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ABSTRACT The aim of the desired future rotor design is to recover the

This paper presents the results of an experimental losses due to a higher aspect ratio. Therefore, the igadsh
investigation of a high aspect ratio rotor design. Future axial of this paper also includes a third rotor design (Rotor C). The
compressor designs for jet engines require increased mechanical and geometrical design parameters are the same as
efficiency in conjunton with reduced weight and size. for Rotor B. The design is based on a numerical 3D
Therefore, the investigation determines the influence of a optimization process.

decreased chord length on the rotor behavior. The experimentsThe experimental study is in line with the numalic
were carmed out at the transonimompressotestrig at TU predictions. Rotor C shows an equivalent behavior in total
Darmstadt. The test rig represents a eradront stage high pressure rise and stall margoompared to the baseline
pressure compressor of a jet engine. The analysis is based or(RotorA) geometry. As a conclusion, this paper indicates the
several measurements, using extensive steady and unsteadypossibility to design a compressor rotor with a considerable
instrumentation, to obtain data for global compressor reduced chordeingth and 3D optimized blading, without
characteristics and performance as well as transient behavior suffering significant losses in stall margin or total pressure
focusing on aerodynamic and aeromechanical phenomena. rise

This paper compares the aerodynamic behavior of different

transonic compressor stage setups, including an inlet guide INTRODUCTION

vane and stator as well as three varying rotor designs. The  Futureaero engine design and optimization is driven by

baseline geometry digm represents a modern low aspect ratio - environmental awarenessmbining higher efficiency with a
rotor (Rotor A). Based on that, the second rotor (Rotor B) is reduction in exhaust and noise emissions. Besides

designed with an increased aspect ratio, resulting from an performance, t -toeveigletmatipiisn® ke t t
average kord length reduction of more th&® % across the factor. The compressor, as a msliage setup, significantly
blade height. The blade height amtbrstip clearance as well affects the overall engine weight and length, heresulting

as the solidity is kept constant, resulting in an increased blade requirements for more lightweight and efficient designs
count. By retaining constant testing conditions, all along with constant power capabilities.

measurement data and observations can be merged, in order to In order to accomplish these goals, different measures are

describe the effects with respect to varyiapr aspect ratios. reasonable. Enabling the required overall pressure ratio with a

Therefore, the IGV and stator vanes as well as the entire ~. -
minimum number of copressor stages, as well as combining

instrumentation stays untouched during a ro®iISK : ) .
change. Fivéhole-probe measurements at the rotor inlet show a reduced blade oot and thinner blades in a BlH3otor, is

equal flow conditions for all setups. Comparing the a fundamental design challengen increased performa_nce
compressorltaracteristics at design and part speed operation, €@ @lso be enabled by reduced stage length, particularly

the investigation shows a significant loss in stall margin and réquiring shorter blades and vaneenile maintaining the
total pressure ratio. initial total pressure rise.
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During the1980s thehigh structural stress at the rotor
blade root attachment limited further increased
circumferential rotor spesdTherefoe, the blade integrated
diskdesign(BLISK) for compressor rotors was introducéd.
the sametime, the wide dord blade design was applied.
Steffens 7] shows the possibility to reduce the stage number
by up to four stageby applyinga low aspect ratio combined
with a BLISK designThenew approah led to engine design
such as the EJ20@ith reducedcompressor staggfrom 12
to 8 stages An additionaladvantage of a widehord design
is a high aerodynamic and raenechanic stabilityFor those
reasonsthe wide tiord design with aspect ratiad aboutl to
1.5 is still appliedas a state of the art blade design.

Disadvantages of a widehard design are mainly the
higherweight and lengthresulting in increased profile losses
per blade as well asentrifugal force at the blade root. For
future aero engine designs. new approach is required to
increa® the aspect ratiwhile maintaimng the overall pressure
ratio, efficiency and stall margin. These measures result in an

EXPERIMENTAL SETUP

Test Facility

The experimatal investigations were conducted at the
Darmstadt Transonic Compressor test rig, as showigumre
1. The compressor represents a modernsiafe high
pressure fronttage compressor with inlet guide vanes (IGV)
a BLISK rotoras well as a statpdesigned byMTU Aero
Engines AG The rig is operated in an opefoop and
electrically driven by an 800kW ihe, enabling shaft speeds
of more than20,000 rpm.Due tothe high circumferential
speed operating atransonic coditions is possible, resulting
in a relative Michnumber ofabout 1.35at the rotor tipand
0.7 at rotor hub The test facility is in opeation forabout25
years,contributinga great extent ofundamentalknowledge
in compressor research, as for examphesented if2] and

[31-

max. Power: 800 kW
max. Torque: 350 Nm
max. Rotor Speed: 20.500 rpm

increased aerodynamic stage and blade loading in conjunction:

with reducedstructural damping.

Schmidtet al. [6] presentone of the first numerical
investigationson high aspect rati compressor bladeShe
results are based on la5-stage transonic commgor and
therefore, providean appropriate comparison to the findings
of this paper. Schmidt shows that high aspect ratio (HAR)
blade designs tend to show significant reduction in stall

margin and total pressure ratio, due to increased losses

compared to a wide cord design at similar blade loading
conditions. An optimized high aspt ratio rotor design is
proposed, which shows incredsgall marginof up to 6% and
increaseefficiencyof up to 0.6%.

In To et al.[8], the difficulties to set upn optimal aspect
ratio are presentedThe variation ofchord lengthhas an
additional dfect on other rotor blade parametesach aghe
tip gapto-chordratio, blade thicknesw-chord ratio as well
as the solidityln [8], the loss distribution fathe bladeprofile,
secondary anéndwall losses are shown with respect to a
varying aspectatio. It is proposed that an optimal aspect ratio
may vary between 0.9 and 1depending orthe considered
compressor stage.

These findingsindicate the need ofresearch to fully
understand the impact bfgh aspect ratio blades on modern
trarsonic compessors. It also emphasizie importance of
reliablemeasuremerdataat highspeed operation conditions
to validatethe numerical studiesnd tools

This paper presentan experimental investigation of
different transonic compressor rotor designs witdrying
aspect rabs, conducted at the transonic compressor test rig
TU DarmstadtThe analysis is based on extensive steady and
unsteady instrumentation, enabling a detailed comparison of
the compressor stage setups.

The following sections describthe experimental setup
and measurement procedur&ased on that, the results of

Figure 1. TU Darmstadt transonic compressor test
rig

Instrumentation

The test rig and the compressor are clustered in several
measurement sectign providing access for extensive
instrumentation application. An overview about the
measurement stations is showrTable 1 andFigure?2.

To determine the mass flowerodynamic conditions as
well as performance parametersyarying radial and
circumferential distributions ddtatic and total pressure, total
temperature, as well as huntidmeasurements are available.
Rotor speed and shaft torque are acquired witligue meter
system. To determire the compressorcharacteristics
performance measurements goerformed at stage inlet
(ST14 and stage exitST30). Since thignvestgation fcuses
on rotor behaviour, extensive probe measurements, including
a steady state fivhole-probe (5HP) and unsteady thieele-
probe (V3HP), arearried out atotor inlet §T20) androtor
exit (ST21).

Besides conventionaperformance measurements, the
compressor is equipped with extensive unsteady
instrumentation, includingensors fomerodynamic antllade
vibration measurenmts. The blade vibration monitoring is
enabled by a blade tip timing systdBiTT), installed in the
rotor casing segmentBesides BTT measurements, the

steady performance and probe measurements are presente&apaCitive probes, distributed at several circumferential and

and discussed, followed by a comparison of measurements(

and simulations.

axial positions, are used to monitor the blade tip clearance
BTC).



Control volume

Figure 2: Test rig and measurement sections

The unsteady flow phenomenatla¢ blade tip region are
resolved by a variety of unsteady wall pressuamsducers
(WPT) in the rotor casingThe miniaturized sensors are
mounted in axial arrays as well asveral circumferential
positions. The axial array withp to 22sensors coverthe
whole axial blade chord lengtimdan extension upstream the
blade leading edge (LE), in order to resolve secondary flow
structures, such dip leakage flow anghock interaction. The
circumferentidly distributed sensors are located at the blade
leadng edge, enabling spectral analysis of aerodynamics and
structural vibration.

Table 1: Measurement sections

Station Indication
ST 0310 Massflow determination
ST 13 Intake onditions
ST 14 Inflow control volume
ST 20 Downstream IGV
Inflow rotor
ST 21 Downstream rotor
ST 30 Exit control volume
ST 1430 Performance determination

Overall about 150 steady state and 60 unsteady
measurement probes are appli€lring assembly of each
rotor confguration, the entirenstrumentation setup stays

untouched. This procedure ensures a higher accuracy and
reduces the risk of biased measurement results. Hence, all
presented differences in aerodynamic behaviour can be traced

back to varying rotor blade geometries.

Sincethis paper focuses on the steady statkeaviour and
global performance of the HAR rotor configurations, the
results of the unsteady aerodynamic and blade vibration
analysis are not presented in this paper

Test Setups
The experimental investigation includdwde different
rotor BLISK designs.In the following the different designs
are describedRotor A is definedas the baseline geometry,
representing the reference case védtistate ofthe art front
stage transonic compressit@sign
Rotor Bis based otthesame design parametxceptfor
a higher aspect ratid.he aspect ratio is defined as

Y L)

@)

considering thdlade heighh andchord lengthc. For rotor B
the meanchord lengthis reducedmore than 20%along the
blade span, resulting a higheraspectatio.

Rotor Chas the same design parameters as Rotor B except
for a 3D gtimized blade geometrpue to test rig constrains
andin orderto maintain aerodynamic similaritshe following
parameters areonstanfor the different confurations

1. Rotor tip gapt:
As aresult theratio T7ois increasedor rotor B and
C

2. Rotor blade height

3. Solidity G¥i :
As aresult the blade count forotor B and C is
increased

4. Design and sal position of IGV,stator andDGV:

As aresult the clearance between rotor and stator
blades is increased for rotor B and C

Measurement procedures and methods

The conducted analysis is based on comprehensive
experimental investigations, as summarized Tiable 2,
including performance measurements at constant speed lines,
both at design and part speed operation conditions.
Commissioning of each rotor configuration includes several
rotational speed sweeps to determinenctyonous blade
vibration as well as unsteady throttling manoeuvre at different
speeds to map the compressor operation range and determine
the operation limits and stall inception behaviour.

Table 2: Test matrix

Rotor
Measurement A B C
Syn. X X X
Vibration
Stall X X X
Inception
Performance Part + Part + Part +
design design design
speed speed speed
5HP ADP + ADP + ADP +
NSP NSP NSP
v3HP ADP + ADP + ADP +
NSP NSP NSP

For performance determinatiosteady compressor map
measurements are carried out. Therefore, steady operation
points, distributed along a particular speed line, are selected
(compareFigure 3). For eab operation pointthe IGV and
stator are clockedynchronouslyin order to provide several
relative positions of th&anerows and measurement probe
rakes within the stage exit planddence, providing 2Dexit
flow fields, also used taletermine the avegad operation
point parameters for the compressbaracteristics

Each speed line defined by several operation poings.
precise procedure is performed to ensusémnilar test rig



conditions at eacbperating point. Thereforéhe performance
measurement of eonstantspeed line starts at its near choke
point (NCP) and the throttle is closed until the last stable
steady operationpoint near stall(NSP) is reached. At the
aerodynamic design point (ADP), all rotor setups should show
similar aeralynamic behaviour.

To quantify the differences in operation range of the rotor
configurations, the compressor stall margin is defined as

R )

Hence, at the last stable operation pointRN$he stall margin
is™Y 1. To compare the stall margin for different rotor
setups, the NSP of each speed line is referred to the
corresponding operation point of the reference rotor A. For
example, the definition o#"YD for rotor B with respct to
rotor A is

Y 3)

p=x3

Radial traversable probes, in combination with IGV and
stator clocking, enablmore detailed flow field investigations
in different measurement sections. The {haeprobes
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Figure 3: Schematic procedure for performance
and unsteady throttling measurements

Reduced mass flow [-]

(5HP) enablaveraged total and static pressure measurements,
to determine veloties and flow angles in both radial and
tangential direction. Using an unsteady pressure probe (vV3HP)
both ensemble averaged total pressure fields or local pressur
variations are possible. Based on the tm@solved
measurementsrotor relative flow field visualization and
analysis can be achieved. Additionally, virtuah@e probe
measurementsas described belowgan be conductedlhe
probe measurements were performddr each rotor
configurationat ADP and NSP.

To enable transient measuremealtsng aspeed line and
especially at the stability limit, the compressor cdre
continuously back pressureas shown ifrigure3. Starting at
the last stable sady operation point, detailed and time
resolved measurements with the unsteady instrumentation can
be carried out. The stability limit is set aerodynamically, by
rotating stall respectively

Since this paper focuses on the steady statedynamic
behavour and global performance of the HAR rotor
configurations, the results of the unsteady throttling
manoeuvres as well as corresponding effects and mechanisms
are not presented

Inflow Conditions

Theinvestigationis focused on a fixedompressostage
setup vith a rotor geometry variation, thubgestage andotor
inlet section isnalysed iimore detailMajor effortwas made
to retain similar testing conditions for aditor configurations.
Thus it is important to proofconstant and homogeneous
inflow conditionsfor all setups Therefore,a variety of
different measurements wvee performed, including360°
traverses at ST13, inflowboundary layeprofile andhotwire
probemeasurementat ST14.

Figure 4 shows theradial distributionof the dynamic
pressure los§ ) at ST13 asdefined in egation 4, for
different rotational speeds. The radial profiles are based on
360° measurements

A hp
h

h

1 4

The overall variation between the speed lines is marginal.
As indicated by error bars, the circumferential variation
increases close to the casiagd is less than 0.5%. Thus,
similar and homogenous inflow conditions can be asswahed
different mass flow rates

Rel. Channel Height [-]
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0 L I I I |
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Figure 4: Radial distribution of total pressure
losses at different speed lines for compressor inlet
at ST13



Five-holeprobe measurements are performed at ST20
(downstreamof the IGV) after reassembly of the compressor
stage with a new rotor configuratioRor determination of
representativ@D flow fields andradid profiles, thelGV is
clocked for one passage resulting in a grid of315
measurement pointfigure5 presents the radial distribution
of total pressure losfor all stage configurations at ADPt |
clearlyshowssimilar flow corditions for each rotor $ap. The
losses at the casing aslghtly higher, resulting froma larger
overhanging gap of the IGV vanesmpared to thaub.

Rel. Channel Height [-]

0.5%

NE

Fotor B ADP
Fster C ADP

1 1 1 1 ]

P2 Ip 1,03 []

Figure 5: Rotor inflow conditions — radial
distribution of total pressure at ST20

Validation of the virtual unsteady three-hole-probe

The virtual threehole probe (v3HP) is the most
sophisticated measuement technology used for this
investigation An extensive validation process is carried out to
determne the measurement uncertainty, presentedhé t
following sedion.

The v3HP is equiped with aKulite sensor enabling
sampling rateof up to 500 kHzTo predict thaunsteady flow
parameterssuchas static and total pressure as welbasl
flow angle () at every measurement pointthe probe
measuresat three different probe angles-46°/0°£45°).
Hence, a calibration at differeMlach rumbers and flow
angles is neededThe calibration is performed at the
calibration rig at TU Darmstadt. Since the v3HP is not capable
to predict the radial flow angla sensitivitytestis performed.
The radial flow angle varies from-15° to +15° during the
calibration setup.

To quantify the effect of the radial flow anghéthin the
test rig setupmeasurementat constant flow condition were
carried out. Therefor¢he v3HPs comparedo two additional
different steady probesa boundary layer and pitot rake
respectively,at constant mass flow operation within the
compressor inlet section (%4). Due to the rsults of 360°
traverses at ST13t can be shown that the flow field is
undisturbed and without swirl or radial floBy varying the
calibration parameters of the v3HP (corresponding to +15°
radial flow angle) a virtual radial flow angle can be generated.
Figure 6 shows merelgyo differences in pressure loss of all

Rel. Channel Height [-]

three probes in aaxial undisturbed flow fieldHence, the
v3HP determines the flow conditions sufficiently, considering
no radial flow componentClose to the casingthe v3HP
prediction variesn comparison tahe boundary layer probe
measurementdue to a highr sensor size to boundary layer
thickness ratioThe effect of the radial flow is shown by the
dash dotted linedt shows that a negative radial flow angle

Rel. Channel Height [-]

Boundary layer probe

Steady state rake |
Unsteady 3HP at 0* radial flow
——— Radial flow angle +/- 15°

0.5
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Figure 6: Validation of v3HP at ST14

leads toan overestimation othe flow parameters. Whereas
positive radial flow angles lead to an underestimation. Overall,
the pressureatio varies up tat2% due to a variation of the
radial flow angle of +15°

Since it is not possible to predict the unsteady radial flow
angle during the measurement of the v3Hie results are not
corrected during pogirocessingAs long as the radial flow
angleis within a range of £157an error of 2% is @epted.
The results of steady state CFD simulation and 5HP
measurementsare taken into account to show theis
requirement is fulfilled
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Figure 7: Validation of v3HP at ST20,
left: 5HP - right: v3HP

At ST20 an additionaimeasurements carried out, in
order to validate the v3H®ith a more complex flow fieldBy
traversingthe IGV for one vane passage, a grid ®f5
measurement points for the BHand 945 for the v3HP,
enables a detailed 2D flow fieldrigure 7 showsthe total
pressure losgdetermined by both probes, resultingisimilar
resolution of the flow conditions ithe free stream as well as
for the IGV wake. Especially the shape and thickness of the



wakefit well, showingthatsimilar measurement capabiéit
can be reached with bofitobesin a high gradient flow field.

RESULTS AND DISCUSSION

The following section describeshe results of the
aerodynami@nalysis of thalifferentrotor setups. At first the
global effects on the compressor map are discusbed

./ Tt ref

Rotor A part speed
Rotor B part speed
Rotor C part speed
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Figure 8: Compressor characteristics for part
speed

reference is defined by the operation line conditidfte a
more detailednvestigation the radial distribution ahe rotor
exit (ST21) is presented. Therefortie results of the SPland
v3HP are shown. Finally, treomparison of the experimental
and numerical resulis discussed

Global Trends and Effects

In this section the global effects of high aspect ratio
bladeson the overall aerodynamic behaviour ofeanpressor
stage are discussedFigure 8 and Figure 9 present the
compressor characteristics falt stage configurationat part
and designspeed operation conditionsespectively The
compressor maphows the total pressure rise witspect to
the mass flow. The aerodynamic design point iskethmvith
ADP. The design intenat ADP was to providean equal
aerodynant behaviour and preserved performarfoe all
rotor setupsFigure 8 and Figure 9 verify that this design
intend is metin general,the characteristics at part speed and

design speed are similar, showing a reduced operation range|

for rotor B and increased pressure rise for the baseline
configuration (rotor A). A quantitative overview of the
performance parameter, comparing the HAR rotor
configurations with the baseline is presenteéigure10.

At part speed, the optimized rotor C has the largest
operation rangavith an increase in stall margin &%, even
though its pressure gds inbetween rotor A and B. At design
speedthe influence of the aspect raticn®re present. A clear

decrease in total pressure rise and stall margin can be observe

for rotor B.
For design speed, the operation range closiee stability
limits is presented ifigure9. As expected, the reduced chord

length results in a decreased operation range with up to 5%

stall marginlossand 1% pressure rise reduction of rotor B
compared to rotor A. Rotor A and C have similar
characteristics, with a slightly decreased pressure ratio of
rotor C (0.2% at NSP) and an increased operation range of
rotor A (1.4% at NSP).

NSP
~
ol
= ADP
= 2%
LT
I N \
= = Rotor A design speed
~—&—— Rotor B design speed
——&— Rotor C design speed
1 1 1 1 J

7'nred / 7'n'red,ref

Figure 9: Compressor map for design speed

Even though, rotor A and C show increased operation ranges,
the NSP is set at the last stable operation point for rotor B, in
order to provide better comparability for performance and
probe measurementEhe results anccomparisos shown in
thefollowing sectionsaregiven atADP and NSP.

To enable a more detailed investigation of the stage
aerodynamics and corresponding performance, the radial
measurements in ST30 are analysed. This measurement
station corresponds to the calculation of the global parameters
for the compressor characteristics, using three combined
pressure and temperature Ipes, equally distributed within
the stage exit section (ST30).

oo [PMeam] [An]  [A] .

[ASM,,,] [an]

+0,3

Difference [%)
Difference [%]

Rotor B - Roter A
Rotor € - Rotor A

NSP design speed

5,1

NSP part speed

Figure 10: Global effects of HAR on performance
parameters, referenced to the baseline

The following plots are referred torotor A at the
corresponding operation point. Thiadl, results of rotor A e
gresented as a&ertical line and thevariation due to the
different rotor deigns of rotor B and Ccan be clearly
observedFigurellshowstheradial distribution of stage total
pressure risat NSP(ST30).Rotor B showsa total pressure
lossalong the blade span witlp to 2%at the upper and lower
channel height The optimized rotor C shows a similar



distribution to the referencavith a slight reduction within the
lower channel height, matchinlge design intentBoth radial
digtributions, for rotor B and C, fit their averaged
characteristics (compafggure 10).

Rel. Channel Height [-]
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The radial total pressure distribution of the 5HP
measurements is shown kigure 13 andFigure 14, for ADP
and NSP respectivelyihe differences compared to rotor A

are plotted. As already shown in the global stage
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Figure 11: Stage total pressure rise ST 30 at
NSP design speed

Theaxial Machnumber at NSP is plottad Figurel12. It
shows an increased Mach numioethe mid-spansection of
rotor B, providingan indicationfor a shift in mass flowwrom
thetip region to midspansection.Rotor C does not show this
distinct Mach number increas&ince the Mach number

Figure 13: Total pressure distribution within the
rotor exit (ST21) at ADP design speed

characteristicsdompard-igure9), the variation at ADP is less
than 1% for the entire blade span.

At NSP, clear differences between the rotor
configurations are evidenRotor B shows a decreased total

determination in ME30 is based on several assumptions, the Pressure distribution for the entire chahheight, resulting in

results have to be considered sensitively.
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Figure 12: Axial Mach number ST30 at NSP design
speed
Analysis of Steady Rotor Aerodynamics

In order to provide a more comprehensimeestigation
of the effects of increased aspect ratios on the rotor

aerodynamics and performance, probe measurements within

the rotor exit plane (ST21) are analysed.

the reduced pressure rise for the averaged compressor
characteristics ifrigure 9. Additionally, significant presser
losses (> 5%) at the uppe channelsection point to an
increased blockage and thus mass flow redistribution in radial
direction. This affects the aerodynamics of the lower rotor
blade section as well as the stator performafocenpare
Figurell andFigurel?2).

For rotor C, a marginal total pressure reduction in the
lower channel height (<0.25%f about~0.5% is present,
followed by a significant increase of up to 2%se to the
casing
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Figure 14: Total pressure distribution within the
rotor exit (ST21) at NSP design speed
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Figure 15: Axial Mach number ST21 at NSP

Compaing the axial Mach number distribution within the
rotor exit section (ST21), seEigure 15, the rotors with
increased aspect ratio show opposite behaviour. Rotor B
showsa significant decreasef more than 5%close to the
casingwith an almost equal level in the lowspan section
compared to rotor A. This matches the aforementioned radial
mass flow shift due to high blade loading and the resulting
blockage. Compared to tar A and B, rotor C shows an
increaseof more than 5%n the casing section, followed by a
significant drop to the midpan sectior(>5%) and overall
lower level in the lower blade section.

Analysis of Unsteady Probe Measurements

In addition to the steady fivieole probe, timeesolved
measurements with the unsteady pressure pieBE&IP)
provide more detailed insights intbe rotor aerodynamics.
Figure 16 shows the standard deviation of the unsteady rotor
relative pressure field for rotor At NSP High standard
deviation is highlighted in e and isa sign for a highly
disturbed flow. Theplot shavs a clearly undisturbed flow
within the blade passage, the wake of the rotorddaas well
as the disturbance duettte rotor tip gap vortex.

In comparison, the standard deviation of the unstead
pressure field for rotor B and & NSPis presented ifrigure
17, showing significant differences.

low IS M high

standard deviation o

—
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Figure 16: Standard deviation of unsteady pressure
field for rotor A at NSP design speed

For rotor A, the area of highly disturbed flow is higher, even
though it is mixed out more in circumferential direction. Thus,
it is less spread radially and has lower influence on the flow
field at lower span. Furthermore, rotor A is less loaded at NSP
(compare remaining stall margin Figure 10), resulting in a
weaker tip gap vortex. Due to ttemallerblade count, the
vortex has more time and spaoamix with the mairflow.

Rotor B shows increased intensity of standard deviation,
especiallyfor the tip gap vortexas well as ratio of disturbed
to undisturbed area3his is a result of high loaded blades
close to the aerodynamic stability limit.

The highly loaded regits, as shown for rotor B, can be
stabilized by the optimized blade design of rotor C. It recovers
the losses and shifts the loading span wise, resulting in an
overall lower loading at NSP. Hence, the ratio of high
disturbed flow to undisturbed is signifitdy reduced
compare to rotor B.Passruckeet al.[5] show that specific
design features are cructal shift highly loaded areas across
the blade span.

In [6] the eddy viscosity ratio is presented as a measure to
identify high blockagarea The findings show a similar effect
of an optimized rotor design with a high aspect ratio.
Therefore, it can be concluded that this experimental study is

in line with current state of the art numerical investigations.
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Figure 17: Standard deviation at ST21 for NSP
design speed

left: rotor B - right: rotor C

Comparison of measurements and simulations

One of the main gas of this investigation was the
validation ofthe numerical setupnd tools Therefore, tis
section compares the experimental results with the numerical
simulation.

The numerical setup bases on a steady RANS simulation
with mixing planes at ST20 and 3I.To model the boundary
layer, wall-functions with suitable y+ adaption are
implemented A k-¥-Wilcox [9] [1] [4] turbulence model is
used.All in all, the setup consisof up to 11 million block
structured cellsThebelowpresented datsoincludes a post
test correction. Therefore, the actual measured rotor tip gap
for all operation poits istaken intoaccount. In addition,ra
optical 3D scan 6 the blade geometries is performed to
considermanufactured geometriga CFD. In general, the
differences between design and manufactured geometry are
marginal.



Nevertheless, the CFD resuitsan enhaced operation

rangeof rotor Cwith increased stall margin of up to 2.25%
(seeFigure 20) compared to the baseline, which canbe
proven by measurements.
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E T 5%

—8— Rotor A design speed
~—8-—— Rotor B design speed
«—iG— Rotor C design speed
. - Rotor A design speed num
- Rotor B design speed num
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Figure 18: Compressor map design speed,
comparison of experimental and numerical results

The compressor characteristics for both the experimental

ASM

comb

_ [Simulation] [Experiment
23

Simulation |Exgeriment

Rotor B - Rotor A
Rotor C - Rotor A

-5.1

and numerical results are shown kigure 18. The global
trends are comparable with qualitative similar characteristics
(seeFigure 18), even though CFD predictions are shifted to
reduced pressuratios. Potential reasons can be differences
in spatial resolution, comparing the experimental and
numerical grid as well as the used averaging metheidare

Figure 20: Difference in stall margin and total
pressure rise for experimental and numerical
results

Figure21 presents the radial total pressure distribution at

the rotor exit (ST21), comparing the 5SHP measurements and

20 sums up the quantitative comparison of the experimental nymeric simulations. As already stated before, both show

and numeric results.

comparable

trends. The qitative distributiors are

At ADP, all rotors seem to have similar aerodynamic gyfficiently predicted by the simulation. The profile fotor

performance, thus, verifying the initial design irtteRotor B

B is shifted by about 0.5 t&% and for rotor C a reduced

also shows a decreased slope as well as reduced pressure risﬁressure rise is predicted for the lower channel section.

and higher mass flows at the last stable operation point.

Comparing experiment and simulatiomt the last stable
operation point for each rotor configuration, the shift in mass
flow can result fromthe given measurement procedure,
enabling the compressor to operate at a stable and safe
operation point during steady state performance
measurements. Thus, the actual stability limits (e.g. caused by
rotating stall) are at lower mass flowsah indicated in the
performance characteristigsompare last transient operation
points in Figure 19). This can be shown with unsteady
throttling manoeuvres (not preded in this paper), matching
the predicted operation range better.
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Figure 19: Compressor map, details at NSP

Difference [%]

Figure 21: Total pressure distribution ST21 NSP
design speed, comparison of experimental and
numerical results

CONCLUSIONS

Tackling the challenges of negeneréion compressor
designs for future aero engines, this paper investigates the
effect of higher aspect ratio rotor designs. Experiments,
conducted at the ansonic compressor test rigt TU
Darmstadt, enable detailed comparison of different rotor
desigis in a 1.5stage environment. Increasing the aspect ratio



of a rotor bladéy about20%across the blade heigleads to

Latin symbols

a significant reduction in opation rangeboth at design and ﬁ Clh?jrd kller)grt]h
part speedThis resultsin a reducedstall marginof up to 5% m ,\B/Igsse ﬂ(fv'\? t
and totalpressure rise of up to 1% compared to the baseline s Pitch

rotor. The differences are mainly driven by highly loaded

blades, suffering increased losses, covering larger areas within Abbreviations

the passage. Thus, resulting in a radial mass flow 5HP

redistributionas well as affecting the mispan aerodynamics ADP
and the following stator. g_'l-_'gK

A modern3D-optimized blade desigshows the ability to
recover the disadvantages of a simple chord length reduction. yar
An enhanced operation range, both for design and part speed, IGv
canbe reached, resulting in an almost equal total pressure rise LE

and slightly reduced stall margin of about &@mpared to the NCP
baseline rotor. r'\llusn?

The measuremest are based on extensive
instrumentation, including a virtual unsteady pressure three g

five-hole-probe
Aerodynamic design point
Blade integrated disk
Blade tip clearance
Blade tip timing

High aspect ratio
Inlet guide vane
Leading edge

Near choke point
Near stall point
Numeric

Operating point
Surge margin

hole-probe (v3HP). Based on that, rotor relative tirmesolved ST Station

measurements can be used to analyse the differences of 2Dtrans  Transient

rotor exit flow fields and determine differences between the TU Technical University

rotor configurationsA higher rotor aspect ratio results in an ~ v3HP  Unsteady threéole-probe
WPT  Wall pressure transducers

increased ratio of disthed and undisturbed area with respect

to the passage area. Hence, resulting in a radial mass flow shift

and load redistribution. Considering an optimized blade
design, these effects can be reduced.

Comparing the experimental results with ptesit
numeric simulations, global trendsand the compressor
characteristics are comparable.

All'in all, simulation and measurement provide sufficient
results and especially similarity, proving the ability to design
modern compressor rotors, able to recover the disaalyast
and losse of higher aspect ratios.
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NOMENCLATURE

Greek symbols

h Axial flow angle

1 Radial flow angle
Difference

Aspect ratio

Pressure ratio

_ Rotortip gap

. Dynamic pressure loss
¢ Circumference

' Efficiency

—_——

Standard deviation
Indices
comb Combined
ref Reference
t total
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(1]

(2]

(3]

(4]
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