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ABSTRACT 
This paper presents the results of an experimental 

investigation of a high aspect ratio rotor design. Future axial 

compressor designs for jet engines require increased 

efficiency in conjunction with reduced weight and size. 

Therefore, the investigation determines the influence of a 

decreased chord length on the rotor behavior. The experiments 

were carried out at the transonic compressor test rig at TU 

Darmstadt. The test rig represents a modern front stage high-

pressure compressor of a jet engine. The analysis is based on 

several measurements, using extensive steady and unsteady 

instrumentation, to obtain data for global compressor 

characteristics and performance as well as transient behavior, 

focusing on aerodynamic and aeromechanical phenomena.  

This paper compares the aerodynamic behavior of different 

transonic compressor stage setups, including an inlet guide 

vane and stator as well as three varying rotor designs. The 

baseline geometry design represents a modern low aspect ratio 

rotor (Rotor A). Based on that, the second rotor (Rotor B) is 

designed with an increased aspect ratio, resulting from an 

average chord length reduction of more than 20 % across the 

blade height. The blade height and rotors tip clearance as well 

as the solidity is kept constant, resulting in an increased blade 

count. By retaining constant testing conditions, all 

measurement data and observations can be merged, in order to 

describe the effects with respect to varying rotor aspect ratios. 

Therefore, the IGV and stator vanes as well as the entire 

instrumentation stays untouched during a rotor BLISK 

change. Five-hole-probe measurements at the rotor inlet show 

equal flow conditions for all setups. Comparing the 

compressor characteristics at design and part speed operation, 

the investigation shows a significant loss in stall margin and 

total pressure ratio.  

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

losses due to a higher aspect ratio. Therefore, the investigation 

of this paper also includes a third rotor design (Rotor C). The 

mechanical and geometrical design parameters are the same as 

for Rotor B. The design is based on a numerical 3D 

optimization process. 

The experimental study is in line with the numerical 

predictions. Rotor C shows an equivalent behavior in total 

pressure rise and stall margin compared to the baseline 

(Rotor A) geometry. As a conclusion, this paper indicates the 

possibility to design a compressor rotor with a considerable 

reduced chord length and 3D optimized blading, without 

suffering significant losses in stall margin or total pressure 

rise. 

INTRODUCTION 

Future aero engine design and optimization is driven by 

environmental awareness, combining higher efficiency with a 

reduction in exhaust and noise emissions. Besides 

performance, the engines’ thrust-to-weight-ratio is a key 

factor. The compressor, as a multi-stage setup, significantly 

affects the overall engine weight and length, hence, resulting 

in requirements for more lightweight and efficient designs 

along with constant power capabilities.  

In order to accomplish these goals, different measures are 

reasonable. Enabling the required overall pressure ratio with a 

minimum number of compressor stages, as well as combining 

a reduced blade count and thinner blades in a BLISK rotor, is 

a fundamental design challenge. An increased performance 

can also be enabled by reduced stage length, particularly 

requiring shorter blades and vanes, while maintaining the 

initial total pressure rise.  
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During the 1980s the high structural stress at the rotor 

blade root attachment limited further increased 

circumferential rotor speeds. Therefore, the blade integrated 

disk design (BLISK) for compressor rotors was introduced. At 

the same time, the wide chord blade design was applied. 

Steffens [7] shows the possibility to reduce the stage number 

by up to four stages by applying a low aspect ratio combined 

with a BLISK design. The new approach led to engine designs, 

such as the EJ200, with reduced compressor stages (from 12 

to 8 stages). An additional advantage of a wide chord design 

is a high aerodynamic and aeromechanic stability. For those 

reasons, the wide chord design with aspect ratios of about 1 to 

1.5 is still applied as a state of the art blade design. 

Disadvantages of a wide chord design are mainly the 

higher weight and length, resulting in increased profile losses 

per blade as well as centrifugal force at the blade root. For 

future aero engine designs, a new approach is required to 

increase the aspect ratio while maintaining the overall pressure 

ratio, efficiency and stall margin. These measures result in an 

increased aerodynamic stage and blade loading in conjunction 

with reduced structural damping. 

Schmidt et al. [6] present one of the first numerical 

investigations on high aspect ratio compressor blades. The 

results are based on a 1.5-stage transonic compressor and 

therefore, provide an 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 aspect ratio rotor design is 

proposed, which shows increased stall margin of up to 6% and 

increase efficiency of up to 0.6%.  

In To et al. [8], the difficulties to set up an optimal aspect 

ratio are presented. The variation of chord length has an 

additional effect on other rotor blade parameters, such as the 

tip gap-to-chord ratio, blade thickness-to-chord ratio as well 

as the solidity. In [8], the loss distribution for the blade profile, 

secondary and endwall losses are shown with respect to a 

varying aspect ratio. It is proposed that an optimal aspect ratio 

may vary between 0.9 and 1.8, depending on the considered 

compressor stage.  

These findings indicate the need of research to fully 

understand the impact of high aspect ratio blades on modern 

transonic compressors. It also emphasizes the importance of 

reliable measurement data at high-speed operation conditions 

to validate the numerical studies and tools.  

 

This paper presents an experimental investigation of 

different transonic compressor rotor designs with varying 

aspect ratios, conducted at the transonic compressor test rig at 

TU Darmstadt. The analysis is based on extensive steady and 

unsteady instrumentation, enabling a detailed comparison of 

the compressor stage setups.   

The following sections describe the experimental setup 

and measurement procedures. Based on that, the results of 

steady performance and probe measurements are presented 

and discussed, followed by a comparison of measurements 

and simulations. 

EXPERIMENTAL SETUP 

Test Facility 

The experimental investigations were conducted at the 

Darmstadt Transonic Compressor test rig, as shown in Figure 

1. The compressor represents a modern 1.5-stage high-

pressure front stage compressor with inlet guide vanes (IGV), 

a BLISK rotor as well as a stator, designed by MTU Aero 

Engines AG. The rig is operated in an open loop and 

electrically driven by an 800kW drive, enabling shaft speeds 

of more than 20,000 rpm. Due to the high circumferential 

speed, operating at transonic conditions is possible, resulting 

in a relative Mach number of about 1.35 at the rotor tip and 

0.7 at rotor hub. The test facility is in operation for about 25 

years, contributing a great extent of fundamental knowledge 

in compressor research, as for example presented in [2] and 

[3]. 

 

Figure 1: TU Darmstadt transonic compressor test 
rig 

Instrumentation 

The test rig and the compressor are clustered in several 

measurement sections, providing access for extensive 

instrumentation application. An overview about the 

measurement stations is shown in Table 1 and Figure 2.  

To determine the mass flow, aerodynamic conditions as 

well as performance parameters, varying radial and 

circumferential distributions of static and total pressure, total 

temperature, as well as humidity measurements are available. 

Rotor speed and shaft torque are acquired with a torque meter 

system. To determine the compressor characteristics 

performance measurements are performed at stage inlet 

(ST14) and stage exit (ST30). Since this investigation focuses 

on rotor behaviour, extensive probe measurements, including 

a steady state five-hole-probe (5HP) and unsteady three-hole-

probe (v3HP), are carried out at rotor inlet (ST20) and rotor 

exit (ST21). 

Besides conventional performance measurements, the 

compressor is equipped with extensive unsteady 

instrumentation, including sensors for aerodynamic and blade 

vibration measurements. The blade vibration monitoring is 

enabled by a blade tip timing system (BTT), installed in the 

rotor casing segment. Besides BTT measurements, the 

capacitive probes, distributed at several circumferential and 

axial positions, are used to monitor the blade tip clearance 

(BTC). 
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Figure 2: Test rig and measurement sections 
 

The unsteady flow phenomena at the blade tip region are 

resolved by a variety of unsteady wall pressure transducers 

(WPT) in the rotor casing. The miniaturized sensors are 

mounted in axial arrays as well as several circumferential 

positions. The axial array with up to 22 sensors covers the 

whole axial blade chord length and an extension upstream the 

blade leading edge (LE), in order to resolve secondary flow 

structures, such as tip leakage flow and shock interaction. The 

circumferentially distributed sensors are located at the blade 

leading edge, enabling spectral analysis of aerodynamics and 

structural vibration. 

 

Table 1: Measurement sections 

Station Indication 

ST 03-10 Mass flow determination 

ST 13 Intake conditions 

ST 14 Inflow control volume 

ST 20 Downstream IGV  

Inflow rotor 

ST 21 Downstream rotor 

ST 30 Exit control volume 

ST 14-30 Performance determination 

 

Overall, about 150 steady state and 60 unsteady 

measurement probes are applied. During assembly of each 

rotor configuration, the entire instrumentation 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. 

Since this paper focuses on the steady state behaviour 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 includes three different 

rotor BLISK designs. In the following, the different designs 

are described. Rotor A is defined as the baseline geometry, 

representing the reference case with a state of the art front 

stage transonic compressor design. 

Rotor B is based on the same design parameter except for 

a higher aspect ratio. The aspect ratio is defined as  

 

 Λ =
ℎ

𝑐
,   (1) 

 

considering the blade height h and chord length c. For rotor B, 

the mean chord length is reduced more than 20% along the 

blade span, resulting in a higher aspect ratio.  

Rotor C has the same design parameters as Rotor B except 

for a 3D optimized blade geometry. Due to test rig constrains 

and in order to maintain aerodynamic similarity, the following 

parameters are constant for the different configurations: 

 

1. Rotor tip gap 𝜏: 

As a result, the ratio 𝜏/𝑐 is increased for rotor B and 

C 

2. Rotor blade height h 

3. Solidity 𝑐/𝑠: 

As a result, the blade count for rotor B and C is 

increased 

4. Design and axial position of IGV, stator and OGV: 

As a result, 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 in Table 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 determine synchronous 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 

 

Measurement 

Rotor 

A B C 

Syn.  

Vibration 

X X X 

Stall 

Inception 

X X X 

Performance Part + 

design 

speed 

Part + 

design 

speed 

Part + 

design 

speed 

5HP ADP + 

NSP 

ADP + 

NSP 

ADP + 

NSP 

v3HP ADP + 

NSP 

ADP + 

NSP 

ADP + 

NSP 

 

For performance determination, steady compressor map 

measurements are carried out. Therefore, steady operation 

points, distributed along a particular speed line, are selected 

(compare Figure 3). For each operation point, the IGV and 

stator are clocked synchronously, in order to provide several 

relative positions of the vane rows and measurement probe 

rakes within the stage exit plane. Hence, providing 2D exit 

flow fields, also used to determine the averaged operation 

point parameters for the compressor characteristics. 

Each speed line is defined by several operation points. A 

precise procedure is performed to ensure similar test rig 
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conditions at each operating point. Therefore, the performance 

measurement of a constant speed line starts at its near choke 

point (NCP) and the throttle is closed until the last stable 

steady operation point near stall (NSP) is reached. At the 

aerodynamic design point (ADP), all rotor setups should show 

similar aerodynamic behaviour.  

To quantify the differences in operation range of the rotor 

configurations, the compressor stall margin is defined as  

 

𝑆𝑀𝑐𝑜𝑚𝑏 =  
(

Π𝑡
�̇�

)
𝑁𝑆𝑃

(
Π𝑡
�̇�

)
𝑂𝑃

− 1.                            (2) 

 

Hence, at the last stable operation point (NSP), the stall margin 

is 𝑆𝑀𝑐𝑜𝑚𝑏 = 0. 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 of Δ𝑆𝑀 for rotor B with respect to 

rotor A is 

 

Δ𝑆𝑀𝑐𝑜𝑚𝑏,𝑅𝑜𝑡𝑜𝑟 𝐴−𝐵 =  
(

Π𝑡
�̇�

)
𝑁𝑆𝑃,𝑅𝑜𝑡𝑜𝑟 𝐴

(
Π𝑡
�̇�

)
𝑂𝑃=𝑁𝑆𝑃,𝑅𝑜𝑡𝑜𝑟 𝐵

− 1.           (3) 

 

Radial traversable probes, in combination with IGV and 

stator clocking, enable more detailed flow field investigations 

in different measurement sections. The five-hole-probes 

(5HP) enable averaged total and static pressure measurements, 

to determine velocities and flow angles in both radial and 

tangential direction. Using an unsteady pressure probe (v3HP) 

both ensemble averaged total pressure fields or local pressure 

variations are possible. Based on the time-resolved 

measurements, rotor relative flow field visualization and 

analysis can be achieved. Additionally, virtual 3-hole probe 

measurements, as described below, can be conducted. The 

probe measurements were performed for each rotor 

configuration at ADP and NSP.  

To enable transient measurements along a speed line and 

especially at the stability limit, the compressor can be 

continuously back pressured, as shown in Figure 3. Starting at 

the last stable steady 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 state aerodynamic 

behaviour 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 

The investigation is focused on a fixed compressor stage 

setup with a rotor geometry variation, thus, the stage and rotor 

inlet section is analysed in more detail. Major effort was made 

to retain similar testing conditions for all rotor configurations. 

Thus, it is important to proof constant and homogeneous 

inflow conditions for all setups. Therefore, a variety of 

different measurements were performed, including 360° 

traverses at ST13, inflow boundary layer profile and hot-wire 

probe measurements at ST14.  

Figure 4 shows the radial distribution of the dynamic 

pressure loss (𝜔13) at ST13, as defined in equation 4, for 

different rotational speeds. The radial profiles are based on 

360° measurements.  

 

𝜔13 =  
𝑝𝑡,03−𝑝𝑡,13

𝑝𝑡,13−𝑝𝑠,13 
,    (4) 

 

The overall variation between the speed lines is marginal. 

As indicated by error bars, the circumferential variation 

increases close to the casing and is less than 0.5%. Thus, 

similar and homogenous inflow conditions can be assumed at 

different mass flow rates. 

 

 

Figure 3: Schematic procedure for performance 

and unsteady throttling measurements 

Figure 4: Radial distribution of total pressure 
losses at different speed lines for compressor inlet 

at ST13 
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Five-hole-probe measurements are performed at ST20 

(downstream of the IGV) after reassembly of the compressor 

stage with a new rotor configuration. For determination of 

representative 2D flow fields and radial profiles, the IGV is 

clocked for one passage, resulting in a grid of 315 

measurement points. Figure 5 presents the radial distribution 

of total pressure loss for all stage configurations at ADP. It 

clearly shows similar flow conditions for each rotor setup. The 

losses at the casing are slightly higher, resulting from a larger 

overhanging gap of the IGV vanes compared to the hub. 

 

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

Validation of the virtual unsteady three-hole-probe  

The virtual three-hole probe (v3HP) is the most 

sophisticated measurement technology used for this 

investigation. An extensive validation process is carried out to 

determine the measurement uncertainty, presented in the 

following section. 

The v3HP is equipped with a Kulite sensor, enabling 

sampling rates of up to 500 kHz. To predict the unsteady flow 

parameters, such as static and total pressure as well as axial 

flow angle (𝛼) at every measurement point, the probe 

measures at three different probe angles (+45°/0°/-45°). 

Hence, a calibration at different Mach numbers and flow 

angles is needed. The calibration is performed at the 

calibration rig at TU Darmstadt. Since the v3HP is not capable 

to predict the radial flow angle, a sensitivity test is performed. 

The radial flow angle γ varies from -15° to +15° during the 

calibration setup.  

 

To quantify the effect of the radial flow angle within the 

test rig setup, measurements at constant flow condition were 

carried out. Therefore, the v3HP is compared to two additional 

different steady probes, a boundary layer and pitot rake 

respectively, at constant mass flow operation within the 

compressor inlet section (ST14). Due to the results of 360° 

traverses at ST13, it can be shown that the flow field is 

undisturbed and without swirl or radial flow. By varying the 

calibration parameters of the v3HP (corresponding to ±15° 

radial flow angle) a virtual radial flow angle can be generated. 

Figure 6 shows merely no differences in pressure loss of all 

three probes in an axial undisturbed flow field. Hence, the 

v3HP determines the flow conditions sufficiently, considering 

no radial flow component. Close to the casing, the v3HP 

prediction varies in comparison to the boundary layer probe 

measurements due to a higher sensor size to boundary layer 

thickness ratio. The effect of the radial flow is shown by the 

dash dotted lines. It shows that a negative radial flow angle 

leads to an overestimation of the flow parameters. Whereas 

positive radial flow angles lead to an underestimation. Overall, 

the pressure ratio varies up to ±2% 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 v3HP, the results are not 

corrected during post-processing. As long as the radial flow 

angle is within a range of ±15°, an error of 2% is accepted. 

The results of steady state CFD simulation and 5HP 

measurements are taken into account to show that this 

requirement is fulfilled.  

 

At ST20 an additional measurement is carried out, in 

order to validate the v3HP with a more complex flow field. By 

traversing the IGV for one vane passage, a grid of 315 

measurement points for the 5HP and 945 for the v3HP, 

enables a detailed 2D flow field. Figure 7 shows the total 

pressure loss determined by both probes, resulting in a similar 

resolution of the flow conditions in the free stream as well as 

for the IGV wake. Especially the shape and thickness of the 

Figure 6: Validation of v3HP at ST14 

Figure 7: Validation of v3HP at ST20,  

left: 5HP - right: v3HP 
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wake fit well, showing that similar measurement capabilities 

can be reached with both probes in a high gradient flow field. 

 

RESULTS AND DISCUSSION 

The following section describes the results of the 

aerodynamic analysis of the different rotor setups. At first the 

global effects on the compressor map are discussed. The 

reference is defined by the operation line conditions. For a 

more detailed investigation, the radial distribution at the rotor 

exit (ST21) is presented. Therefore, the results of the 5HP and 

v3HP are shown. Finally, the comparison of the experimental 

and numerical results is discussed. 

Global Trends and Effects 

In this section the global effects of high aspect ratio 

blades on the overall aerodynamic behaviour of a compressor 

stage are discussed. Figure 8 and Figure 9 present the 

compressor characteristics for all stage configurations at part 

and design speed operation conditions, respectively. The 

compressor map shows the total pressure rise with respect to 

the mass flow. The aerodynamic design point is marked with 

ADP. The design intent at ADP was to provide an equal 

aerodynamic behaviour and preserved performance for all 

rotor setups. Figure 8 and Figure 9 verify that this design 

intend is met. In 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 presented in Figure 10. 

At part speed, the optimized rotor C has the largest 

operation range with an increase in stall margin of 1%, even 

though its pressure rise is in-between rotor A and B. At design 

speed, the influence of the aspect ratio is more present. A clear 

decrease in total pressure rise and stall margin can be observed 

for rotor B.  

For design speed, the operation range close to the stability 

limits is presented in Figure 9. As expected, the reduced chord 

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

stall margin loss and 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).  

 

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 measurements. The results and comparisons shown in 

the following sections are given at ADP 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 probes, equally distributed within 

the stage exit section (ST30).  

 

The following plots are referred to rotor A at the 

corresponding operation point. Thus, all results of rotor A are 

presented as a vertical line and the variation due to the 

different rotor designs of rotor B and C can be clearly 

observed. Figure 11 shows the radial distribution of stage total 

pressure rise at NSP (ST30). Rotor B shows a total pressure 

loss along the blade span with up to 2% at the upper and lower 

channel height. The optimized rotor C shows a similar 

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

Figure 8: Compressor characteristics for part 
speed 
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distribution to the reference, with a slight reduction within the 

lower channel height, matching the design intent. Both radial 

distributions, for rotor B and C, fit their averaged 

characteristics (compare Figure 10). 

Figure 11: Stage total pressure rise ST 30 at 

NSP design speed 

 

The axial Mach number at NSP is plotted in Figure 12. It 

shows an increased Mach number in the mid-span-section of 

rotor B, providing an indication for a shift in mass flow from 

the tip region to mid-span-section. Rotor C does not show this 

distinct Mach number increase. Since the Mach number 

determination in ME30 is based on several assumptions, the 

results have to be considered sensitively. 

 

 

Analysis of Steady Rotor Aerodynamics 

 

In order to provide a more comprehensive investigation 

of the effects of increased aspect ratios on the rotor 

aerodynamics and performance, probe measurements within 

the rotor exit plane (ST21) are analysed. 

 

The radial total pressure distribution of the 5HP 

measurements is shown in Figure 13 and Figure 14, for ADP 

and NSP respectively. The differences compared to rotor A 

are plotted. As already shown in the global stage 

characteristics (compare Figure 9), the variation at ADP is less 

than 1% for the entire blade span.  

 

At NSP, clear differences between the rotor 

configurations are evident. Rotor B shows a decreased total 

pressure distribution for the entire channel height, resulting in 

the reduced pressure rise for the averaged compressor 

characteristics in Figure 9. Additionally, significant pressure 

losses (> 2.5%) at the upper channel section 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 performance (compare 

Figure 11 and Figure 12).   

For rotor C, a marginal total pressure reduction in the 

lower channel height (<0.25%) of about ~0.5% is present, 

followed by a significant increase of up to 2% close to the 

casing. 

 

Figure 12: Axial Mach number ST30 at NSP design 
speed 

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

Figure 14: Total pressure distribution within the 
rotor exit (ST21) at NSP design speed 
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Comparing the axial Mach number distribution within the 

rotor exit section (ST21), see Figure 15, the rotors with 

increased aspect ratio show opposite behaviour. Rotor B 

shows a significant decrease of more than 5% close to the 

casing with an almost equal level in the lower-span section 

compared to rotor A. This matches the aforementioned radial 

mass flow shift due to high blade loading and the resulting 

blockage. Compared to rotor A and B, rotor C shows an 

increase of more than 5% in the casing section, followed by a 

significant drop to the mid-span section (>5%) and overall 

lower level in the lower blade section. 

Analysis of Unsteady Probe Measurements 

In addition to the steady five-hole probe, time-resolved 

measurements with the unsteady pressure probe (v3HP) 

provide more detailed insights into the rotor aerodynamics. 

Figure 16 shows the standard deviation of the unsteady rotor 

relative pressure field for rotor A at NSP. High standard 

deviation is highlighted in red and is a sign for a highly 

disturbed flow. The plot shows a clearly undisturbed flow 

within the blade passage, the wake of the rotor blades as well 

as the disturbance due to the rotor tip gap vortex.  

In comparison, the standard deviation of the unsteady 

pressure field for rotor B and C at NSP is presented in Figure 

17, showing significant differences. 

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 in Figure 10), resulting in a 

weaker tip gap vortex. Due to the smaller blade count, the 

vortex has more time and space to mix with the main flow.  

Rotor B shows increased intensity of standard deviation, 

especially for the tip gap vortex, as well as ratio of disturbed 

to undisturbed areas. This is a result of high loaded blades 

close to the aerodynamic stability limit. 

The highly loaded regions, 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 significantly reduced 

compared to rotor B. Passrucker et al. [5] show that specific 

design features are crucial to shift highly loaded areas across 

the blade span. 

In [6] the eddy viscosity ratio is presented as a measure to 

identify high blockage area. 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. 

 

Comparison of measurements and simulations 

One of the main goals of this investigation was the 

validation of the numerical setup and tools. Therefore, this 

section compares the experimental results with the numerical 

simulation.  

The numerical setup bases on a steady RANS simulation 

with mixing planes at ST20 and ST21. To model the boundary 

layer, wall-functions with suitable y+ adaption are 

implemented. A k-ω-Wilcox [9] [1] [4] turbulence model is 

used. All in all, the setup consists of up to 11 million block-

structured cells. The below presented data also includes a post-

test correction. Therefore, the actual measured rotor tip gap 

for all operation points is taken into account. In addition, an 

optical 3D scan of the blade geometries is performed to 

consider manufactured geometries in CFD. In general, the 

differences between design and manufactured geometry are 

marginal. 
Figure 16: Standard deviation of unsteady pressure 

field for rotor A at NSP design speed 

Figure 15: Axial Mach number ST21 at NSP 

Figure 17: Standard deviation at ST21 for NSP 
design speed 

left: rotor B - right: rotor C 
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The compressor characteristics for both the experimental 

and numerical results are shown in Figure 18. The global 

trends are comparable with qualitative similar characteristics 

(see Figure 18), even though CFD predictions are shifted to 

reduced pressure ratios. Potential reasons can be differences 

in spatial resolution, comparing the experimental and 

numerical grid as well as the used averaging methods. Figure 

20 sums up the quantitative comparison of the experimental 

and numeric results.  

At ADP, all rotors seem to have similar aerodynamic 

performance, thus, verifying the initial design intent. Rotor B 

also shows a decreased slope as well as reduced pressure rise 

and higher mass flows at the last stable operation point. 

Comparing experiment and simulation at the last stable 

operation point for each rotor configuration, the shift in mass 

flow can result from the 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 flows than indicated in the 

performance characteristics (compare last transient operation 

points in Figure 19). This can be shown with unsteady 

throttling manoeuvres (not presented in this paper), matching 

the predicted operation range better.  

Nevertheless, the CFD results in an enhanced operation 

range of rotor C with increased stall margin of up to 2.25% 

(see Figure 20) compared to the baseline, which cannot be 

proven by measurements. 

 

 

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

results 

 

Figure 21 presents the radial total pressure distribution at 

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

numeric simulations. As already stated before, both show 

comparable trends. The qualitative distributions are 

sufficiently predicted by the simulation. The profile for rotor 

B is shifted by about 0.5 to 1% and for rotor C a reduced 

pressure rise is predicted for the lower channel section. 

 

CONCLUSIONS 

Tackling the challenges of next generation compressor 

designs for future aero engines, this paper investigates the 

effect of higher aspect ratio rotor designs. Experiments, 

conducted at the transonic compressor test rig at TU 

Darmstadt, enable detailed comparison of different rotor 

designs in a 1.5-stage environment. Increasing the aspect ratio 

Figure 18: Compressor map design speed, 
comparison of experimental and numerical results 

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

numerical results 

Figure 19: Compressor map, details at NSP 
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of a rotor blade by about 20% across the blade height leads to 

a significant reduction in operation range, both at design and 

part speed. This results in a reduced stall margin of up to 5% 

and total pressure rise of up to 1% compared to the baseline 

rotor. The differences are mainly driven by highly loaded 

blades, suffering increased losses, covering larger areas within 

the passage. Thus, resulting in a radial mass flow 

redistribution as well as affecting the mid-span aerodynamics 

and the following stator. 

A modern 3D-optimized blade design shows the ability to 

recover the disadvantages of a simple chord length reduction. 

An enhanced operation range, both for design and part speed, 

can be reached, resulting in an almost equal total pressure rise 

and slightly reduced stall margin of about 1% compared to the 

baseline rotor. 

The measurements are based on extensive 

instrumentation, including a virtual unsteady pressure three-

hole-probe (v3HP). Based on that, rotor relative time-resolved 

measurements can be used to analyse the differences of 2D 

rotor exit flow fields and determine differences between the 

rotor configurations. A higher rotor aspect ratio results in an 

increased ratio of disturbed 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 post-test 

numeric simulations, global trends and 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 disadvantages 

and losses of higher aspect ratios. 
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NOMENCLATURE 

 
Greek symbols 

α Axial flow angle 

γ Radial flow angle 

Δ Difference 

Λ Aspect ratio 

Π Pressure ratio 

τ Rotor tip gap 

ω Dynamic pressure loss 

Θ Circumference 

η Efficiency 

ς Standard deviation 

 

Indices 
comb Combined 

ref Reference 

t total 

Latin symbols 
c Chord length 

h Blade height 

m Mass flow 

s Pitch 

 

Abbreviations 
5HP five-hole-probe 

ADP Aerodynamic design point 

BLISK Blade integrated disk 

BTC Blade tip clearance 

BTT Blade tip timing 

HAR High aspect ratio 

IGV Inlet guide vane 

LE Leading edge 

NCP Near choke point 

NSP Near stall point 

num Numeric 

OP Operating point 

SM Surge margin 

ST Station 

trans Transient 

TU Technical University 

v3HP Unsteady three-hole-probe 

WPT Wall pressure transducers 
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