative incidence angle interacts with the
vorticity resulting from the swept leading edge (E3) and generates a vortex rotating in counter-
clockwise direction. It is indicated as structure D in Figure 6.14.
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Figure 6.14: Flow evolution through the duct using CFD simulations performed by Spataro [34]
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At 25% of the axial strut chord length in Figure 6.14 the pressure gradient produced by the
change of the inlet flow angle over the span at the strut LE can be identified close to the strut suction
side. It is directed from the casing toward the hub and pushes fluid in this region toward the casing
which results in a skewing of the vorticities. This effect is increased when the strut starts to turn the
flow by the induced swirl. The turning of the flow further results in the typical strong pressure
gradient from the SS toward the PS (see arrow in Figure 6.14 at x/C,,=0.75).

At the casing the cross passage pressure gradient enhances the transportation of low
momentum fluid from PS to SS already in the non-turning part of the vane. Compared to the flow at
the hub endwall the cross-flow at the casing starts earlier and is much stronger. This was already
shown in the oil flow visualization in Figure 6.11(b) and Figure 6.12 where the low momentum fluid
at the casing is transported toward the SS and is pushed down the blade surface.

Moving from inlet to exit in the vorticity plots the HP rotor shed vortex (C) is enhanced on its
way through the strut passage by the adjacent tip leakage vortex (B) and the remains of the HP rotor
lower passage vortex (A). A similar behaviour can be found for the vortex E1 which is not decaying
but is reinforced by the tip leakage vortex (B) and further downstream by the more or less merged
lower passage vortex (LPV, A) with vortex E3. All the identified vortical structures and their
interactions within the strut passage contribute to the loss production; for example the interaction of
structure D with the LPV of the HP turbine (A) and vortex E3 produces a total pressure loss core as
indicated in Figure 6.14 at 75% axial strut chord.

Close to strut exit at 98% axial chord in Figure 6.14 highest losses are determined close to the
SS. This seems to be generated by the boundary layer of this strut surface which has thickened due to
the strong deceleration of the flow at the rear part of the SS which can be seen in Figure 6.10.
Moreover, the fluid movement from the casing down the SS generates additional loss.

The plots in Figure 6.14 close to the strut TE at 98% axial strut chord reveal no typical passage
vortices like determined by Marn et al. [21]. This was already expected from the flow visualization
results where no fluid movement was found from the hub onto the strut SS. Instead one large but
weak vortical structure seems to be present which results in a skewing of all structures in the strut
passage. This will be investigated in more detail in the following chapter.

Suction Side Pressure Side

Figure 6.15: Vorticities generated by the compound sweep of the strut leading edge; Spataro [34]
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6.3.1.2 TMTF exit flow of C1

In order to be able to identify the secondary flow structures downstream of the TMTF strut the
results obtained from the five-hole probe (FHP) measurements are used to introduce secondary flow
velocity vectors according to equation 6.17 and 6.18. Figure 6.16 depicts these vectors superimposed
to the Mach number distribution in plane D and E (positions shown in Figure 6.13). The Mach number
is normalized using the mean Mach number at TMTF inlet Ma, (plane C). Due to the limited space
between the TMTF strut trailing edge and the LP rotor leading edge the two planes intersect each
other. Therefore, plane D is closer to the TMTF TE at the casing than plane E and at the hub it is the
other way around.

The secondary flow velocity vectors verify the existence of a large vortical structure rotating in
the clockwise direction which extends nearly over the full blade passage of the TMTF. It is indicated
by the white circle in Figure 6.16. As described earlier the skewing of the vortical structures within
the strut passage due to the present pressure gradients seem to result in this vortex. It has the same
rotational direction as a conventional lower passage vortex but compared to that it is much weaker
because no clear trace of negative vorticity can be identified.

A second vortical structure close to the casing on the strut SS can be found (yellow arrow) and
it has the same rotational direction like an upper passage vortex. However, the CFD results reveal
that the shear layer starts to roll up just downstream of the strut TE and can therefore not be
considered as a classical upper passage vortex but more as a shed vortex rotating in counter-
clockwise direction (casing shed vortex). Close to the hub endwall at the strut SS a similar vortex can
be found (yellow arrow close to the hub) but this one is interacting with the corner separation in this
region.
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Figure 6.16: Contour plots of Mach number downstream the TMTF setup C1 in plane D and E with
secondary velocity vectors obtained with the FHP
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The shear layer adjacent to the separation on the SS and the one approaching from the
pressure side wrap around this separation bubble and form a hub shed vortex co-rotating to the one
at the casing which is illustrated using the numerical results shown in Figure 6.17.

However, as it can be seen in Figure 6.16 the main flow features of the two planes
downstream of the strut are very similar and therefore only the results of plane E will be used for the
further discussion of the steady flow. Figure 6.18 depicts Mach number, static pressure and flow
angle distributions at TMTF exit obtained from the five-hole probe measurements. On the left
contour plots viewed from the downstream direction over two strut pitches and on the right mass-
averaged radial distributions are shown.

The static pressure plot at the top in Figure 6.18 indicates a defined radial pressure gradient
from hub to casing (grey arrow) generated by the strongly deflected flow™® which leads according to
the momentum conservation law (c,r=const.) to higher velocities at the hub and lower velocities at
the casing. Additionally, the downstream second bend of the flow channel probably increases this
gradient. This gradient causes the movement of low momentum fluid within the TMTF strut wake
toward the hub. This can be seen in the secondary velocity vector map in Figure 6.16 and is also
illustrated as grey arrow in the Mach number plot in Figure 6.18.

In the Mach number plot in Figure 6.18 the wake can be identified as region of low Mach
number reaching from about 75% (casing) to 125% (hub) TMTF pitch. Furthermore, the presence of
the two shed vortices (yellow arrows) close to the endwalls and the corner separation at the hub
reduce the velocity in these regions as well. Within the strut passage the distribution of the Mach
number is decreasing from hub to casing whereas it is not varying a lot in circumferential direction.
The mass-averaged radial distribution on the right shows that the Mach number is increasing moving
from the casing toward the hub except in the vicinity of the hub, where the separation is present, it
decreases again.

The contour plot of the yaw and pitch angle at the left side of Figure 6.18 depict strong angle
variations in circumferential and in radial direction. However, the mass-averaged distributions
indicate a rather constant flow angle from about 10% to 80% (yaw) and 90% (pitch), respectively.
This means for all flow quantities that the real gradients are not fully taken into account when
applying a mixing plane.

Figure 6.17: Formation of the hub shed vortex (black lines) wrapped around the corner separation (red
lines) obtained from the numerical simulations performed by Spataro [34]

B The mean turning of the strut is around 45 degree and results in an exit swirl angle of about -60
degree.
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Figure 6.18: Contour plots on the left and radial distributions on the right of Mach number, static
pressure and flow angles at TMTF exit (plane E) obtained from the five-hole probe results

When looking into the losses of the TMTF in detail the limitations of the numerical analysis
regarding the prediction of loss generating structures should be discussed as well. Although the flow
parameter at TMTF exit showed a good overall agreement the loss distribution obtained from
experiments and simulations, respectively, show larger differences. Therefore, Figure 6.19 displays
the total pressure loss distributions obtained from experimental (FHP) and numerical investigations
(CFD). On the left of the figure contour plots of the total pressure loss coefficient are depicted and on
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the right the mass-averaged radial distribution is displayed over the non-dimensional channel height
(h/H). In the contour plots the positions of the secondary flow structures obtained from the CFD are
indicated using the same letters as in Figure 6.14.

In both contour plots the predominant source of loss production can be identified as the TMTF
wake. Additional losses are generated in the vicinity of the wake close to the endwalls from the two
co-rotating shed vortices together with the hub-SS corner separation. These losses close to the
endwalls are more pronounced for the experimental results. This could be a result of the unsteady
flow interacting with the shed vortices and the separation which cannot be reproduced using steady
CFD.

Furthermore, the loss cores from the secondary flow structures can still be identified in the
pressure losses of the numerical data. However, they are strongly modulated in the two strut
passages due to the influence of the upstream HP vanes. Contrary to that such pronounced
differences cannot be identified between the two TMTF passages in the experimental results
obtained from the FHP but in principle similar loss cores can be found.

Although this probe can only acquire “time-mean” data it indirectly takes into account the
unsteady interactions as well. The unsteady effects seem to mix and blur the secondary flow
structures and also seem to reduce the vane — strut interactions (both TMTF passages show similar
distributions).

The mass-averaged normalized total pressure loss on the right in Figure 6.19 indicates that the
losses obtained from the measurements and the numerical data are comparable. In particular from
40% to 60% span the losses are nearly identical and close to the endwalls they show similar results as
well. However, in between these regions the FHP data indicate lower losses at the hub and higher
losses close to the casing compared to the numerical data. It is assumed that this is generated by the
interaction of the unsteady HP rotor exit flow with the TMTF secondary flows resulting in a different
mixing out of the losses as already mentioned above.
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Figure 6.19: Comparison of the total pressure loss at TMTF exit (plane E) of configuration C1 obtained
from the experimental (FHP) and numerical investigations (CFD by Spataro [34]) using contour plots viewed
from the downstream direction on the left and mass-averaged radial distributions on the right
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Thus, it can be stated that a steady state CFD analysis using the 2D time-averaged
measurement data is capable of predicting the main flow features like pressure and Mach number
distributions but in this case the generation of losses is not accurately predicted. Therefore, it seems
that unsteady numerical simulations are necessary to predict the losses precisely.

The previous results focused on the evolution of the flow considering the time-averaged flow
field but as shown in chapter 6.2 the flow is highly unsteady downstream of the HP turbine stage. In
order to quantify the influences of these effects onto the flow evolution through the TMTF time-
resolved measurements have been performed in the inclined measurement plane D using a two-
sensor fast response aerodynamic probe (FRAP).

To identify the relative influence of the two rotors at TMTF exit (plane D), an average power
spectrum is shown in Figure 6.20 normalized with the mean total pressure values in plane D (p;). The
spectrum is obtained averaging the data from all measurement points within plane D (21 x 46 = 966
values) by using the raw signal of the FRAP probe when it is alighed with the mean flow. Such
operation allows the identification of the frequencies and hence the phenomena that characterize
this plane. The sharp frequency peaks in the figure indicate the frequencies of interest. The highest
amplitude can be identified at the blade passing frequency of the HP rotor (BPFy) due to its
interactions with the TMTF. At the blade passing frequency of the LP rotor (BPF.;) a rather small
amplitude is present. However, the amplitudes of the combined tones (e.g. BPF,, +BPF;) are
relatively high but seem to be mostly due to the HP rotor and are only slightly influenced by the LP
rotor potential field. Hence, the further discussion will focus on the unsteadiness induced by the HP
rotor using the phase locked averaged results obtained with the HP rotor trigger signal as reference.

Figure 6.21 and Figure 6.22 depict the time-resolved normalized Mach number and total
pressure distributions over one TMTF pitch within one HP rotor passing period (Typ). The grey arrows
indicate the progress in time. Considering Figure 6.21 the Mach number variations in time are rather
low and only small fluctuations can be identified. The total pressure in contrary shows larger
fluctuations in time over nearly the whole measurement area.
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Figure 6.20: Average non-dimensional amplitude spectrum of the total pressure fluctuations
downstream of the TMTF (plane D) obtained from the FRAP measurements using the signal of the yaw sensor
when the probe is aligned with the flow; the amplitude is normalized using the mean total pressure in plane D
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Figure 6.22: Time-resolved total pressure distribution downstream the TMTF (plane D; FRAP)
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In order to identify the positions of highest fluctuations and to possibly determine the sources
of these fluctuations the root mean square (RMS) of the time-averaged coherent fluctuations of
Mach number and total pressure for each measurement position are computed and are shown in
Figure 6.23 (similar to Tiedemann and Kost [53]). This reveals that the fluctuations of the Mach
number are confined to the TMTF wake and the adjacent shed vortices (position of structures see
Figure 6.16). Especially in the vicinity of the separation close to the hub the largest fluctuations occur
(structure A). However, close to the casing the fluctuations of Mach number are also slightly higher
compared to the remaining flow channel. It is assumed that this is one reason that higher losses were
found in the FHP results in plane E depicted in Figure 6.19.

The total pressure coherent fluctuations show highest fluctuations of up to 11% of the
maximum dynamic head (0.5 - p - v2,4,) in the area where the separation occurs indicated as circle
marked as A in Figure 6.23 on the left (similar to the Mach number coherent fluctuations) and also in
the strut PS — hub corner (B). Contrary to what was observed for the Mach number the fluctuations
are quite high in the whole flow field as it was already detected in the time-resolved results shown in
Figure 6.22. They vary between 5% and 8% of the maximum dynamic head. This is a result of the
shocks and secondary flow structures emanated from the HP rotor and the interactions between the
blade rows resulting in static pressure fluctuations and hence total pressure fluctuations. The
distortion and skewing of all structures on their way through the TMTF passage make it hard to
identify the origins of the fluctuations. Therefore, additional measurements and time-resolved
numerical simulations would be necessary to obtain a detailed understanding of the origins of these
fluctuations.

Due to the fact that the exit flow angle of the TMTF is an important parameter for the LP rotor
design, the time mean coherent fluctuations of the yaw angle are plotted in Figure 6.24. This clearly
shows that the yaw angle fluctuations are confined to the TMTF wake and are below 0.5 degree in
the remaining measurement area and are therefore rather negligible.
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Figure 6.23: Root mean square of the time-averaged coherent fluctuations of Mach number and total
pressure downstream of the TMTF C1 (plane D; FRAP)
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Figure 6.24: Root mean square of the time-averaged coherent fluctuations of the yaw angle
downstream the TMTF (plane D)

6.3.2 Configuration 2

Compared to the baseline configuration the second TMTF configuration C2 is 10% shorter with
a less 3D design of the strut but non-axisymmetric endwall contouring at the hub, see Figure 2.9. The
main objective of this setup is to provide the following LPT with similar inflow conditions like the
baseline design C1. More details concerning the design see chapter 2.2.2.2 and Wallin [32]. When it
is necessary the following results will be compared to the ones of the baseline configuration
presented in the previous chapter.

6.3.2.1 Flow evolution through the strut passage of C2

The flow through the duct has been investigated equivalent to the baseline design by means of
static pressure taps along the TMTF endwalls and on the turning strut and also oil flow visualization
was applied. These measurement results are supported by CFD simulations™ to obtain a better
understanding of the flow field. Figure 6.25 and Figure 6.26 depict the static pressure distribution by
means of the static pressure coefficient C, on the strut surfaces and along the TMTF endwalls,
respectively, over the non-dimensional strut chord length (x/L.,).

In order to keep the figures readable the endwall pressure distributions of hub and tip are
depicted separately and also the static pressure distribution over the strut height is displayed in two
diagrams from 5% to 50% and from 50% to 90% span, respectively.

——5%span

=l-10% span
—&—25% span
—=50% span
—+=75%span
=8-90% span

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
d X/Lax b X/Lax

Figure 6.25: Static pressure distribution along the C2 turning strut over 5 different channel heights,
from 5 to 50 % span (a) and from 50 to 90 % span (b)

" The numerical simulations have been performed by Wallin [29]. Details regarding the numerical setup
can be found in chapter 3.2
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Figure 6.26: Static pressure distribution along the hub (a) and the casing endwall (b) of TMTF
configuration C2 covering one strut pitch

The black dashed lines in Figure 6.26 indicate the position of the strut leading (LE) and trailing
edge (TE), respectively. Furthermore, the PS and SS positions are indicated in all figures. The pressure
tap positions were defined similar to the ones of the baseline setup C1 and their arrangement can be
seen in Figure 4.2 and Figure 4.4.

Figure 6.27 displays a principle sketch of the flow around the strut LE in order to help to
understand the pressure distributions shown in Figure 6.25 and Figure 6.26. Therefore, also the
pressure taps close to the SS and the PS are depicted. The black arrows indicate the flow direction (a)
and the resulting incidence angle (6). The position of the stagnation point is marked with a black dot.

Figure 6.25 reveals that due to the less 3D shape of the strut this design has to deal with large
negative incidence angles (-6 in Figure 6.27(a)) which can be seen in the pronounced suction peaks at
10% and 25% span at the first measurement position on the PS of the strut (at 2% axial strut chord).
This is a result of the inlet flow impinging on the suction side and hence the stagnation point is
located on the SS as it can be seen in the sketch of the hub contour in Figure 6.27(a). Thus, the flow is
strongly accelerated around the strut LE which leads to a pronounced reduction of static pressure in
this region and therefore the suction peak occurs in this region.

Casing

+ 0% pitch

5% pitch (SS)
. 95% pitch (PS) .

¢ Stagnation point (SP)

a b

Figure 6.27: Principle sketch of the flow around the strut LE at the hub (a) and at the casing (b) endwall
for the C2 design; the black arrows indicate the flow direction and the position of the stagnation point (SP) is
also indicated
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Close to the casing at 90% span the flow impinges on the strut leading edge with a still slightly
negative incidence angle as indicated in Figure 6.25(b) through the low static pressure on the
pressure side just downstream of the LE at 2% axial strut chord (orange line). This incidence angle
variation generates a radial pressure gradient from hub to casing close to the suction side in the front
half of the strut.

On the pressure side no such pressure gradient can be detected and as indicated in the
diagrams in Figure 6.25 it is rather constant over the strut height. Only directly downstream of the
strut LE (2% axial chord) a pressure difference in the suction peaks can be determined due to the
changing incidence angle. Contrary to the baseline design C1 the pressure on the PS decreases
starting from around 60% axial chord. This could be a result of the more mid-loaded design of this
configuration (C2) where the flow is accelerated due to the turning of the flow much earlier.

The pressure distributions along the strut SS instead vary over the blade height. In the lower
channel half the strut is found to be quite aft-loaded whereas in the upper channel half the loading is
more homogenous over the chord length indicated by the lower inclination of the static pressure
distributions. Therefore, the peak suction (at around 70% to 80% chord depending on the spanwise
position) decreases in spanwise direction moving from the hub toward the casing.

Along the endwalls the pressure distributions depicted in Figure 6.26 indicate similar inflow
conditions on the hub and the casing region like the baseline design; compare Figure 6.8. This means
that a steep pressure gradient at the casing due to the first bend of the duct is present whereas on
the hub the pressure is rather constant at TMTF inlet up to the position where the flow recognizes
the potential field of the strut. Furthermore, also for this setup the static pressure at the TMTF inlet
(position of measurement plane C) is homogenous over the circumference. On both endwalls the
influence of the strut leading edge can be seen between -20% and 0% axial strut chord length. The
negative incidence angle at the hub (Figure 6.26(a)) generates a higher static pressure on the SS due
to the impinging flow on this side whereas the pressure on the PS is reduced due to the acceleration
of the flow around the LE as illustrated in Figure 6.27(a) and already found in the strut surface
pressure distributions close to the hub (10% span).

Within the strut passage the pressure distributions along the hub shown in Figure 6.26(a)
reveal that the pressure gradient due to the negative incidence angle disappears at around 25% axial
chord. At this position the pressure is constant over the strut whereas further downstream the
pressure gradient is reversed due to the induced turning of the flow and compared to the baseline
design it results reduced which is assumed to be due to the non-axisymmetric endwall contouring.

At the casing the occurring pressure gradient is directed form SS toward PS for the whole flow
channel. This gradient is stronger for this setup compared to the baseline design (see Figure 6.12(b))
but even more constant over the axial chord which seems to be due to the more homogenous
loading of the strut. However, the pressure level is similar for both setups at TMTF exit.

Similar to the investigations of the C1 design also for this setup oil flow visualization was
applied in order to obtain a better understanding of the evolution of the secondary flow features
within the TMTF. Figure 6.28 and Figure 6.29 show the results of these investigations along the
endwalls and the strut PS and SS, respectively. Also here the endwalls are painted white and the
struts are painted pink to be able to identify the origin of “surface streamlines”’. The direction of
these streamlines is displayed by black arrows in the figures and all figures are viewed from the
downstream direction.

The flow along the casing is very similar to the baseline design; compare Figure 6.11(b) and
Figure 6.28(b). This means that the pressure gradient due to the deflection of the flow leads to a
migration of the endwall fluid from the PS toward the SS and further downstream it pushes the
boundary layer fluid toward the strut SS and down the strut surface. Figure 6.28(b) and Figure 6.29(b)
display the extent of the endwall flow on the blade; the red line indicates the separation line
between the endwall fluid (white) and the fluid along the strut surface (pink). The “surface
streamlines” in the lower part of the strut SS demonstrate that the flow follows the duct curvature

15 . . .
These “streamlines” represent the trajectories of wall shear
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quite well in the lower half of the strut SS. Contrary to the flow along the SS the oil flow visualization
on the PS in Figure 6.29(a) shows that no fluid migrates toward the endwalls. Hence, the upper
passage vortex seems to be confined closer to the SS where it pushes the boundary layer fluid down
the strut SS.

The flow on the hub endwall is strongly altered by the non-axisymmetric endwall contouring
which results in a concentration of “streamlines” in the concave part of the endwall contour and
prevents them from moving toward the SS.

Trailing edge

Figure 6.29: Oil flow visualization at the strut PS (a) and at the SS (b) for C2

As already mentioned numerical investigations have been performed by Wallin [35] and should
help to better understand the flow evolution within the strut passage. Contrary to the CFD
simulations of the baseline design in this case only simulations using the radial distributions of the
FHP results at TMTF inlet (plane C) inlet boundary conditions were available. Therefore, the influence
of the HP vanes is averaged out and only the time-averaged effects due to the secondary flows
emanated from the HP rotor are preserved.

In order to be able to reconstruct the flow features appearing downstream of the TMTF
several sections are extracted from the numerical data. Figure 6.30 depicts the positions of these
sections. Similar to C1 planes of constant axial chord were chosen which results in this setup in
straight radial planes normal to the machine axis due to the straight leading and trailing edge in the
meridional view.
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Figure 6.30: Meridional view of the C2 TMTF including the CFD sections for the flow evaluation through
the duct

The results of the numerical investigation in the chosen sections are shown in Figure 6.31 by
means of static pressure, streamwise vorticity and total pressure loss. The plots at the top of the
figure show the results directly in front of the strut leading edge at 0% axial chord (x/C,=0). The
white dashed lines indicate the position of the slightly bowed leading edge.

The static pressure distribution at 0% axial chord on the left of Figure 6.31 shows that the
radial pressure gradient due to the first bend (grey arrow), reduced by the effect of the HPT exit
swirl, is superimposed by variations of static pressure in circumferential and radial direction. They are
a result of the potential effect of the strut leading edge enhanced by the strongly varying incidence
angle over the blade height. In the upper half of the channel the peak pressure and hence the
stagnation point can be determined close to the strut leading edge, whereas in the lower channel
half the highest values of static pressure are located at the SS as it was already found in the surface
pressure plots in Figure 6.25. The resulting radial pressure gradient from the casing toward the hub
close to the suction side can be nicely seen in this plot (blue arrow). Furthermore, due to the
negative incidence angle close to the hub the pressure on this endwall increases in circumferential
direction from PS to SS indicated by the magenta arrow.

In the streamwise vorticity plots at the position of the strut LE at the top right in Figure 6.31
two structures (A and B) can be identified as the remains of the HPT lower passage vortex and the tip
leakage vortex, respectively. The trace of the shed vortex is not clearly visible like it was found in the
baseline design as structure C in Figure 6.14 at x/C,=-0.11. The streamwise vorticity plots also
indicate vortical structures close to the leading edge like in the baseline design, but contrary to them,
the upper and lower pair of streamwise vorticity have the same rotational direction. Additionally, a
small counter-rotating vorticity pair is found at midspan which seems to be due to the interaction of
the lower passage vortex of the HP rotor (structure A) with the leading edge. Contrary to C1, where
these vortical structures are enhanced due to the swept leading edge, in this setup they decay very
fast within the strut passage and have already vanished at 25% axial strut chord. Therefore, it is
assumed that these structures are only a result of the deflected flow around the strut leading edge
and the formation of the boundary layer.

At the casing the vorticity plots at 0% axial chord indicate a counter-clockwise rotating
structure. This is the result of the rolling up of the boundary layer flow into structure F. This is
assumed to be the upper passage vortex (UPV). The strong pressure gradient between SS and PS
further pushes the UPV closer toward the SS. Therefore, the low momentum fluid along the wall is
transported down the strut SS; compare Figure 6.29(b). Close to the strut TE (99% axial chord) the
UPV seems to be confined close to the SS — casing corner.
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Figure 6.31: Flow evolution through the duct using CFD simulations from Wallm [35] all plots are
viewed from downstream; the letters indicate occurring vortical structures
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The section at 50% axial chord (x/C,,=0.5) in Figure 6.31 reveals that the hub endwall has an S-
shaped curvature there. The concave curvature close to the SS increases the area in this region which
locally decreases the velocity. Hence, the static pressure is increased which reduces the cross
passage pressure gradient generated by the turning of the flow. The vorticity plot in the middle
indicates that the HP rotor lower passage vortex (A) is interacting with the low momentum fluid close
to the hub and a counter-rotating vortex is generated (D). In the baseline configuration C1 a similar
structure at this position was found but it is generated already at the strut leading edge, see Figure
6.14.

At 75% of the axial strut chord the convex curvature close to the pressure side hinders the flow
in the PS hub corner to move toward the SS whereas on the left side of the convex surface the
boundary layer fluid is enhanced to move toward the SS until the endwall curvature reaches a
minimum again and the following positive slope of the curvature avoids the flow to be pushed
toward the suction side. Hence, as shown in Figure 6.28(a) the flow at the hub endwall is
concentrated in the concave part of the surface and results in a static pressure drop as it can be seen
in Figure 6.31 close to the strut TE (99% C,,).

The endwall contouring at the hub endwall together with the slight lean of the blade increases
the angle between the strut SS and the hub (see Figure 6.31 at 99% axial chord) and therefore a
corner separation can be avoided.

The vorticity plots show moving from TMTF leading to trailing edge (from top to bottom in
Figure 6.31) that all structures are skewed and stretched when they are transported through the flow
channel. It is assumed that this is due to the radial pressure gradient close to the strut SS which is
less pronounced but still present at 25% axial chord (blue arrow). It pushes the low momentum fluid
and the present flow structures in the vicinity of this region toward the casing contrary to the
direction of the displayed arrow. The gradient decreases in circumferential direction toward the PS
and therefore results in this deformation of the vortical structures similar to what was found in the
baseline design. When the strut starts to turn the flow the skewing is increased by the induced swirl.
Furthermore, the typical pitchwise pressure gradient can be nicely seen in the static pressure
distributions and it is illustrated by the black arrow in Figure 6.31 at 50% and 75% axial chord.

In the right plots in Figure 6.31 the total pressure loss is depicted by means of the total
pressure loss coefficient defined according to equation 6.14. Through the strut passage the main loss
generating structures are the boundary layers, the occurring vortical structures and their
interactions. The tip leakage vortex (B), the HPT lower passage vortex (A) and the hub and casing
boundary layer are the main loss generating structures in the front part of the strut. Close to the
casing the losses increase where the pressure gradient pushes the low momentum fluid from PS
toward SS. Further downstream also the other vortical structures generated within the strut passage
generate additional losses.

Close to the strut trailing edge at 99% axial chord highest losses are present at the SS and also
at the PS due to the boundary layer flow but the largest loss core is generated by the upper passage
vortex. Compared to the baseline design close to the strut trailing edge at the suction side lower
losses are found in the lower channel half due to the not occurring separation in this region.

6.3.2.2 TMTF exit flow of C2

Similar to the baseline design C1 the secondary flow structures downstream of the TMTF strut
passage are detected by means of secondary flow velocity vectors as defined in chapter 0. They are
illustrated as black arrows in Figure 6.32 for plane D and E superimposed to the normalized Mach
number distribution. The Mach number is normalized using the mean Mach number at TMTF inlet
Ma, (plane C). Also in this setup the planes intersect each other and due to the even smaller gap
between strut trailing edge (TE) and LP rotor leading edge (LE) plane D is inclined by only 13 degree.
Therefore, the planes overlap at around 60% of the channel height. Plane D is closer to the TMTF TE
at the casing than plane E and at the hub it is the other way around.
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Figure 6.32: Mach number distribution downstream the TMTF (C2) in plane D and E with secondary
velocity vectors (FHP)

As already mentioned the main objective of the second design was to provide the following LP
turbine with similar inflow conditions like the baseline setup, hence it is not surprising that the
secondary flow velocity vectors in Figure 6.32 reveal in principle the same flow structures as found in
the C1 design. The flow field is also dominated by a large vortical structure (white circle) extending
over nearly the full flow passage. In this case the vortex close to the casing on the SS is the upper
passage vortex (yellow circle) due to the fact that it already rolls up within the strut passage contrary
to the casing shed vortex in the baseline case. Close to the hub endwall a lower shed vortex can be
identified but it is rather small compared to the baseline design as a result of the avoided corner
separation. Both planes indicate the main flow features and thus only plane E will be discussed in
more detail concerning the time-mean data.

Figure 6.33 depicts on the left contour plots of Mach number, static pressure and flow angle
and on the right the mass-averaged and area-averaged (static pressure only) radial distributions of
these flow quantities (comparing the results of both TMTF setups) in plane E. In this plane the non-
axisymmetric endwall contouring at the hub is still present. In the Mach number plot at the top of
the figure the wakes of the TMTF strut can be clearly identified as regions of low Mach number. Close
to the wake even lower portions of Mach number are present due to the upper passage vortex and
its interaction with the wake and the endwall flow at the casing as well as due to the shed vortex at
the hub. The wake appears less inclined compared to configuration C1 (Figure 6.18). This is a result of
the straight leading edge in the meridional direction of the C2 strut which is parallel to the LP rotor
inlet plane E and hence the wake results less inclined. The comparison of the radial distributions of
both setups reveals in principle the same Mach number level and gradient within the channel but
they deviate close to the endwalls especially at the hub due to the corner separation in the baseline
design C1.
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Figure 6.33: Contour plots on the left and radial distributions on the right of Mach number, static
pressure and flow angles at TMTF exit (plane E; FHP)

The static pressure distribution in Figure 6.33 shows a pressure gradient toward the casing
within the strut passage mainly generated by the swirl induced by the turning strut. It is illustrated by
the grey arrow. This gradient pushes all flow structures toward the hub. The influence of the
contoured endwall also generates a lower static pressure at the close to the strut suction side
compared to the baseline design. Furthermore, as a result of the shorter duct and therefore the
stronger inclination of the slope the radial pressure gradient is more pronounced for the endwall
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contoured design which can be clearly seen in the radial distribution of static pressure on the right in
Figure 6.33.

This shorter design also leads to stronger variations of the flow angle in circumferential and
radial direction when the contour plots of yaw and pitch angle in Figure 6.18 and Figure 6.33 are
compared. The radial pitch angle distributions reveal a mean offset between the two setups of
around 4 degree. This is due to the stronger inclinations of the shorter TMTF (C2). However, the
circumferentially averaged yaw angle at LP rotor inlet is the same for both setups from 20% to 80%
span and only deviates close to the endwalls. Hence, the aim of the second design to provide the
following LPT with similar inflow conditions is achieved quite well. Another goal was that the losses
of both setups should be kept at the same level, this means that even though C2 is 10% shorter, the
losses should not increase. Hence, Figure 6.34 depicts the total pressure loss of the second design
obtained using experimental (FHP) and numerical (CFD) results. On the left contour plots of the total
pressure loss at TMTF exit are depicted. The letters shown in the plots indicate the flow phenomena
discovered using the numerical results in Figure 6.31. On the right of Figure 6.34 the mass-averaged
radial distributions are shown. In order to allow a comparison of the losses between the two setups
also the experimentally obtained pressure loss of the baseline setup is plotted (red circles).
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Figure 6.34: Comparison of the total pressure loss at TMTF exit (plane E) of configuration C2 obtained
from the experimental (FHP) and numerical investigations (CFD by Wallin [35]) using contour plots viewed from
the downstream direction on the left and mass-averaged radial distributions on the right; in the radial
distributions also the total pressure loss of the baseline setup C1 is depicted (red circles; FHP)

Also for this setup the wake strongly contributes to the losses. The lower shed vortex (blue
arrow) generates a high but rather small loss core but the upper passage vortex (yellow arrow;
structure F) and its interaction with the wake produces a large region of total pressure loss. Hence,
the circumferentially averaged total pressure losses reveal higher losses close to the casing for the C2
design whereas the baseline design generates more loss close to the hub because of the corner
separation interacting with the lower shed vortex. Similar to the baseline case the vortical structures
emanated from the HP stage and the ones generated within the strut passage contribute to the
losses as well. Therefore, from 10% to 80% span the loss production is quite the same for both
setups. Hence, the measurement results approve that also the boundary condition to not increase
the loss level for the 10% shorter TMTF (C2) setup is achieved.
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Comparing the experimental data with the numerical simulations the contour plots in Figure
6.34 show that the main flow features are captured quite well using steady CFD. However, the loss
cores are slightly overpredicted by the CFD in the region of the wake and the upper passage vortex
(yellow arrow), and are slightly underestimated in the lower right of the flow channel compared to
the experimental data. However, the radial distributions show a similar distribution except between
60% to around 90% span where the numerical results overestimate the losses due to the upper
passage vortex as already found in the contour plots. One main reason for these differences seems to
be due to the missing unsteady flow effects which result in an intensive mixing out of the secondary
flow features within the TMTF passage. Nevertheless, the usage of only the radial distributions at
TMTF inlet seem to reproduce the flow field better compared to the CFD results of the C1 setup™
due to the fact that in the real flow the unsteady flow of the rotor seems to result in a mixing out of
the remaining flow effects induced by the HP vane. Furthermore, Wallin et al. [58] showed that with
a slight adaption of the computational setup (boundary conditions etc.) the radial loss distribution of
the same setup can be reproduced very well.

After discussing the time-averaged flow field the time-resolved data will be presented in the
following part. The time-resolved results obtained from the 2-sensor fast response aerodynamic
probe (FRAP) measurements downstream of the TMTF (plane D) for the second desigh show very
similar distributions as the ones of the baseline design depicted in Figure 6.21 and Figure 6.22.
Hence, only the time averaged coherent fluctuations of Mach number, total pressure and yaw angle
are presented over one strut pitch in Figure 6.35 and Figure 6.36, respectively.

As shown in Figure 6.35 on the left highest Mach number fluctuations {(Ma)gp s Occur within
the TMTF wake (at around 30% to 40% TMTF pitch), in the vicinity of the upper passage vortex (B)
and the hub shed vortex (A). This is similar to what was found for the baseline setup C1. However,
the values close to hub are lower compared to C1 due to the fact that no corner separation is
present. The root mean square of the coherent pressure fluctuations (p;)ypms reveals fluctuations
of nearly the same magnitude of around 8% of the maximum dynamic head over the whole flow field
with highest values in the vicinity of the TMTF wake. The high fluctuations of total pressure are a
result of the shocks emanating from HP stage and the interactions between the blade rows. The
coherent fluctuations of the yaw angle are only confined to the wake of the strut whereas the rest of
the flow field is rather constant.
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Figure 6.35: Root mean square of the time-averaged coherent fluctuations of Mach number and total
pressure downstream the TMTF setup C2 (plane D; FRAP)

'® There the flow structures due to the HP stage are much more pronounced in the numerical results
compared to the experimental data.



Results and Discussion 78

05 16 27 38 49 6
Figure 6.36: Root mean square of the time-averaged coherent fluctuations of the yaw angle
downstream the TMTF setup C2 (plane D)

These results reveal that the deterministic unsteadiness of the flow is confined to the wake
region and the adjacent flow features for the Mach number and the flow angle but the interactions
of the blade rows and the shocks generated in the HP stage result in high total and static pressure
fluctuations over the whole flow field. These variations have to be taken into account when designing
the following turbine stages.
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6.4 LPT Exit flow

Since the measurements within and downstream the TMTF show a quite similar flow field
regarding the main flow structures, especially the large vortical structure in the strut passage, the
results downstream of the LPT are discussed comparing directly the time-averaged measurement
results of the two TMTF setups obtained with the Five-hole probe (FHP). The time-resolved results
are presented only for the baseline setup due to the fact that the principle flow features emanated
from the strut are quite similar and in both cases only one LP rotor is applied. Furthermore, one main
important issue was the investigation of the rotor-rotor interactions which is only slightly influenced
by the TMTF situated in between the stages.

6.4.1 Time-averaged flow field at LPT exit

Figure 6.37 displays the mass-averaged Mach number, total pressure and flow angles as well
as the area-averaged static pressure distribution over the relative channel height downstream of the
LP rotor. The picture in the lower right shows the meridional flow paths of the two TMTF setups
indicating the position of the investigated measurement plane (F). The results of C1 and C2 are
depicted in red and blue, respectively. The flow angles are defined according to Figure 6.2 which
means that a positive yaw angle is contrary to the direction of rotation of the LP turbine.
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Figure 6.37: Mass-averaged radial distributions of Mach number, total pressure and flow angles and
area-averaged static pressure distribution at LP rotor exit (plane F; FHP)
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The static pressure distributions of the two setups agree very well and reveal the same
pressure gradient toward the casing generated by the induced swirl (radial equilibrium) and the
second bend of the duct as illustrated in Figure 5.3. The Mach number and total pressure
distributions show similar values from 30% to 60% span whereas closer to the endwalls they deviate
especially in the hub region. Higher values of Mach number and total pressure are present for the
shorter design C2 at the casing whereas close to the hub it is vice versa. This is the opposite from
what was observed at the TMTF exit as shown in Figure 6.33. It is assumed that this change in the
Mach number and total pressure distribution is mainly due to the stronger pressure gradient present
at the TMTF exit of the shorter design C2.

As explained in chapter 2.2.2.1 in order to minimize the risk of separation in this region the
radius at the hub was increased. The Mach number distributions indicate that this objective is
fulfilled and the flow does not separate close to the hub. However, the presence of a large boundary
layer is assumed which can be identified by the decreasing Mach number when moving closer toward
the casing in Figure 6.37.

The flow angle distributions at the bottom of Figure 6.37 show that the yaw angle is very
similar for both setups in the upper half of the channel whereas the shape is completely contrary in
the lower half. The pitch angle distributions agree much better over the full channel height. The
offset of about four degree between the two setups at TMTF exit has decreased to around one
degree. The differences of the flow parameters in the region close to the hub are assumed to be due
to the 3D endwall-contouring of the second design and probably also the less inclined TMTF wake
changes the interactions between the LP rotor and the TMTF exit flow field.

In order to distinguish the remaining flow phenomena emanated from the TMTF, Figure 6.38
displays the secondary flow velocity vectors superimposed to the contour plots of total pressure at
LP rotor exit (plane F; see Figure 6.13 and Figure 6.30, respectively) for the baseline setup C1 at the
top and the second TMTF design C2 at the bottom.
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Figure 6.38: Total pressure distribution downstream of the LP turbine with secondary velocity vectors
for the baseline setup C1 at the top and the second design C2 at the bottom (plane F; FHP)
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Two vortical structures can be observed in the plots. The one rotating in counter-clockwise
direction, marked with a white circle, corresponds to the large vortical structure generated within
the TMTF passage, compare Figure 6.16 (C1) and Figure 6.32 (C2). It results decreased in size and has
moved toward the hub endwall due to the radial pressure gradient generated by the swirled flow and
the second bend of the flow channel. The second structure is counter-rotating to this vortex and has
the same rotational direction as the vortex found close to the casing. Hence, it is assumed to be the
upper shed vortex (C1) and upper passage vortex (C2), respectively. The low values of total pressure
in the vicinity of these vortices suggest the presence of the remains of the TMTF wake. The results
downstream of the TMTF in Figure 6.6 (C1) and Figure 6.18 (C2) proof that the vortex at the casing
already starts to merge with the wake upstream of the LP rotor.

Figure 6.39 depicts contour plots of the time-mean Mach number, static pressure and flow
angles downstream the LP stage. The Mach number is normalized using the mass-averaged value in
this plane and the static pressure is displayed by means of the static pressure recovery coefficient C,
defined according to equation 6.11. The estimated position of the remains of the TMTF wake is
indicated by grey dashed lines in all plots. As previously mentioned the different design of the struts
(especially of the strut trailing edge) and the different axial distances between the strut trailing edges
and the LP blade leading edge result in a different inclination of the wake at rotor inlet which can be
still observed at rotor exit. However, the clockwise rotating vortex (white circle) has merged with the
residue of the TMTF wake in both setups and furthermore the vortex strength is enhanced by the
swirl induced by the LP rotor. The static pressure distribution in Figure 6.39 is quite constant over the
circumference; only in the area where the TMTF wake is present the pressure close to the casing is
decreased whereas it is increased close to the hub. This is a consequence of the pressure gradient
inducing the migration of fluid from the casing into the wake and within the wake toward the hub.

The yaw and pitch angle within the measurement plane show strong gradients in
circumferential as well as in radial direction. These variations would result in strongly changing
incidence angles for the consequent stages and, therefore, have to be taken into account within the
design process.
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Figure 6.39: Contour plots of the time-mean Mach number, static pressure and flow angles
downstream the LP turbine (plane F; FHP) for the baseline TMITF setup C1 on the left and setup C2 on the right;
the grey dashed line indicates the assumed position of the remains of the TMTF wake
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6.4.2 Time-resolved flow phenomena at LPT exit

After determining the main steady flow features downstream of the LP stage the further
discussion will focus on the time-resolved flow field. As mentioned at the beginning of this chapter
the time-resolved results of both setups reveal in principle the same flow structures and the
interactions of the two rotors are only slightly influenced by the different TMTF setups, in particular
because both configurations consist of 16 struts. Therefore, the results will be discussed only using
the data of the baseline setup C1.

One main aspect of the flow downstream of this test setup consisting of an HP stage, a turning
mid turbine frame and a counter-rotating LP turbine is that it is characterized by multiple sources of
unsteadiness generated by the two stages and their interactions. In order to provide an overview of
the unsteady flow field, first the phase-locked average results using the LP rotor trigger signal as
reference will be discussed. This procedure only allows identifying the flow structures coherent to
the LP rotor whereas the structures due to the HP rotor and due to the interactions between the two
rotors are removed. The results of this data evaluation procedure are depicted in Figure 6.40 and
Figure 6.41 using four time steps within one LP blade passing period to show the time evolution of
the Mach number and total pressure. In order to identify the positions of the blade wake, iso-contour
lines of the periodic fluctuations of the Mach number ((M)/M,,,,, =2%) are superimposed to the
plot in Figure 6.40. These values are defined according to equation 6.16.

With these iso-contour lines the 4 % LP blade passages can be clearly recognized with the rotor
moving counter-clockwise. The PS and SS adjacent to one LP blade wake are pointed out at t/T,,=0.

All flow features generated by the LP rotor are strongly modulated by the steady flow features
emanated from the TMTF and the geometry of the flow channel. The largest velocity deficits occur
close to the casing and in the vicinity of the remains of the vortical structures emanated of the TMTF
and the wake of the TMTF strut.

LP blade wake
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Figure 6.40: Time resolved Mach number plots downstream of the LP stage of the baseline TMTF
design C1 showing coherent structures coming from the LP rotor (FRAP)
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As already described the induced swirl together with the second bend of the duct generates a
radial pressure gradient that pushes the flow toward the hub and also results in a lower velocity
close to the casing. Furthermore, the upper passage vortex generated within each blade passage
characterizes the velocity distribution in the casing region. In the upper half of the flow channel the
Mach number distribution shows a triangular shape which is assumed to be induced by the radial
gradients due to the duct and the circumferential pressure gradient from SS to PS within each blade
passage. These structures slightly change with the relative circumferential position of the blades and
the struts comparing the different time steps of Figure 6.40. The highest gradients may be identified
in the region of the TMTF wake (position indicated in Figure 6.39).

At the hub, the large vortical structure observed in the mean flow (Figure 6.38 at the top)
generates a pronounced circumferential gradient of velocity. Therefore, the lower passage vortex of
the LP rotor which is pushed toward the hub by the radial pressure gradient cannot be clearly
identified. This could also be due to the sweep of the rotor blade®” which usually reduces secondary
flows as shown for example by Pullan and Harvey [59].

However, the trace of the blade wake can still be observed from the iso-contour lines of the
periodic fluctuations <M> in Figure 6.40. Its shape is bowed and becomes thicker while the blade is
passing through the TMTF vortical structure. Hence, the blade passage seems to become thinner,
leading to the large gradients of velocity in circumferential direction and in time.

The time resolved distributions of total pressure shown in Figure 6.41 indicate a similar
behavior in this region where the largest variations during one blade passing period can be observed
between 0% and 30% of the TMTF pitch.

LP blade wake

¢, I A
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Figure 6.41: Time resolved total pressure plots showing coherent structures due to the LP rotor (FRAP)

Y This sweep of the rotor blade is a result of the radially stacked blade positioned in an inclined flow
channel.



Results and Discussion 85

Nevertheless, the low total pressure core between 30% and 50% TMTF pitch seems to be just
slightly influenced by the blade motion. Close to the casing endwall the highest fluctuations are
generated in the vicinity of the remains of the TMTF wake where the rotor is interacting with this
structure as also identified in the Mach number plots.

These results show that the flow evolution is completely different to what is classically
observed in open literature dealing with LP turbine flows. As already mentioned the investigated LP
rotor including the TMTF is different to a first LP stage applied in a real engine (e.g. Arndt [60],
Lengani et al. [61]) where the flow features downstream of the LP turbine of two adjacent blade
passages are rather similar. Furthermore, the circumferential gradients are generated by the blade
loading and the thickness and velocity deficit of the blade wake depend on the interactions of the
vane wakes and the blades as shown for example by Hodson and Howell [62]. Instead, in the present
case, the rotor is interacting with a strut of completely different solidity and aspect ratio. This results
in different velocity and total pressure distributions of adjacent blade passages. The regions of lower
momentum are generated within the blade wake and also where the rotor interacts with the large
vortical structures generated by the TMTF.

However, the results shown in Figure 6.40 and Figure 6.41 only show the flow structures
induced by the LP rotor which means that the influence of the upstream HP stage and the interaction
of the rotors are not accounted for. Therefore, a new data evaluation procedure was introduced, the
rotor synchronic averaging (RSA), which enables to capture the overall periodic unsteadiness.
Detailed information regarding this method can be found in chapter 4.3.2.2 in the part “Averaging
Procedures and Data Reduction of the fast response aerodynamic probe”. The RSA preserves the
energy content of the original signal and separates it from the stochastic unsteadiness (turbulence).
In this case the phase averaged flow field consists of 7 LP blade passing periods which are not exactly
periodic. They are influenced by the HP rotor which has a different periodicity than the LP rotor. In
order to provide information about the overall periodic unsteadiness, the root mean square (RMS) of
the coherent periodic fluctuations of different flow quantities according to equation 6.15 are
computed. The following figures display the time-averaged results of these fluctuations as contour
plots at the top. At the bottom the temporal evolution at selected positions (marked in the contour
plots) of the phase-locked and the rotor synchronic average are compared.

Figure 6.42 depicts at the top contour plots with the time-averaged RMS of the coherent
fluctuations of the Mach number obtained from the phase-locked average <Ma>pms on the left and
the rotor-synchronic average <Ma>gsa ms ON the right normalized with the time-averaged Ma number
at each measurement position.

The plots reveal that for this flow quantity the influence of the HP rotor and the rotor-rotor
interactions onto the flow field are very low. The largest fluctuations occur in the region of the TMTF
wake and at the casing. The latter extend over the whole pitch for 15% of the blade height and the
maximum value can be observed where LPT flow interferes with the trace of the TMTF wake.

The fluctuations close to the casing endwall are produced by the upper passage vortex of the
LP rotor. Another region of high fluctuations is located at A®/Oyrr ~= 0.6, which corresponds to the
remains of the upper shed vortex induced by the TMTF strut, see Figure 6.38. Nevertheless, in
respect to the fluctuations of the other regions its magnitude is lower. Within the remaining part of
the measurement plane the Mach number fluctuations are below 3% of the local time mean
value Ma.

At the bottom of Figure 6.42 the time evolution of the purely periodic Mach number
fluctuations at the selected positions, marked as A and B in the contour plots, are shown. The results
obtained just from the LP rotor phase are depicted in red and the results from the RSA are shown in
black. In the region with low fluctuations (A) the oscillations induced by the LP rotor are lower than
the one due to the overall unsteadiness (RSA). However, in the regions of the TMTF wake (B) and the
LP upper passage vortex where high levels of RMS are present, only the unsteadiness of the LP rotor
contributes to the fluctuations. This can be nicely seen in the graph on the lower right in Figure 6.42
where the LP rotor interacts with the TMTF wake. These results indicate that the rotor-rotor
interaction plays a minor role in determining large values of coherent fluctuations of velocity.
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Figure 6.42: Temporal evolution of the coherent fluctuations of Mach number, at selected locations
(bottom); and their root mean square (top) at LP rotor exit (plane F, FRAP)

The coherent fluctuations of the yaw angle show a similar behavior. Therefore, only the
contour plot of the time averaged RMS obtained from the RSA is depicted in Figure 6.43.
Nevertheless, when the plots of Mach number (Figure 6.42) and of the yaw angle (Figure 6.43) are
compared some differences in the distribution can be seen. Contrary to the Mach number results the
yaw angle fluctuations in the vicinity of the remains of the upper shed vortex emanated from the
TMTF are in the same order of magnitude as the remains of the TMTF wake. However, the highest
fluctuations occur at the same position like for the Mach number (intersection of TMTF wake and LP
upper passage vortex). Within the TMTF wake trace the RMS of the yaw angle is around 5 degree
which would result in variations of the incidence for a usually following vane row. If the time-
resolved fluctuations are considered as a sine wave the maximum amplitude is equal to the square-
root of two its RMS. In this case the maximum oscillation is around 14 degrees. Such incidence
deviation is considerably high and may reduce the performance but also lead to very high unsteady
loading and hence excessive vibrations.
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Figure 6.43: Contour plot of time-averaged coherent fluctuations of the yaw angle at LP rotor exit
obtained from the RSA procedure (plane F, FRAP)
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A further and non negligible contribution to the unsteady loading comes from the total and
static pressure fluctuations. In this configuration (C1) the oscillations of total and static pressure, and
their radial time mean distributions are quite similar and, hence, in Figure 6.44 just the total pressure
is shown. The considerations that will be done discussing the total pressure may be considered valid
also for the static pressure which of course presents lower values and oscillations.

Figure 6.44 shows the time-averaged and time-resolved results of the phase locked averaged
(PLA) and rotor synchronic average (RSA) procedure. The values are made non-dimensional using the
maximum dynamic pressure. The contour plots at the top of the figure show that the behavior of the
RMS of total pressure is different from what was observed for Mach number and flow angles. The
RMS of <p;> computed from the LP rotor phase shown in the top left of Figure 6.44 displays the same
characteristics of RMS as the Mach number <Ma> in Figure 6.42. On the top right of Figure 6.44, the
RMS of <p> is computed using the RSA, and it shows larger values than the ones only due to the LP
rotor. The pressure fluctuations propagating from the HP stage, which are caused by the strong
shock waves generated by the stator and rotor rows and by their unsteady interaction as described
for example by Denos et al. [63], do not decay within the duct. As described by Gottlich [7], the
trailing edge shocks emanating from the upstream HP vanes and blades cause pressure waves
entering the duct periodically. These pressure waves cause a significant contribution in the pressure
fluctuations at the exit of the duct. Furthermore, the area at high fluctuations may not be
immediately linked to the TMTF structures. However, as it is shown in Lengani et al. [64], they may
be correlated to the interaction between rotors and stators with different blade/vane number, which
generates spinning modes (see e.g. Hodson and Howell [62] and Tyler and Sofrin [65]). Similar to
Figure 6.42 the temporal evolution of the purely periodic total pressure, at selected positions, is
depicted at the bottom of Figure 6.44 for the two different decomposition methods (LP rotor phase
in black, and RSA in red). Even at the position where the RMS is low and at a similar level for both
decompositions (marked as A), it is possible to observe a strong influence of the structures emanated
by the HP stage. The time-resolved distribution obtained from the RSA in this point is characterized
by fluctuations of high frequency which correspond to two times the HP rotor blade passing
frequency and are not correlated to the LP rotor.

i B S [

AL/ -
0 < TMTR Q
< p"LPJ’MI f:ﬂ.ﬁp\f’m“} - ':p::‘ﬁsm—mu J(D.5{W=mu) - -
005 008 012 015 019 022 005 008 0412 045 019 022
-+ LP rotor
A B -+ RSA c
<p>/(0.5pV2 T 1
p>/(0.5pv?) 1 7 ?I !I' 'l‘ 9 ’I P 04
02t r ot 1 1 021 1 | [ T (et
I ’I ﬁ'l' ) | [ hT |l I
|
I |
0 2 Al (S0 411183
! i o A +
a{’ lﬂ‘t L jr
L L ]
02 1 & L]
04 .
1 1 1 1 1 1
0 2 4 0 2 4 0 2 i}
UTLP WLP WLF

Figure 6.44: Temporal evolution of the coherent fluctuations of total pressure, at selected locations
(bottom); and their root mean square (top) obtained from FRAP measurements



Results and Discussion 88

In point “B” the influence of the rotor-rotor interaction is clear. Large peaks of <p;>zss appear
at a particular periodicity which depends also on the linear combination of the two blade passing
frequencies. The fluctuations in this position are a result of the HP stage-TMTF-LP rotor modal
interactions according to Lengani et al. [64].

However, the largest fluctuations are still measured in correspondence of the TMTF structures,
as shown for one point within the trace of the wake (C) in the graph on the lower right of Figure 6.44.
In this position the rotor-rotor interaction, which may be observed as the energy content at high
frequencies in the RSA (red line), plays a minor role in determining such large fluctuations. The main
coherent fluctuations of total pressure are induced by the interaction of the TMTF wake and the LP
blades similar to what was found for the Mach number and flow angle fluctuations.

These results proof that in case of the pressure fluctuations, the rotor-rotor interaction may
not be neglected whereas they are marginal for the coherent fluctuations of velocity and flow angles.
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7. Conclusions

In this work two turning mid turbine frame (TMTF) setups have been experimentally
investigated applied between a transonic HPT stage and a counter-rotating LP turbine. For the
baseline setup (C1) a pronounced 3D blade design was used to reduce the secondary flow structures
and hence the losses. The second TMTF (C2) was shortened in length by 10%. The turning struts have
a less three-dimensional design but non-axisymmetric endwall contouring was applied at the hub in
order to be able to provide the following LPT with similar inflow conditions (flow angle, mass flow)
like the baseline design while not increasing the losses.

The TMTF inlet flow was found as expected to be highly unsteady with pronounced secondary
flows like the lower passage vortex, the tip leakage vortex (typical for an unshrouded turbine) and
with shocks emanated from HP stage. Furthermore, the yaw angle at TMTF inlet showed large
variations over the channel height. Hence, the incidence angle of the following turning strut was also
varying over the height. The baseline design accounted for these variations with a highly 3D shape of
the turning strut whereas the second design had to deal with strongly negative incidence angles.
However, in both setups a pressure gradient from PS to SS occurred at the hub which inhibited the
formation of a lower passage vortex. The experimental results supported by numerical investigations
revealed that the appearing pressure gradients resulted in a skewing and deformation of all
secondary flow structures emanated from the HP stage. Furthermore, additional vortical structures
formed due to the interactions of these patterns with each other or with the boundary layer flows.
Hence, at TMTF exit both setups revealed a large but weak vortical structure including most of the
HPT secondary flows which extended nearly over the full strut passage.

The main loss generating structure at TMTF exit was found to be the strut wake. Furthermore,
the baseline setup (C1) was operating at its loading limit at the hub and therefore a small separation
was found in the hub —strut suction side corner. A hub shed vortex formed at the TMTF trailing edge
wrapped around that separation and their interaction produced an additional loss core in this region.
This could be avoided by introducing a more 3D blade design (trailing edge inclined in circumferential
direction) and by applying non-axisymmetric endwall contouring. For the second design (C2) such a
separation did not occur and hence the losses were found to be smaller in this region. However,
close to the casing the upper passage vortex generated a loss core which was higher compared to the
baseline design (C1). This seems to be a result of the less aft-loaded design of C2 but also of the
shorter length and, therefore, a stronger slope of the duct, which leads to more pronounced
pressure gradients. Additionally the 3D design of the C1 strut was meant to reduce this secondary
flow structure and furthermore numerical results revealed that this vortex close to the casing could
not be called a passage vortex in this setup (C1) because it rolls up just downstream of the turning
strut. Nevertheless, although different pronounced loss structures were found in both setups the
overall loss level appeared to have the same order of magnitude.

Concerning the objective of providing similar inlet flow angles to the turbine the measurement
results obtained using the five-hole probe at TMTF exit revealed that the radial distribution of the
yaw angle is very similar for the two setups from 20% to 80% span whereas it differs close to the
endwalls due to the flow structures mentioned above. These findings revealed that it is possible to
reduce the duct length by 10% by applying endwall contouring at the hub and still provide the
following LP turbine with similar inflow.

Unsteady data obtained from the fast response aerodynamic probe applied downstream of the
TMTF showed that the influence of the unsteady flow features emanated from the HP stage was
confined to the TMTF wake and the adjacent flow structures in the case of the flow velocities, hence
Mach number and the flow angles. However, the total and static pressure distributions indicated
high deterministic fluctuations over nearly the whole flow field. This seems to be due to the shocks
generated by the HP stage as well as the interactions of the blade rows. These variations have to be
taken into account when designing the following turbine stages.
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Contrary to the situation at TMTF exit where the influence of the LP rotor could be neglected
downstream of the LP rotor both rotors had to be taken into account. In order to be able to resolve
the effects of the two rotors and their interactions a new data evaluation procedure was applied; the
so-called rotor synchronic averaging. The results revealed that the interaction of the rotors strongly
modulates the static and total pressure flow field whereas the other flow parameter like Mach
number and flow angles were influenced only confined to the region of the remains of the TMTF
wake and the adjacent flow structures similar to what was observed at TMTF exit (LPT inlet).
Especially these flow angle variations have to be taken into account when designing a subsequent
LPT stage because they generate maximum oscillation of around 14 degrees. Such incidence
deviation is considerably high and may reduce the performance but also lead to very high unsteady
loading and hence excessive vibrations.

Finally, it can be concluded that a combination of non-axisymmetric contouring of the hub as
well as the casing endwall in combination with a 3D turning strut design could lead to shorter and
more aggressive TMTF designs while keeping the same aerodynamic performance compared to
state-of-the-art duct designs.

Furthermore, an important output of this thesis is that the designers have to take into account
the strong gradients produced by the TMTF and the unsteady interactions of the components when
designing a downstream turbine stage.
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8. Outlook

As discussed in the conclusions the application of 3D blade design and endwall contouring can
reduce the secondary flow structures and hence the losses. However, the gradients in
circumferential and radial direction are expected to be still larger compared to a setup with a
common first LP vane row. Therefore, one approach is to place additional airfoils between the
turning struts in the rear part of the flow channel as it is illustrated in Figure 8.1 in order to provide a
more homogenous flow field at LPT inlet™®. Such a configuration is also called embedded design. In
the future it is planned to place two airfoils*® in the rear part of the TMTF strut passage and to
compare the original design with this new setup. The aim is to provide a more homogenous flow field
to the turbine but nevertheless due to the blockage of the blade the losses are expected to be
higher.

ﬁ
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Figure 8.1: TMTF embedded design with additional airfoils (LP vanes) placed between the turning struts

Another important aspect for future investigations will be to perform unsteady numerical
simulations as well. This could help to identify the coherent structures found downstream of the
TMTF. It is hard to identify them only using time-resolved measurements. However, laservibrometry,
an optical measurement technique usually applied to detect vibrations and also density fluctuations,
could probably help to determine which flow structures coming from the HPT are still present at
TMTF exit and which ones already decayed within the passage.

Furthermore, the present configuration of the rig with the probe fixed in circumferential
direction at TMTF inlet only allows measurement at a certain relative position to the TMTF strut. The
measurements in front and between the strut leading edges revealed a small influence of the strut
potential effect onto the flow field in this area for the baseline case. Hence, it would be better to be
able to perform full area traverses, especially if measurements closer to the turning struts should be
carried out in the future. Therefore, the rig will be adapted with an additional gear ring in between
HPT exit and TMTF inlet.

The interactions of the blade rows are expected to generate blade vibrations. This will be
examined using non-contact blade vibration measurements®’. These vibrations lead to acoustic noise
in combination with other sources and therefore microphones will be placed downstream of the LPT
to perform acoustic measurements.

¥ such a design has already been investigated by e.g. Lavagnoli et al. [68]
¥ Their design is obtained using numerical calculations
20 Beruhrungslose Schaufelschwingungsmessung = BSSM
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