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ABSTRACT

This paper addresses the unsteady formation of secondary flow structures inside a rotor
passage. The first stage of a two-stage low pressure turbine is investigated at a Reynolds
Number of 75000. The configuration represents the third and the fourth stages of an engine
low pressure turbine. The vane-rotor interactions at hub are discussed in the relative frame of
reference using the streamwise vorticity to identify the flow structures and interaction
processes involved. A multi-stage URANS prediction which is validated by time-averaged five-
hole probe data at inlet and exit of the rotor provides the time-resolved data set required. An
interaction mechanism is revealed which is responsible for the creation of rotating structures
which are fixed in space in the absolute frame of reference at rotor exit. The wakes and
secondary flow structures of the nozzle guide vane transform the secondary flow structures at
the rotor hub unsteadily. The time-averaged isentropic efficiency distribution at rotor exit is
observed to be dominated by flow structures associated with the nozzle guide vane.

NOMENCLATURE
Abbreviations Vector quantities
Ccv counter vortex e normalized unit vector [-]
H channel height [%)] a vorticity vector [-]
NGV nozzle guide vane -
Subscripts

PV passage vortex 0 stagnation quantity
rev rotor passage vortex ex rotor exit
tS t‘i)rlrg(;h[g]] in turbine inlet

. . is isentropic quantity
T bla_d_e passing period [s] low lower (TSSL)
TSSL trailing shed shear layer s,n,r streamwise, normal, and radial
Greek symbols up upper (TSSL)
a circumferential angle [°]
n efficiency [-]
INTRODUCTION

The flow in turbines which doesn’t follow the primary direction is called secondary flow
whereat the primary flow direction is defined by the design turning of each blade row. According to
Langston (2001) secondary flows are produced by viscous effects and endwalls and thus, every
turbine is affected. Secondary flows mix out, produce losses and diminish the work output of a
turbine. They can be responsible for 30 % to 50 % of the aerodynamic losses in turbines; see
Sharma and Butler (1987). Academia and industry have performed many studies to explain the
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basic patterns, the sources, and influence parasnetesecondary flows during the last decades.
These studies are performed on linear (planar)acescmostly and come up with a basic picture of
secondary flows as presented e.g. by Sieverdin85)18r Sharma and Butler (1987). Fig. 1 gives
an overview about the main secondary flow strustumgolved. It shows the evolution of the horse
shoe vortex and the passage vortex. The formeraevén front of the leading edge as a result of
the endwall boundary layer approaching the stagnaioint and the latter forms due to the turning
of the endwall boundary layer inside the passage.
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Fig. 1 Cascade endwall flow structure reported by Isarma and Butler (1987)

A number of important parameters are neglected wsemondary flow is studied in linear
cascades. These are annular geometry, radial moigyaotation of the frame of reference, leakage
flows entering the main flow unsteadily, and vaotsr interactions. Therefore the three-
dimensional secondary flow patterns of real turbiaee more complex and less understood. Further
understanding of unsteady vane-rotor interactioas tine potential to improve turbine design.
Vortex-blade interaction phenomena in a low aspatd- turbine rig have been investigated by
Binder et al. (1985, 1987, and 1989). Similar stadiave been performed by Aurahs et al. (2009) in
a water flow model turbine. Both authors have syede vortex break down phenomena
experimentally inside a rotor passage in terms wbulence production and convection.
Furthermore Pullan (2006) reports about vane-riti@raction phenomena of a low-speed turbine
stage. He proposes a formation mechanism insiderdter passage which transforms flow
structures related to the nozzle guide vane (NGW) vortices at rotor exit. The present paper
addresses the interaction of wake and secondany dtoauctures of the nozzle guide vane with a
rotating turbine blade inside an engine represmetabw pressure turbine to shed light onto this
complex three-dimensional process.

EXPERIMENTAL SETUP

The experimental data shown in this paper has beeasured in the Advanced-Turbine-
Research-Demonstrator-Rig. The ATRD-RIig is an emgiepresentative two-stage low pressure
axial turbine designed by MTU Aero Engines GmbH dedted at the Institute of Aircraft
Propulsion Systems at Stuttgart University. It @pes in an altitude test facility at Reynolds
numbers from 180000 down to 35000. The rig Mach @n@dReynolds number are preserved to
match the engine. This setup simulates a low pregstbine operated at high altitudes. The turbine
is designed with a conventional blade loading $hglbove two and has typical aspect ratios
around 2.5. On average, the Mach numbers at eank eait are approximately 0.6. The
configuration represents the third and the foutdiges of an engine low pressure turbine. The blade
numbers are 60:55:58:57. Schinko (2012) providesletailed description of the ATRD-Rig
characteristics. A schematic of the rig is givenFig. 2. The planes which are relevant for the
analysis presented are labelled in the schematic.



Five-hole probe traverses have been performed wihch axial gap of the research turbine.
The pneumatic probe used is shown in Fig. 3 intfajra NGV segment. The conical probe head
diameter is 3mm. Right above the probe head a theouple is incorporated into the probe shatft to
be able to measure temperatures. The radial diiferbetween the location of the temperature and
the pressure measurements is corrected in there@dt@tion process. The assumption of laminar
flow around the thermo couple has been made tcecbifior the recovery process. Following
Nitsche and Brunn (2006) a constant recovery faofof.85 has been chosen to calculate the
stagnation temperature. The absolute uncertaiofighe five-hole measurement are +4% of the
dynamic head for the stagnation pressure, +1K Her dtagnation temperature, and +1.6° for the
circumferential angle. The uncertainty analysidudes uncertainties due to probe positioning as
well as due to the calibration process. Please thatiethe absolute pressure level in the turbine is
lower than approximately 0.2 bar. Generally thevdrae area covers 1.1 pitches in the
circumferential direction and approximately 100 pars. The five-hole probe traverse at NGV exit
has a resolution of 30 points in the radial as aslin the circumferential direction. It extendsnfr
0.8 % to 96.0 % span. The traverse plane at NGYisXbcated at 50 % axial gap between the
NGV trailing edge and the rotor leading edge. Abroexit the five-hole probe traverse has a
resolution of 18 points in the circumferential a@ points in the radial direction. The span from
2.0 % to 98.0 % is covered by the measurementtrBlverse plane is located at 66 % gap between
the rotor trailing edge and the leading edge of dbenstream NGV. The radial spacing is not
equidistant. It is reduced in the hub and tip regito improve the resolution of the secondary flow
areas; see Kuerner et al. (2010).
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Fig. 2 Schematic of the ATRD-RIg; traverse planessa  Fig. 3 Five-hole probe with thermo
dotted lines couple in front of a vane segment

ANALYSIS METHODOLOGY

The vorticity vectora in the cylindrical coordinate system of the rigdsrived from the
five-hole probe data. It is calculated using a coeepible approach invented by
Niehuis et al. (1990). To study the secondary floemponents it is appropriate to evaluate the
vorticity in a new coordinate system which is a#dnwith the streamwise direction. The
streamwise direction (s) is defined by the locaéction of the velocity whilst the normal (n) and
the binormal directions are both perpendicularhis tirection. The binormal direction is referred
as the radial (r) direction in this paper therengeiegligible difference. That results in a sethoée
linearly independent vector&, € , andé& . The three components of vorticity are calculaisithg
the scalar product according to eq. (1) below. IKinghe vorticity components are non-
dimensionalized using the NGV chord length andrttess-averaged velocity in the exit plane of



the row investigated. In the paper the vorticityivled from measurement data is referred to as
measured vorticity.

The isentropic efficiencyy, presented in the paper is based on the contrahwelfrom turbine
inlet to rotor exit shown in Fig. 2. It is definéd eq. (2). The indices “in” and “ex” refer to the
turbine inlet and the rotor exit. The stagnatiorthalpies are evaluated using a fluid model
including humidity corrections as reported by S&bin(2012). The stagnation pressures and
temperatures needed at inlet are measured viandiecantially distributed radial rakes whilst at
rotor exit the five-hole probe is used. The meaweargs are recorded simultaneously to prevent
influences due to working point fluctuations. Fallag this approach the local isentropic efficiency
values are evaluated at rotor exit.

w =wé withi = s,n,r (1)
ho in ho ex

e =7 2)
I"lo,in - hO,exis

NUMERICAL SETUP

The CFD predictions shown in the paper are theltredua multi-stage URANS simulation
using TRACE (Turbomachinery Research Aerodynamios@utational Environment). It is a 3D
compressible Navier-Stokes solver developed aGidgnan Aerospace Center DLR in cooperation
with MTU Aero Engines GmbH. A k» two equation model is used for turbulence modgjlsee
Roeber et al. (2006). Transition is allowed on #uetions sides whilst the pressure sides and
endwalls are calculated with turbulent boundargtayOne pitch of the turbine geometry including
the cavities has been sampled with a structuretlarapproximately 7.5Mio cells. The simulated
geometry includes fillet radii. The low Reynoldspapach is applied on all but the cavity surfaces.
Accordingly the Y+ 1 criterion has been maintained on all surfacgseg@mately. The cavities are
indicated in Fig. 2 by areas which are shaded. Waittions are applied within the cavities. The
setup with cavities leads to an improved seconddow representation reported by
Kuerner et al. (2011). For the unsteady simulatiog blade number ratio is set to 1:1:1:1 via
scaling the geometry. The blade loading is preskdeging the scaling process. The relative change
in blade count is in the range of 3 to 5 %. Théuerice of scaling is regarded as marginal duedo th
small changes in blade numbers; e.g. the predictddhe efficiency changes by less than 0.03 %.
Therefore it is neglected in the present analy@ite rotor blade passing (t/T=1.0) is resolved with
96 time steps. Experimental results are appliedoamdary conditions in the CFD prediction. The
static pressures at hub and tip of the exit planéhe CFD are fitted to maintain the measured
specific work of the turbine. The Reynolds numbkthe working point simulated is approximately
75000. It is based on the exit flow of the firsznle guide vane.

RESULTS

Wake and Secondary Flow Structures of the Nozzle Gde Vane

In order to understand the nature of three-dimewgioane-rotor interactions, first the NGV
exit flow field must be analyzed to identify the keaand secondary flow structures present. CFD
results are used to give insight into the intecacghenomena inside the rotor. A comparison of
experimental and time-averaged CFD data servesalidate the prediction. Generally, if not
specifically mentioned the results are time-avedaged shown in the absolute frame of reference.
The circumferentially mass-averaged distributiohthe circumferential flow angle are presented
in Fig. 4. The absolute uncertainty of the measer&ns indicated by an error bar at approximately
25 % channel height. The main gradients are cagtwedl by the CFD prediction. The predicted
absolute value of the circumferential flow angleliffers by approximately 5° from the measured



data in the hub region up to 15 % channel heighé larger overturning of the CFD prediction at
the hub endwall indicates that the predicted intgnsf the hub passage vortex is slightly
overestimated. Fig. 5 shows contour lines of thasueed radial vorticity, from the endwall up to
50 % channel height at NGV exit. The view is upmtne The measurement plane is located at
50 % axial gap between the NGV trailing edge amdrttor leading edge. The area of one pitch is
marked by the grid overlaid on the contours. Thesgure and the suction side regions within the
wake can be identified by their rotational characte vorticity highlights regions of rotating ¥lo
These include shear layers as well as classicaicesr The region of negative radial vorticity is
associated with the suction side whilst the regibpositive radial vorticity with the pressure side
part of the wake. The wake center and the freeustreegion have radial vorticity values around
zero. By this means, the location of the wake gerde be estimated. It is indicated with a dashed
line at about -0.5 dimensionless pitch.

Having identified the location and the characterssof the NGV wake in terms of vorticity the
focus will now be on the secondary flow field at thub. The classical secondary flow structures as
presented in Fig. 1 can be identified using theastwise vorticitymws. The measured and the
predicted streamwise vorticity are shown in Figap and (b) using contour lines. The region of
dashed lines on the suction side above the hubahdan be clearly associated with the passage
vortex. It rotates clockwise and transports endwalindary layer fluid to and up the suction side.
The position of the passage vortex, right aboveeaéwall and close to the suction side of the
wake, results from the radial and cross-passagsespre gradients. Generally, fluid of low
momentum shows the tendency to migrate to regibhswostatic pressure. The counter clockwise
rotating region which is indicated by the solidenwithin the wake is associated with the shed
vorticity of the NGV. According to Hawthorne (1958)contains the trailing filament circulation
and the trailing shed circulation. The two formswtulation are only theoretically distinguishable
from each other. Furthermore the region of traikhgd vorticity is presumably better characterized
as a shear layer of suction and pressure sideMlitidcontrary signs of radial velocity components.
Therefore, in this paper the region of positivetiedy within the wake is called trailing shed shea
layer (TSSL) generally. Two distinct structures denidentified within the measured trailing shed
shear layer. Both structures are marked with carcatrows in Fig. 6 (a) indicating their sense of
rotation. The lower region is an accumulation ailimg shed vorticity most likely resulting from
the tendency of a shear layer to form a vortex twhg described by Pullan et al. (2003). In
literature this structure is often named the tngilshed vortex but the measurements and the CFD
prediction do not show the formation of a distimottex at this axial position. The upper peak of
the trailing shed vorticity corresponds to the ¢hd@mensional separation line which forms on the
suction surface in between the passage vortexhengtially migrating suction side boundary layer
fluid. This interpretation results from flow visuzdtion which is not shown here due to reasons of
brevity. The predicted locations and distributiaofsthe trailing shed vorticity and the passage
vortex agrees well with the measured data whilgt ititensity is overestimated by the CFD
prediction. Nevertheless, the CFD prediction corgain additional flow structure which is marked
in Fig. 6 (b). As measured and described by Gre§onth et al. (1988) this patch of positive
vorticity can be associated with a corner vorteX)CThe data measured does not show any
evidence of a corner vortex, this is probably duenadequate measurement resolution. The hub
cavity which starts at the axial location of thaverse plane has no significant influence on the
measurement or the prediction. Overall, the CFDQlipt®n provides a good reproduction of the
NGV exit flow in terms of wake and secondary flotnustures.
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Fig. 6 Measured (a) and predicted (b) streamwise viicity msat NGV exit in the absolute
frame of reference; solid linesiws > 0; dashed linesms < O0; contour interval Ams=0.5

Vane-Rotor Interactions

The NGV wake and vortical structures both intemsith the rotor blade in a four-dimensional
process. The analysis must take the three dimensibspace as well as the time dimension into
account. The URANS prediction provides a highlyohesd data set in space and time inside the
rotor passage for this approach. One transit ofNK&/ flow structures through the hub rotor
passage is shown by four distinct time-steps inr¢hative frame of reference in Fig. 7 (a) to (d).
The time-steps are given in non-dimensional blaagsing time t/T. The angles of view differ for
each of the images to improve the insight into fihe-dimensional flow field. The iso-surfaces
represent fixed levels of streamwise vorticity. ylage held constant throughout the image series.
The trailing shed vorticity and the passage vodax be distinguished by the sign of the streamwise
vorticity (bright (+) and dark (-) regions, resgeety). To give an orientation in space, the legdin
and the trailing edges (LE and TE), the suction tnedpressure sides (SS and PS), as well as the
endwall and the line of 25 % channel height arehllgbted. Skewed boundary layers contain
substantial levels of streamwise vorticity. Therefehe iso-surfaces above the suction and the
pressure side are blanked generally to improvétylar

The Fig. 7 (a) presents the time step t/T= 0.187&hich the NGV trailing shed vorticity and
the passage vortex enter the rotor passage atulheTle view is from upstream into the rotor
passage. The data is sliced at 50 % axial gap lkeaetN&V trailing edge and rotor leading edge. For



comparison this axial position represents the tse/@lane shown in Fig. 6. Please note that the
level of streamwise vorticity has changed compaoeethe plot at NGV exit for two reasons. First
the mass-averaged absolute velocity at rotor eag heen chosen to non-dimensionalize the
streamwise vorticity within the rotor passage todomsistent with the rotor exit measurements
shown later. Secondly the frame of reference hasgéd. The absolute velocity at rotor exit is
smaller by about a factor of 1.5 compared to tHeciy at NGV exit resulting in higher values of
streamwise vorticity.

In Fig. 7 (a) is shown that the NGV flow structuresster the rotor passage with marginal
deformations until they impinge on the pressuree satid then, subsequently, get sliced by the
leading edge of the adjacent rotor blade. The oo vortex cutting by a turbine blade has been
described in detail by Binder (1985) and experiraiynicaptured by Aurahs et al. (2009). URANS
is not capable of resolving the details of vortagiog; e.g. vortex breakdown. Still, the remarkabl
good agreement between the prediction and the mezasut at rotor exit provides the confidence
that URANS resolves the general underlying physicsecondary flow interaction. The validation
at rotor exit is presented in the next chapter. fitme step t/T=0.75 which is plotted in Fig. 7 (b)
reveals a strong interaction process of the re@adihg edge region and the NGV trailing shed shear
layer (TSSL) as well as the NGV passage vortex (HYg view is through an adjacent rotor blade
into the passage and onto the suction side ofdtoe blade. The flow direction is from the left to
the right hand side. A process similar to the cativa of a wake segment within a blade row as
reported by e.g. Stieger and Hodson (2005) is ebdefor the secondary flow structures. The
authors characterize the different processes ofewednvection with bowing, reorientation,
elongation, and stretching.

In Fig. 7 (b) the equivalent process of bowinglsw momentum secondary flow fluid is shown
which is generated by the higher midpassage vésctompared to the velocities near the blade
surfaces. The lower part of the trailing shed shepgar is less bowed to the suction side of thedla
compared to the upper part due to the blockagetedfehe passage vortex. Subsequently the upper
part of the trailing shed shear layer experienegsons of high velocities at the suction side @& th
blade whilst the lower part of the trailing shedtimty travels along the pressure side in regiohs
low velocities. Consequently a shearing proces&ldeg which splits the trailing shed shear layer
into two distinct regions of streamwise vorticigbelled with TSSl, (upper) and TSS4w (lower).
Free shear layers exhibit instability and tendolbup into a vortex. This has been studied bydull
et al. (2003). They report the roll up of the NG¥iling shed shear layer into a distinct vortex
before entering the rotor. The transformation &f tipper trailing shed shear layer into a “sausage-
like” flow structure is shown in Fig. 7 (c) and () the time steps t/T=1.1875 and t/T=1.5625. The
view is onto the late suction side of the rotoreTdashed lines represent the rotor trailing edge
(TE). The slice at exit is perpendicular to theahxiirection. The transformation is interpretedaas
roll up into a vortex similar to the one reportgdRullan et al. (2003) but inside the rotor passage
and unsteady. Fig. 7 (d) shows the lower part eftthiling shed shear layer undergoing a similar
process which can be distinguished from the foromatif the rotor passage vortex (rPV). The rotor
passage vortex is identified as the thin layer @difive streamwise vorticity on the endwall in
between two NGV wakes. The streamwise vorticityhef rotor passage vortex has the same sign as
the trailing shed vorticity. Therefore a mergingpgess of the rotor passage vortex and the NGV
trailing shed shear layer cannot be excluded. Bgiarding the evolution of the lower part of the
trailing shed shear layer and the proximity of adjg NGV wake and secondary flow structures the
results indicate that the rotor passage vortexsp&yninor role in the formation of the hub rotor
secondary flow of this turbine stage.

The rotor secondary flow is observed to be strordfigred by the incoming NGV wakes and
secondary flow structures. It differs considerabbmpared to the classical secondary flow of a
cascade; for comparison it is referred to Fig. awever, the NGV upstream has a more classical
flow structure and has no significant inlet streasew vorticity. Consequently cascade



measurements have to be treated with care regatdendevel of realism of the secondary flow
structures. This observation is in line with thesules reported by Denton and Pullan (2012).
Furthermore, today many companies are designingnes with endwall profiling to suppress

secondary loss; see e.g. Germain et al. (2010)ei@ky the endwall optimization is performed

using steady CFD which is not capable of resol@agondary flow interactions due to the mixing
plane approach. Here we can see that the rotondacpflow is dominated by the NGV streamwise
vorticity. It can be concluded that URANS CFD shibiumhprove endwall and near-wall blade profile

optimization of rotors considerably by resolving thominating interaction processes. However,
this is not yet a practical approach due to contprtal expense.
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Fig. 7 Iso-surfaces of streamwise vorticity insidéne rotor passage in the relative frame of
reference with iso-surface levels of -6, -4, -2, 2, and 6

Secondary Flow Structures at Rotor Exit

The vane-rotor interaction features form distiietf structures at rotor exit. The time-averaged
flow field in the absolute frame of reference isalgmed since it determines the steady inlet
conditions for the NGV of the downstream stage ofparison of the predicted and the measured
circumferentially mass-average absolute circumfimbflow anglea at stage exit is provided in
Fig. 8 including the absolute uncertainty via aroebar. The averaged values as well as the main
gradients are well predicted.

The NGV wakes and the secondary vortices are caegonents by the rotor and travel along
wake avenues in the absolute frame of referencepsted by Binder et al. (1989). Therefore the
NGV wake and secondary flow structures manifedixatd circumferential positions at rotor exit,
whilst the rotor flow structures average out taceimferentially distributed structures. The time-



averaged NGV wake avenues at rotor exit are predentFig. 9 using the measured radial vorticity
or. The approximate center of the NGV wake avenumasked by the dashed line£0). The
negative radial vorticity associated with the suetside part of the NGV wake is hardly noticeable.
The diffusive character of the wake is attributecttie mixing processes occurred on the wake’s
path through the rotor as well as the wake reaatént described by Stieger and Hodson (2005).

The secondary flow field at rotor exit in the ahgelframe of reference is presented using the
streamwise vorticityns shown in Fig. 10 (a) and (b). The black grid maoke pitch and is fixed
relative to the NGV trailing edge to be able to pame circumferential positions measured and
predicted. The URANS prediction shows good agreémah the measurement at rotor exit. The
agreement is fundamentally important to allow foe aipplication of URANS CFD to analyze the
rotor passage flow field. The time-averaged resoltsthe vane-rotor interaction phenomena
described can be well recognized in the measurddirathe predicted streamwise vorticity. The
counter clockwise rotating structure TSLs associated with the roll up of the lower pdrthe
NGV trailing shed shear layer, the clockwise rotgtstructure PV is connected to the NGV passage
vortex, and the counter clockwise rotating struetliSly, is the result of the roll up of the upper
part of the NGV trailing shed shear layer.
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The comparison of Fig. 7 (d) with Fig. 10 (a) (b))(shows that the radial positions of the
structures agree well. The circumferential aligntradrthe three structures is explained by the wake
elongation resulting from the different velocitiethe rotor suction side region compared to the
pressure side region and the rotational directibthe rotor. The upper part of the trailing shed
shear layer leaves the rotor first due to its pgatlthe vicinity of the suction side of the rotor,
followed by the passage vortex and the lower pérthe trailing shed vorticity. The latter has
travelled mainly on the pressure side of the rdbe rotational direction of the rotor blade isnfro
the right hand side to the left hand side resulimga circumferentially shifted time-averaged
position of the TSSky relative to the TSS),. The rotor exit flow in the absolute frame of refiece
is dominated by rotational structures resultingrfrthe NGV wakes and secondary flows up to
approximately 30 % channel height. The layer ofip@svorticity on the hub endwall up to ~3 %
channel height which can be identified in the peedin shown in Fig. 10 (b) is related to the
unsteadily transformed rotor hub passage vortexavbid damage the five-hole probe measurement
has not been performed within this proximity to #relwall. Therefore, the rotor passage vortex is
not visible in the measurement shown in Fig. 10 (a)

Finally, in order to show the significance of thagect the impact of the NGV structures on the
isentropic efficiency at rotor exit is presentedy. A1 shows the measured isentropic efficiency in
the absolute frame of reference. The positionheffeatures TSSE, PV, and TSSk.,, are marked
in the efficiency contour plot. The regions of I@wefficiency at rotor exit correspond well witreth
regions in which the NGV structures are located thatpeaks of lowest efficiency are somewhat
misaligned with the identified centers of the vratistructures. The reason for the misalignment is
the inherent characteristic of secondary flow dtres. They do not just produce loss by mixing out
but also transport high loss endwall fluid. Remaikdhe level of the isentropic efficiency at rotor
exit is massively influenced by the NGV flow structs; e.g. the local isentropic efficiency is
reduced by about 10 % in the secondary flow zooespared to the free stream zones in between
the NGV wake avenues. Having identified the sowféhe flow structures to be the streamwise
vorticity of the NGV a strong assumption can benfolated. The rotor loss can be reduced by
redistributing or reducing the streamwise vorti@fythe NGV. Endwall profiling has already shown
to redistribute streamwise vorticity as reportedeby. Jenny (2012). That hidden indirect benefit is
likely to be one reason for performance improvemmeaiie to endwall profiling. Furthermore a
reduction of streamwise vorticity can be achievgdduesigning the lift distribution. According to
Hawthorne (1955) that alters the trailing shedietyt of the airfoil directly.
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CONCLUSIONS

A URANS CFD prediction validated by five-hole protmeasurements has been used to analyze
the unsteady secondary flow field at the rotor bfib low pressure turbine stage at a low Reynolds
number. The following conclusions are drawn:

= The streamwise vortical structures at NGV exit egponsible for the formation of
similar structures at rotor exit in the absoluenie of reference.

» Inside the rotor passage the NGV passage vortextenGV trailing shed shear layer
interact with each other and with the rotor blade.

= This interaction causes the splitting of the NGalling shed shear layer in two parts and
their subsequent roll ups as a pair of vorticedifedrent heights.

= The secondary flow within a real turbine differssmlerably to the secondary flow in
cascades due to these unsteady interaction pheaomen

= The optimization of rotor endwalls and near-walad® profiles should be improved
considerably by the application of multi-stage URANCFD by resolving the
dominating flow interactions. Unfortunately, regagl the computational effort this is
impractical so far.

= The NGV secondary flow structures alter the stafjeiency significantly; e.g. at the
hub the local isentropic efficiency of the secoydéww zone is reduced by about 10 %
compared to the free stream zone in between the IN&Ré avenues.

» The analysis indicates that rotor loss can be obatr to a degree by NGV design. The
level of NGV trailing shed vorticity can be directinanipulated by changing the lift
distribution.

= Today endwall profiling is used to reduce the istgnof streamwise vorticity. Therefore
NGV endwall profiling may have the hidden benefit@ducing rotor loss already.
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