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Abstract

Experimental studies have been conducted on a modified T106 low pressure turbine (LPT) profile
in a 1.5 stage annular axial turbine rig at the Chair of Thermal Turbomachines, Ruhr-Universitat
Bochum. The rig setup allows the highly resolved measurement of unsteady wake-stator flow
interaction in both space and time. Incoming wakes are generated by a variable-speed driven rotor
equipped with cylindrical bars.

In the present paper an experimental approach to the investigation of unsteady phenomena is
proposed. Time-averaged as well as instantaneous measurement data from 2D flow field traverses
at the stator exit are provided for the analysis of the periodically unsteady vortex formation,
displacement and suppression. Additional time-accurate blade pressure data is used to study the
relationship between the detected secondary flow downstream of the stator row and the immediate

Transport Phenomena

o wake impact on the blade profile.
Dynamics of Rotating  Keywords
Machinery

Maui, Hawaii

Axial Turbomachinery — Secondary Flow — Wakes — Unsteady Flow Measurements

" Chair of Thermal Turbomachines, Ruhr-Universitit Bochum, Bochum, Germany

2 Chair of Turbomachinery and Flight Propulsion, Technische Universitdit Dresden, Dresden, Germany

December 16-21, 2017

INTRODUCTION

Blade count reduction in the low pressure part of the aero en-
gine can provide a substantial contribution to the reduction
of the overall weight of an engine. However, this must be
compensated through the design of high-lift, heavy-loaded
blades which in turn are exposed to increased pressure gra-
dients, affecting in particular blade profile and end wall flow
which is already prone to separation. Intensified boundary
layer separation at end walls and on the profile suction side
results in pronounced secondary flow systems. These in turn
induce high loss, a loss of lift and main flow perturbation
[1, 2]. Different secondary flow models have been proposed,
extended and modified, resulting in a basic, broadly accepted,
secondary flow model representation (e.g. [2]). This concept
mainly consists of passage vortices (PV), horse shoe vortices
(HSV), tip leakage vortex, corner vortices (CV) and a vortex
street that is shed from the blade trailing edge (TEWV). A
few of the models incorporate yet another vortex structure
originating from the separated suction side boundary layer,
labeled as the concentrated shed vortex (CSV) [3], resulting
from end wall boundary layer fluid (PV) impinging on the
blade suction side and leading to a separation of the suction
side boundary layer itself close to the end wall. Analysis
and potential reduction of these vortical structures are com-
plicated by the multistage environment in turbomachines,
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where rotor stator interaction affects the transport and shed-
ding of blade wakes and vortices, resulting in an extremely
non-uniform, distorted and time-dependent flow field. Thus,
it is difficult to separate the distinct interacting flow struc-
tures from each other and to determine their degree of influ-
ence on aerodynamic loss generation mechanisms. Numer-
ous tests have been conducted under simplified conditions in
linear cascades. To include the influence of periodically un-
steady rotor blade wakes in linear setups, linear wake gener-
ators have been employed, using cylindrical bars to simulate
wakes [3, 4, 5, 6, 7, 8, 9, 10]. An important common finding
of these investigations is that unsteady wake inflow can sta-
bilize boundary layer flow. Thus, periodic reattachment of
a boundary layer, which would separate under unperturbed
inflow conditions, is promoted [8, 9, 11]. However, the inves-
tigation of secondary flow within linear cascades neglects
several essential effects present in real turbomachinery flow.

In this study an experimental setup for the time-resolved
analysis of wake-stator flow interaction, using an annular
geometry instead of a linear cascade, is applied. This way,
the influence of curvilinear end walls, non-uniform, radially
increasing pitch and radial flow migration is incorporated.
Incoming wakes are generated by a variable-speed driven
rotor disk equipped with cylindrical bars. Special emphasis
is put on wake-induced, time-dependent weakening and dis-
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Figure 1. Experimental Test Facility. Sectional view (a), 3D illustration (b).

placement of particular vortices of the secondary flow system.
Furthermore, wake-boundary layer flow interaction and flow
separation along the blade suction surface is studied. The
distinction between time-averaged and time-resolved anal-
ysis of secondary flow phenomena and the importance of
time-resolved measurement is emphasized and the temporal
evolution of characteristic flow field quantities is utilized to
analyze the periodic impact on the vortices. By relating mea-
surement data of two-dimensional flow field traverses and
time-accurate blade profile pressure signals to each other, a
deeper understanding of the complex interaction between bar
wake, boundary layer and secondary flow can be obtained.

1. EXPERIMENTAL TEST FACILITY

For this study an existing large scale axial flow turbine test
rig installed at the Chair of Thermal Turbomachines of Ruhr-
Universitat Bochum was retrofitted to allow highly resolved
measurements of unsteady wake-stator flow interaction. Pivot-
mounted casing elements with multiple probe accesses have
been constructed which are placed between the IGV and the
stator row as well as downstream of the stator. Stepwise ro-
tation of these elements and radial translation of the probes
enable the automated recording of two-dimensional flow tra-
verses. The test facility is operated continuously in an open
circuit, with ambient air. Flow is induced by a 150 kW vari-
able speed engine coupled to a radial blower with a m = 13
kg/s mass flow capacity. The blower is placed downstream of
the test section, so that the rig is operated in suction mode.
The large dimensions of the flow channel allow detailed flow
measurements with negligible blockage and perturbation by
installed probes.

The aft-loaded blade profile under investigation, labeled
as T1068YB | is an in-house modification of the well-known
T106 LPT blade. It was developed for matching the char-
acteristics of the T106 profile at the rig’s low Mach num-
ber flow. The development and underlying principles of the
transformation procedure are described in [12]. The profile is
characterized by a cylindrical geometry with a chord length
of C = 0.1 m and an aspect ratio of H/C = 1.7. This aspect

ratio ensures that near end wall vortices do not merge and
as a consequence quasi two-dimensional flow conditions at
mid-span. The stator row consists of 60 blades with a stagger
angle of At,06 = 30.7° and a pitch-to-chord ratio at mid-span
of g/C = 0.78.

An inlet guide vane (IGV) row ensures proper inflow an-
gles to the stator. It is made up of 60 vanes (NACA 8408
profile) and was developed for correct flow turning whilst
leaving the T106RVP inflow as far as possible unaffected by
wakes and secondary flow structures. The choice of 60 NACA
8408 profiles is the result of an elaborate numerical study,
comparing 42 different profile geometries and several blade
counts. The IGV is placed 2.61 C upstream of the bar plane
utilizing the maximal possible distance the axial test rig di-
mensions allowed.

To simulate blade wakes, the rotor disk was equipped
with radially stacked steel bars (bar diameter Dy = 0.002 m,
bar length L = 0.168 m, bar pitch g = 0.039/0.078/0.117 m).
Thus, it is possible to isolate both velocity defect and turbu-
lence increase of rotor blade wakes without the additional
secondary flow system, associated with flow turning in a
blade passage. Wakes are generated in a plane parallel to the
stator leading edges (LE), located at an axial distance of 0.33
C upstream of the LE, which represents a typical axial gap
width in a LPT. The investigations were carried out for three
different values of bar pitch. The same stator and IGV blade
counts (60) as well as the number of wake generator bars
(40/60/120) allow time-efficient numerical studies.

A 15 kW AC engine controlled by a frequency converter
drives the rotor shaft. The setup of IGV, wake generator and
T106RYB stator is shown in Figure 1.

2. MEASUREMENT TECHNIQUES

Adjustment and monitoring of the operating point was real-
ized with help of multiple Prandtl-probes (p;, ps and hence c)
at different characteristic planes, a stationary five hole probe
(5sHP) (p, ps, ¢, flow angles @ and ) in the stator exit and a
combined temperature and relative humidity sensor at the
test rig inlet. The ambient pressure (reference pressure, abso-
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lute) was measured by a Rosemount 3051 absolute pressure
transducer (accuracy +o.15 % of calibrated transducer measur-
ing range). All remaining pressures (relative to ambient) were
recorded by a 64-channel Scanivalve ZOC33/64Px miniature
pressure scanner module (accuracy +0.10 % of transducer full-
scale range) controlled by a Scanivalve ERAD4000 unit. The
64 individual high-sensitivity low-range (70 mbar) pressure
sensors enable simultaneous data acquisition of all incorpo-
rated pneumatic pressure probes. By recording pressures
practically without temporal offset between one and another,
the systematic measurement uncertainty — e.g. of sHP, wall
or profile pressure measurements - is reduced considerably.

Table 1. Main geometric test rig properties and turbine
stage parameters

Test rig
Outer diameter (Casing) D¢ 1.660 m
Inner diameter (Hub) Dy 1.320m
Mid-span diameter Dy, 1.490 m
Turbine stage
Blade height IGV, T106RUB H 0.170 m
Chord length IGV Cigv 0.137m
Stagger angle IGV gy -25.5°
Chord length T106RVB Cr106=C 0.100 m
Stagger angle T1068UB AT106 30.7°
Blade count IGV, T106RYB NGV T106 60
Design flow angles, mid-span:
IGV inlet , 90.0°
IGV outlet = T106%YB inlet a,=a, 52.3°
T106RYB outlet o5 153.2°
Axial distances:
IGV TE - bar plane X/CT106 2.61
bar plane - T1068"E LE X/CT106 0.33
Bar diameter Dy 0.002 m
Bar length Ly 0.168 m
Bar pitch at mid-span gB 0.039 m,
0.078 m,
0.117 m
Operating point, Design point
Mass flow m 12.8 kg/s
Reynolds number (exit, th.) Reeyit, th 200,000
Mach number (exit, th.) M aeyit, th 0.091
Strouhal number range Sr 0.45-3.15
Flow coefficient range o) 0.81-2.84

For this study, two-dimensional (2D) (in radial and cir-
cumferential direction) flow field traverses have been carried
out downstream of stator TE (Figure 1, plane 3.1) to quantify
the bar wake impact on the downstream secondary flow sys-
tem. For time-averaged traverses, miniature sHP (head diam-
eter of 2 mm, bore diameter of 0.3 mm) were employed. Hot
wire anemometry measurements (CTA mode) provided time-

resolved traverse data. For acquisition of the time-resolved
3D flow vector these were conducted with two different types
of Split Fiber Probes (SFP), fabricated by Dantec Dynamics.
SEP probes of type 55R56 were used for measuring axial and
radial velocity components (for computing flow angle §) and
probes of type 55R57 for measuring axial and circumferential
components (for computing flow angle ). Hot wire signals
have been recorded at a rate of 50 kHz (125 times higher than
the maximum bar passing frequency) for at least 50 samples,
triggered by a one/revolution signal from an inductive en-
coder on the rotor shaft. The minimum of 50 samples was
defined as the best trade-off between time consumption (of
2D traverses) and validity of the phase-averaged results. For
the discussed investigations, where unsteady fluctuations in
the wake flow exceed the angular range of +45° and where
recording rates of 50 kHz are sufficient, SFP have shown
superior performance over conventional X-array probes. As
3D SEP are not available and conventional triple-sensor wire-
probes are too large in diameter for the test rig probe accesses,
acquisition of all three velocity components requires the com-
bined use of the two different types of SFP. Measurement
data of both probes were correlated and post-processed to
obtain 3D flow vectors. For SFP data acquisition a StreamLine
90N10 CTA anemometer by Dantec Dynamics (incorporating
three 9oC10 CTA modules) in combination with a National
Instruments NI 9215 A/D converter was employed. High
spatial traverse resolution was achieved by 2D measurement
grids of up to 46 radial and 49 circumferential positions. The
circumferential positions were evenly distributed over two
stator pitches, whereas the radial increments were refined
close to the end walls. In the case of time-consuming SFP-
measurements the spatial resolution was decreased slightly.
At the start of every measurement, probes were aligned to
the main flow direction at mid-span. 5HP measurements
were carried out with fully calibrated probes in a non-nulling
mode.

Figure 2. T1068YB blade, instrumented with Kulite LQ-125
sensors for time-resolved profile pressure measurements.
Pressure side view (left) and arrangement of sensors (right).

For additional data acquisition within the T106VE stator
passage, blade profile pressures were measured on various
T1068VB stator blades. 84 pressure taps, evenly distributed
to 3 positions of constant span (near hub at R/H = 10 %, at
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mid-span at R/H = 50 %, near casing at R/H = 9o %) enabled
time-averaged, pneumatic pressure measurement. Further-
more, time-resolved, piezo-electric pressure measurements
were conducted at mid-span, using 10 flush-mounted Kulite
type LQ-125 sensors (see Figure 2). An IMC CRONOSflex
system was incorporated for recording Kulite signals with an
acquisition rate of 50 kHz. At every measurement position
200 samples were collected, also triggered once per revo-
lution. A phase-locked ensemble averaging technique was
applied to the recorded time-resolved data samples to obtain
reliable quantities from SFP and Kulite sensor measurements.
This facilitates the separation of periodically unsteady sig-
nals originating from wake impact from stochastic turbulent
fluctuations without losing the time-dependent character. All
shown time-resolved results have been averaged with this
method.

3. EXPERIMENTAL RESULTS AND DISCUS-
SION

For all investigations discussed in this paper, the theoreti-
cal exit Reynolds number was kept constant at Reyit th =
200,000 (based on T1068VB chord length C, with the fluid’s
dynamic viscosity y, the theoretical exit velocity cexit, tn and
the corresponding density peyit, th):

Reexit, 0= Cexit, th * Pexit, th c (1)
u

This is a typical value for LPT operation at high alti-
tude where suction side boundary layer separation can occur.
The theoretical exit state (using upstream total pressure and
downstream static pressure) is a common way to account for
altered losses when bar velocity or bar count are modified
while maintaining comparability. As the main dimension-
less quantities for characterizing unsteady flow disturbances,
the Strouhal number Sr and flow coefficient ¢ have been

identified [6, 12]:

C c C
Sr=fpp—=— — (2)
Cax 8B Cax
Cax
p=-= (3)
CB

To study the effect of different periodically unsteady in-
flow conditions (disturbance by incoming wakes), these have
been varied in wide ranges including values for typical LPT
operation. As for all discussed measurements the axial veloc-
ity cay is approximately held constant, bar wake frequency
fpp and thus Sr and ¢ were modified by altering bar speed
cp and/or bar pitch gg. The results presented in this article
are based on findings from previous work by the authors
[12] where detailed analysis of 2D flow field traverses were
conducted for different combinations of Sr and ¢. By in-
cluding time-resolved blade pressure data for the present
work, a causality relationship between the blade passage and
downstream flow can be established.

3.1 Stator exit flow

2D flow field traverses have been conducted in multiple
planes downstream of the T1068Y stator row. Measurement
data from these planes permit an evaluation of the secondary
flow system emerging upstream within the stator passage. By
comparing flow fields of different stator exit flow planes, the
processes based on the mixing of stator wakes and vortices
with the free passage flow can be described. By considering
different operating points - defined by combinations of Sr
and ¢ - and comparing them with the unperturbed case, the
effect of bar wakes and the temporal evolution of secondary
flow structures can be derived (for detailed underlying anal-
ysis see [12]).

3.1.1 Time-averaged measurement data

Figure 3 shows time-averaged (obtained with 5sHP) distribu-
tions of axial vorticity (AVO) in plane 3.1 (Figure 1a), 0.15 C
downstream of stator TE in the range of two stator pitches.

Sr=10.00
no perturbation

Sr=1.55
®=0.83

T
- Direction of wake
AVO [1/5]: -500 0 500 generator rotation

Figure 3. Time-averaged results 0.15 C downstream of TE.
AVO distribution for steady undisturbed case (left) and for a
case with significant wake disturbed inflow (Sr = 1.55, ¢ =
0.83) (right).

The AVO can be derived from those components of the
velocity vector, tangential to the axial direction (c¢y and c,)
and the geometry of the measurement grid:

(9CZ C()Cy

3y 9z (4)

AVO =

The flow field is given for the undisturbed (left) and a
perturbed (right) case, whereas the direction of view is up-
stream. Relevant vortices of the stator secondary flow system,
the estimated stator wake position as well as the position
of suction and pressure side of the stator wake have been
labeled to aid interpretation. The particular vortices have
been identified by their direction of rotation and their loca-
tion in the vicinity of characteristic flow regions, such as the
suction side or the end walls. Thus, the passage vortex (PV)
pair could be detected near the end walls on the suction side
of the stator wake. The PV pair is a result of low momentum
end wall boundary layer fluid, following the cross passage
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pressure gradient from the pressure side to the suction side of
the neighboring blade. Impinging at the profile suction side,
this crossflow is diverted across the blade towards mid-span,
consequently shaping the PV. Furthermore, near the profile
LE the horse shoe vortex (HSV) system is formed, when the
end wall boundary layer from upstream hits the LE and splits
due to the local adverse pressure gradient. The suction side
legs (HSV-SL) propagate close to the suction side as they
are pushed against the blade by the cross passage pressure
gradient. As the suction side legs are concentrated within the
corner between end wall and blade suction side, they do not
contain much material, stay small and potentially merge with
the respective nearby corner vortex (CV). The pressure side
legs (HSV-PL), instead, are diverted from the blade pressure
side to the suction side of the adjacent blade, also following
the cross passage pressure gradient. For the steady, unper-
turbed case the HSV-PL can clearly be identified among the
PV and the respective end wall. Despite the same direction
of rotation, these have not merged entirely with the PV, as
reported for other setups e.g. in [2, 10]. Instead they push the
PV towards mid-span. In close proximity, a spacious system
can be detected, rotating in opposite direction. This system
is supposed to contain the concentrated shed vortex (CSV),
the described combination of CV and HSV-SL, as well as the
trailing edge wake vortex street (TEWV). The origin of the
CSV is a direct consequence of the low momentum PV flow
impinging at the blade suction side. It induces separation
of the suction side boundary layer, which then rolls up into
a counter rotating vortex next to the PV [12]. At TE the
adverse directions of radial blade flow migration on pressure
and suction side form a shear layer (TEWV) that unites with
the CSV.

In the right part of Figure 3, with Sr = 1.55, ¢ = 0.83 a case
with significant periodical inflow perturbation is displayed.
In direct comparison with the unperturbed case an appar-
ent impact on several vortical structures can be observed.
Near the casing both a decrease in size and a displacement
of the PV + HSV-PL system towards the end wall can be
seen. Furthermore, a significant weakening of the CSV +
TEWYV takes place. This can be justified by the impact of
the bar wakes, which interact with boundary layer flow on
the blade and on end walls. The wakes, acting as negative
jets, promote boundary layer transition and leave the wall
flow in a temporarily unperturbed condition after the wake
has passed [11, 12, 13]. In this state the boundary layer is
not as prone to separation and deflection as in the undis-
turbed case. Intermittently, cross passage transport of end
wall flow is reduced and less low momentum fluid is provided
to the PV, reducing its dimensions. Further on, separation of
boundary layer flow at the profile suction side is periodically
reduced, as well. As a consequence, particularly the CSV is
weakened, as it results from boundary layer material both
from the end wall and from the profile suction side. Near
the hub, impact on the secondary flow system seems slightly
different. The PV appears even larger, but also more diluted.
A weakening of the CSV+TEWYV system is observable, but

not as pronounced as near the casing. Thus inspection of
the time-averaged exit flow field already indicates the spatial
imbalance (hub/casing) of bar wake impact in an annular
cascade contrary to the uniform flow in linear cascades.

3.1.2 Time-resolved measurement data

For a more detailed insight into the intermittent flow phenom-
ena downstream of the T106RVB stator passage, time-accurate
data were recorded with SFP. The probes were traversed sim-
ilarly to sHP measurements in the same plane o.15 C down-
stream of stator TE. Three observation stations have been
selected at various spanwise positions (R/H = 20 %, 50 %, 85
%) and the corresponding flow field temporal evolution over
three bar passing periods of ¢ and AVO are represented in
Figure 4. The stations capture the secondary flow systems
near the hub and the shroud and the flow at mid-span. The
operating point (Sr = 1.55, ¢ = 0.83) matches the one chosen
in Figure 3 (right). Thus, Figure 3 (right) represents the time-
averaged picture of the time-resolved phenomena depicted
in Figure 4.

Stator

R/H = 20% R/H = 50%
i : wake

3.0 pig T 7 3.0 pie—ni

R/H = 85%

Ac [m/s]
— 3

titg, [-]

AVO [1/s]
500

Utap [‘]

0.0

SRS 0 P 00 g il
0[] 0[°] 01[°]
Figure 4. Time-resolved results 0.15 C downstream of TE.

Time-space evolution of Ac (top) and AVO (bottom) for
three slices at constant span, Sr = 1.55, ¢ = 0.83.

O =y

In the upper part of Figure 4 the temporal evolution of
velocity c is given, in the lower the same can be seen for the
AVO. For the velocity evolution, the respective local values
at undisturbed condition have been subtracted from the time-
resolved, phase-averaged velocity values:

AC (R’ 07 t) =c (R’ 9’ t) —-C (Ra 9) Steady (5)

For the AVO, absolute values are shown. Approximate
locations of the stator wakes have been marked with dotted
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vertical lines, also suction side (SS) and pressure side (PS)
flow. The velocity field is perturbed periodically with the
bar (wake) passing frequency (¢gp = 1/ fpp correlates to the
duration of one bar passing). However, the situation that can
be observed downstream of the stator is not just a periodical
perturbation by the passing bar wake, but a superposition of
several effects, which can be traced back to wake kinematics
and the displacement of vortices. While propagating through
the stator passage, the incoming bar wakes are cut, stretched,
bowed, undergo mixing and interact with the passage flow
as well as with the near wall flow at the blade suction and
pressure side and at the end walls. The bar wakes, acting as
local regions of low pressure, momentum and velocity can be
described as negative jets [11, 14], pointing in the opposite
direction than the main flow. When impinging on the profile
pressure side and passing over it, the bar wake induces two
counter rotating, vortical-like structures (radial rotational
direction) (compare e.g. [13] or [15]). This results in a flow
deceleration in front of the wake and a flow acceleration
immediately after the wake has passed. On the suction side
the impact on flow is reversed. Here, the wake pushes a
region of accelerated squeezed passage flow in front of it and
is followed by a low-speed region. This interaction between
bar wake and profile flow will be discussed in more detail in
section 3.2 and in [15]. The described local flow acceleration
and deceleration within the stator passage finally result in
four characteristic, periodically passing parcels of altered
velocity that can still be observed in the stator exit flow field.
For the flow at mid-span (R/H = 50 %) these four parcels close
to the bar wake have been labelled with A-D in Figure 4 (top
center). The distorted bar wakes have been highlighted, as
well. Immediately before the wake arrives, decelerated vol-
ume A and accelerated volume C are present. When the bar
wake has passed the observed plane, parcels B and D follow.
Based on their origin, these four volumes are located near the
blade suction and pressure side respectively and thus close
to the stator profile wakes. Consequently, especially close to
the profile wake a pulsating flow field is induced, whereas
the free passage flow is little disturbed. Downstream of the
passage, the accelerated parcels B and C from previously
separated, adjacent passages merge. Interestingly, there is
nearly no change at all regarding the AVO (bottom center),
remaining fairly constant over time, indicating that no addi-
tional vortices with axial sense of rotation are generated. This
corresponds to the observation that the vortical structures,
induced by the negative jet like propagation of the bar wake,
generate vortices with primary radial rotational direction.

Near the end walls, the situation is far more complex than
at mid-span. Beyond the pulsating bar wake impact, the flow
field here is affected by the stator secondary flow structures.
Both at R/H = 20 % and R/H = 85 % the velocity distribu-
tions undergo a similar periodical perturbation as already
described for the flow at mid-span. But although the charac-
teristic parcels can be found again, an apparent difference is
noticed regarding structures C and D, as they are broken up
and displaced from the suction side into the passage. This can

be traced back to the periodical interaction between bar wake
and the nearby secondary flow system. It has to be noted that
the altered velocity is a result both of the passing bar wake
velocity field and of displaced vortical structures carrying
low velocity fluid. By including the evolution of the AVO into
the analysis, this interaction can be observed more clearly. In
the range of -0.5° < 6 < 0.5° a periodical weakening of the PV
(within the regarded plane) becomes visible. This weaken-
ing can be linked to the approaching bar wake carrying the
accelerated flow regime C. When the wake has passed, the
decelerated structure D is split, as is wraps around the PV.
At the same time, the nearby CSV (6 ~ 1.5°) is periodically
weakened as well. As the comparison with adjacent span-
wise slices (below and above, not shown here) has revealed,
additionally to the intermittent weakening and strengthen-
ing of PV and CSV, they are also displaced radially. Both
weakening as well as radial displacement out of the observed
plane reduce the local magnitude of the AVO. As the CSV is
far more displaced (in radial direction) than the PV, its core
is intermittently located within the observed plane, above or
below. This wavelike in-and-out of plane movement must
not be misinterpreted as a pattern occurring at a doubled
frequency. The influence on the secondary flow structures in
turn can be traced back to a combination of a direct and an
indirect bar wake impact. When the bar wake passes, its local
velocity field (parcels A-D) has a direct impact on the exit
flow field including the secondary flow system. Additionally,
the vortex development has already been affected upstream
by the bar wake passing through the stator passage, but back
in time. As only the temporal offset consequences of this
effect can be observed in the exit flow, the authors term this
the indirect impact. Based on the interaction between the bar
wake (periodical altered velocity field and injection of mo-
mentum and turbulence) and the flow through the passage
near the end walls, the cross passage transport is decreased
and vortex formation and propagation are seriously influ-
enced. The authors assume, that initially the propagation of
the HSV-PL is massively perturbed by the passing wakes. Its
impingement position at the adjacent blade suction side is
shifted downstream, reducing impact on suction side flow
and thus on PV and CSV. Under unperturbed inflow both
PV and CSV are pushed towards mid-span by the intense
HSV-PL. Under wake impact, they are periodically shifted
back towards the end wall. Due to slower propagation of the
vortical secondary flow structures than the main flow, the
effects of passing bar wake (direct) and affected secondary
flow structures (indirect) arrive at different instants of time
in the observed plane in the stator exit flow. Furthermore, the
different propagation velocities at mid-span, hub and casing
also induce a temporal shift between the impact of the bar
wakes at different spanwise positions.

3.2 Profile pressure distribution

Evaluation of the stator exit flow field allows an analysis
of bar wake-secondary flow interaction. To examine the
immediate impact of periodically unsteady bar wakes on
stator blade profile flow, experimental data from within the



Experimental Investigation of Secondary Flow in an Annular LPT Cascade under Periodical Wake Impact — 7/9

passage is necessary. Thus, multiple positions on various
T106%VB stator blades were equipped with pressure taps. At
first, time-averaged, pneumatic pressure readings will be
discussed, followed by time-accurate measurement data from
piezoelectric sensors, embedded in the blade surfaces.

3.2.1 Time-averaged measurement data
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Figure 5. Time-averaged c, distributions at T1068V®
mid-span for three different operating points.

Figure 5 shows time-averaged, non-dimensionalized static
blade pressure distributions (c,) at mid-span (R/H = 50 %) for
different operating points, whereas c, was defined as follows:

¢ - p(xX)=ps ©
Pt1— D1
For reasons of clarity, error bars have been omitted, see
part 2 [15] for those values including error bars. The undis-
turbed steady situation is given by the black curve, the green
curve (Sr = 0.45, ¢ = 2.84) shows a lightly disturbed case,
whereas the red curve (Sr = 1.55, ¢ = 0.83) represents the al-
ready introduced case with heavy disturbance. The disturbed
operating points exhibit constant bar pitch (gg = 0.078 m) but
differing bar speed and thus wake frequency. At first sight
the distributions are very similar and do not feature any strik-
ing differences. On closer examination, variations confined
to the regions close to LE (details A and B for 0 < x/C,y < 0.2)
and close to TE (detail C for 0.8 < x/C,y < 1)) become visible.
Due to the wake generator rotation closely upstream of LE,
for the perturbed operating points the T106%V® stator profiles
experience inflow with considerable periodical incidence. As
shown in prior work by the authors [12] this results in max-
imal deviation angles from design inflow of Aa = -9°. The
negative incidence inflow shifts the stagnation point at LE
towards the suction side. This decreases the velocity on the
suction side (detail B) and increases it on the pressure side
(detail A) close to LE. Although this is a time-accurate effect,
its time-averaged impact can be observed in Figure 5. Near
TE only suction side flow is influenced by the unsteady inflow
(detail C). This different behavior of suction side flow near
TE can possibly be traced back to the interaction between
the passing bar wake and a separation bubble in the rear part
of the suction side.

From comparison of these three operating points it be-
comes obvious that the impact of unsteady inflow on the
time-averaged blade pressure distribution is very small. As a
consequence, the use of pneumatic pressure taps alone giving
time-averaged blade pressure distributions is not suitable for
detailed analysis of the discussed unsteady phenomena.

3.2.2 Time-resolved measurement data

For deeper insight into the unsteady interaction between bar
wakes and stator passage flow, time-accurate measurement
data of T1068"B blade pressures have been conducted. In
Figure 6 the temporal evolution of local blade pressure fluctu-
ations over two bar passing periods are given for profile flow
at mid-span. Pressures on suction side (0 < x/C,x < 1) and on
pressure side (-1 < x/Cyy < 0) are shown for the two already
introduced unsteady operating points with light and heavy
disturbance and a third one with intermediate perturbation
(Sr = 0.90, ¢ = 1.45). Similarly to equation (5), the respective
values at undisturbed condition have been subtracted from
the time-resolved, phase-averaged pressures.
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Figure 6. Time-space evolution of T1068VP profile pressure

fluctuations at mid-span for three periodically disturbed
operating points.

For all operating points, periodical pressure fluctuations
at the blade surface caused by impinging bar wakes can be
observed. By analyzing the fluctuations (deviation from the
undisturbed condition), the propagation of the wake distur-
bance from LE across suction and pressure side towards TE
can be tracked. Wake kinematics, derived in the context of
Figure 4, can be applied to the profile flow, as well. However,
it must be noted that, as bar wake flow around one single
profile is now considered in relation to the flow of multiple
bar wakes through a passage of adjacent profiles (chapter
3.1.2), bar wake paths and the configuration of the induced
flow structures look different. Furthermore, as static blade
pressures are considered, the color scale is inverted. Parcels
of high velocity correspond to decreased static pressure and
vice versa. Before the bar wake impinges at LE, it wraps
around it and is cut by the LE. Volume C of squeezed passage
flow (high velocity and low static pressure) becomes visible
at the suction side and is transported downstream towards
TE. Immediately after the wake has passed, volume D (low
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velocity, high static pressure) follows. This corresponds to
the observations from the stator exit flow field (chapter 3.1.2).

Under low disturbance frequency (S7 = 0.45, ¢ = 2.84), the
period of time between individual wake events is sufficient for
blade flow to switch back to the unperturbed condition. With
raising disturbance frequency and thus Sr, the amplitude of
time-resolved pressure fluctuations increases significantly,
reaching maximum oscillations of +10 % (relative to cascade
outlet dynamic pressure) during one bar wake passing. This
results in a highly periodically unsteady blade loading under
wake impact. Furthermore, for the lightly disturbed case an
additional periodical oscillation can be observed close to TE
(0.8 < x/Cyx < 1), pointing toward the periodical suppression
of a laminar separation bubble. Under steady inflow, the suc-
tion side boundary layer is assumed to separate towards TE,
forming a separation bubble. With an increasing disturbance
frequency the oscillations connected to this phenomenon are
reduced. This is indicative of the bubble not switching back
to its undisturbed condition for sufficiently high bar wake
frequencies.
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Figure 7. T1068YB profile pressure fluctuations at mid-span

(Sr = 1.55, ¢ = 0.83). Temporal evolution for one bar passing,
divided into 4 time instants.

The impact of the passing bar wake on the profile flow
can furthermore be investigated using Figure 7, showing
the blade pressure fluctuations for four representative time
instants of one bar wake passing, again for Sr = 1.55, ¢ =
0.83. One sensor position on the suction side (x/Cyx = 0.5)
is highlighted with a red circle. For #/tgp = o this position
is already facing the approaching bar wake (parcel C) with
decreasing pressure, which further decreases at time instant
t/tgp = 1/4. At t/tgp = 2/4 the wake has passed and parcel D
with maximum local pressure is following. For t/tgp = 3/4
the wake has nearly left the profile. On the pressure side
similar behavior can be recognized with lower fluctuation
amplitudes.

4. CONCLUSIONS

Within the present work experimental investigations have
been performed, focusing on periodically unsteady flow phe-
nomena in a LPT stator passage of a 1.5 stage annular cascade.
Conventional time-averaged measurement data is completed
and combined with phase-averaged, highly time-resolved

data, thus simplifying analysis within the time-domain. Through

combination of flow field data in the stator exit flow and blade
pressure data a link could be established between secondary
flow structures downstream of the passage and underlying
effects directly at the blade. The well-known secondary flow
model could be applied to the stator exit flow field. Analyz-
ing the temporal velocity and vorticity evolution in three
characteristic slices of constant span, vortex displacement
and weakening could be described. Furthermore, periodi-
cally unsteady structures could be identified downstream
of the passage. These represent the remaining portion of
the bar wakes, carrying a velocity field of four characteris-
tic volumes of decreased and increased velocity. Finally the
immediate interaction between the bar wakes and T1068VE
stator profile flow was presented. Similarly to observations
made in the passage exit flow, on the blade suction side pres-
sure fluctuations are enhanced considerably for the high Sr
case. The interaction of bar wake and profile boundary layer
flow could be characterized by the passing negative jet and
its alternating sharp decrease and increase of local pressure,
respectively velocity. The negative jet effect, not only de-
scribes a fluctuating velocity field, but also an injection of
turbulence at various scales into the near wall flow.
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NOMENCLATURE

Latin and Greek Symbols
c [m/s] velocity
Cp [-] non-dimensional pressure distribution
C [m] blade chord length
D [m] diameter
g [m] pitch (at mid-span)
H [m] blade height
L [m] length
Ma [-] Mach number
p [Pa] pressure
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Latin and Greek Symbols (continued)

Re  [] Reynolds number
Sr [ Strouhal number
t [s] time
X [m] axial direction
a [°] flow angle in circumferential direction
o ] flow angle in radial direction
0 ] circumferential direction
A ] stagger angle
u [Pa:s]  dynamic viscosity of a fluid
P [kg/m3] density of a fluid
¢ [-] flow coefficient
Subscripts
ax axial direction
B bar
BP bar passing
C casing
H hub
m mid-span
r radial direction
th theoretical
Abbreviations
sHP five hole probe
AVO axial vorticity
CTA constant temperature anemometry
CSsv concentrated shed vortex
Cv corner vortex
HSV horse shoe vortex
HSV-PL horse shoe vortex - pressure side leg
HSV-SL horse shoe vortex - suction side leg
IGV inlet guide vane
LE leading edge
LPT low pressure turbine
PS pressure side
PV passage vortex
SFP split fiber probe
SS suction side
TE trailing edge
TEWV trailing edge wake vortex
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