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ABSTRACT

To improve the understanding of how sweep affects the 3D
shock structure and the shock-vortex interaction, two transonic
compressor bladings are measured with a 3D Laser-2-Focus
setup, and the flow is analyzed for comparable operating condi-
tions. Rotor 1 features radially stacked profiles, while rotor 3
introduces forward sweep.

Performance comparisons of these rotors [1] indicated that
forward sweep, as introduced in this design, has a beneficial
effect on performance and stall margin.

The detailed experimental analysis of the 3D shock structure
and the influence of tip leakage vortex interaction at design
speed is the scope of this paper.

NOMENCLATURE

Blisk  bladed disk

L2F Laser-2-Focus

Ma_rel relative Mach number

NS near stall

PE peak-efficiency

RANS Reynolds-averaged Navier-Stokes

INTRODUCTION

Initially, the intention for introducing sweep to the rotor
blades of axial transonic compressors was to influence the incli-
nation of the passage shock. However, recent investigations
revealed that in the outermost tip region of the blading, the flow
physics prevent translation or inclination of the shock [2].

One explanation of the effect on performance and stall
behavior of sweep is the impact of sweep on the interaction of
the tip leakage vortex and the passage shock. While the shock
position remains unchanged, the tip leakage vortex can be influ-
enced by sweep of the blade tip region.

As shown by Denton and Xu [2], if the tip of a blade is swept
forward, the loading of the tips leading edge is reduced, thus
resulting in a decreased tip leakage flow.

Based on the geometry of the original rotor 1, whose design
dates back to the early 1990s [3], a new rotor — hereafter desig-
nated as rotor 3 — was designed in 2001 featuring pronounced
forward sweep.

Experimental results presented by Passrucker et al. [1] under-
pinned the design intent. The predicted increase in efficiency
was confirmed, but the operational range was significantly
wider than expected.
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Inspired by Wilke and Kau [4], Kablitz et al. [5] investigated
the phenomenon of vortex breakdown due to vortex-shock
interaction, which is believed to be one of the main triggers for
stall inception.

As the compressor is throttled, the shock becomes stronger,
moves upstream and it becomes difficult for the vortex to pass
the shock unaltered. At a certain operating condition the driving
pressure difference falls below a critical level, and vortex
breakdown occurs with low momentum fluid blocking the
passage in the whole tip region and eventually reaching the
adjacent blade and spilling over into the next passage.

One approach to delay vortex breakdown is to increase the
distance between the point where the vortex builds up at the
suction side of the blade-tip and its intersection with the
passage shock. The longer this distance between the upstream
vortex and the shock, the more reenergisation of the vortex-core
— increasing the total-pressure within — can take place.

As reported in [6] the evaluation of the pressure ratio
between the minimum relative total pressure inside the vortex-
core just upstream the shock and the average static pressure
downstream of the rotor passage for both rotor configurations
showed significantly higher pressure ratios for rotor 3
throughout the investigated operation range.

In this paper experimental data acquired by using a 3D-
Laser-2-Focus system with both the conventionally stacked and
the forward swept rotor is analyzed. In addition, the experi-
mental data is compared to numerical results for both rotors.

Since the performance of high speed transonic compressor
rotors can be very sensitive to changes in blockage [7], the
shock/boundary-layer interaction of rotor 3 is discussed as
well.

TEST FACILITY

The Department of Gas Turbines, Flight and Space Propul-
sion at Technische Universitaet Darmstadt has been operating
the transonic compressor rig — which represents a typical front-
stage of a commercial turbofan high-pressure compressor —
since the early 1990s. Table 1 lists the design parameters of the
test stand [3]. The main purpose of the test stand is to establish
a database for CFD code validation as well as to serve as a test
bed for new materials. Until today four different rotor geome-
tries have been investigated.

Figure 1 gives an overview of the test stand. The ambient air
is led through a settling chamber and a bell mouth - calibrated
for mass flow rate determination - into the compressor stage.
The rotor is driven by a 800 kW DC-drive, shaft speed is
increased to the design speed of 20,000 rpm by a gearbox.
Shaft speed and torque are measured by a torquemeter device.

Details of the standard instrumentation, postprocessing and
measurement uncertainties are given in [5].

1. Settling Chamber

2. Intake with massflow-sensor
3. Compressor

4. Torquemerer

5. Gearbox

6. 800kW DC-Drive

Figure 1 Sketch of the installation

pressure ratio 1.5
corrected mass flow rate 16 kg/s
corrected tip speed 398 m/s
rel. rotor inlet Mach number at tip 1.35

rel. rotor inlet Mach number at hub 0.70

shaft speed 20,000 rpm
tip diameter 0.38m
inlet hub to tip ratio 0.51

Table 1 Compressor design parameters [3]

INVESTIGATED ROTOR GEOMETRIES

Compared to the baseline design rotor 1 shown in Fig. 2,
rotor 3 features 14 instead of 16 blades and increased chord
length towards the tip in order to maintain solidity (Fig. 3).

The measured tip gap of rotor 1 and rotor 3 is 0.9 mm and
0.7 mm (corresponding to 0.95% and 0.74% of mean blade
span), respectively.

Both rotors are operated with the same stator, consisting of
29 blades. It was designed together with rotor 1 in 1993.
Further information on the geometric properties are given in [1]
and [3].
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Figure 2 Rotor-1: Radially stacked blisk

Figure 3 Rotor-3: Forward swept blisk

3D LASER-2-FOCUS SETUP

To measure the flow field in the rotor, the 3D laser-2-focus
(L2F) system of DLR in Cologne was applied. The system uses
two independent single L2F systems, which are at a defined
angle to each other, thus allowing to record the velocity compo-
nent in the spanwise direction [8]. Being a statistical method,
information on the turbulence intensity is also collected. The
system is capable of detecting particles as small as 0.1 gm. The
laser beams have a diameter of 10 zm and their distance can be
varied between 70 ym - 400 ym to account for different turbu-
lence intensities of the flow.

No distinction is made between individual blade passages, so
the measured values for velocity, flow angle, and degree of
turbulence are mean values for the entire rotor at the specified
position.

In order to increase data acquisition rates and thus to reduce
operating time, seeding with dispersed paraffin oil was applied.
The oil was injected into the flow in the settling chamber (see
Fig. 1). The position far upstream of the rotor was chosen to
minimize the influence of the probe on the flow.

A simple seeding injector, consisting of a pipe with a diam-
eter of 12 mm, bent 90° in the direction of the flow at the end,
was used. Readjustments of the injector in response to the
probe-volume position provided optimum seeding for each
reading. Since the size of the particles was smaller than 0.5 ym,
the velocity lag of these particles in the shock region can be
neglected.

The measurement grids on which nodes* data was gathered
are shown in Fig. 4 and Fig. 5 for rotor 1 and rotor 3, respec-
tively. In contrast to the L2F measurements of rotor 1 back in
1995, where several operating points and different speeds were
examined, for rotor 3 only measurements at ,,near stall* (NS)
and ,,peak-efficiency* (PE) at design speed were taken. Thus a
refined grid could be used. As can been seen from Tab. 2, for
rotor 3 the number of measurement positions more than tripled.

The relative Mach number is calculated from the relative
velocity and the local speed of sound at each point in the flow
field by using an approximation described in [9].

The accuracy of measured velocities and angles - depending
on turbulence intensity, beam separation and number of transits
recorded - can be determined to be smaller than1 % for veloci-
ties and 0.1°- 0.3° for flow angles.

Despite the high precision of the system, if the turbulence
intensity at a certain position is too high, the properties of the
flow cannot be reliably determined. These positions are for
example the red marks in Fig. 11. Due to the coarse grid of
rotor 1 the blade shadow region appears to be much larger than
for rotor 3 (Fig. 8).

Rotor No. 1 No. 3
radial positions 5 10
axial positions 12 21
circumferential positions 16 16
total 960 3360

Table 2 Dimensions of L2F grid
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Figure 4 3D-L2F grid Rotor-1
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Figure 5 3D-L2F grid Rotor-3

COMPUTATIONAL PROCEDURE

Trace_S, an explicit cell-centered 2nd-order-accurate finite-
volume scheme was used to solve the Reynolds-averaged
Navier-Stokes equations. To speed up convergence to steady-
state, local time-stepping, residual smoothing and successive
mesh refinement are applied [10].

A high Reynolds' k-¢ model with wall functions was used.
ISA standard conditions with purely axial flow were assumed at
the inflow. A rather pronounced incoming casing boundary
layer, based on experimental data, was prescribed via a total
pressure profile.

A block-structured O-H grid was used with a total of 630'000
nodes. Grid density is refined at hub and casing to increase the
resolution of the boundary layers as well as the passage shock.
Information between the rotor and stator domain is transferred
by a mixing-plane interface. The numerical grid is shown
in[1].

RESULTS AND DISCUSSION

Compressor map

Measured and calculated performance maps of the stage at
design speed are presented in Fig. 6. Pressure ratio and effi-
ciency are well calculated for both rotors. Rotor 3°s pressure
ratio is increased throughout the whole speedline and a better
efficiency at design point could be achieved.

The experimentally obtained speedlines contain the last
stable operating points of each rotor before stall. The substan-
tially improved flow range of rotor 3 is significantly wider than
predicted by the calculations. Some of this improvement, as
well as some of the increase in efficiency, must be attributed to
the about 0.2 % span smaller tip gap of rotor 3 and the
increased chord at tip that, in addition to the forward sweep,
helps to unload the tip.
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Figure 6 Stage performance at design speed
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Computational results

To supplement the experimental data, computational results
generated for operating conditions at ,,peak efficiency* and
near stall” are presented first.

The same color bar with a range from 0.1 - 1.6 is used for all
Mach number contours throughout this paper.

Predicted relative mach number contours are shown in Fig. 7
and Fig. 10 at 95 % channel height. At first glance, shock struc-
tures appears to be similar for both rotors. The passage shocks
are oblique and attached to the leading edge at ,,peak effi-
ciency”. At ,,near stall* the shocks are almost normal to the
blade and detached from the leading edge.

But pre-shock Mach numbers are somewhat higher for both
rotors at ,,near stall”“. More important, at ,,peak efficiency* the
passage shock of rotor 3 is more oblique.

At ,,near stall the shocks of both rotors are distorted at mid
pitch, where the tip clearance vortex intersects the shock.

For both rotors a region of low Mach number fluid emerges
near mid pitch downstream of the passage shock and migrates
toward the pressure side at the blades*® trailing edge.

Experimental results

Fig. 8 and Fig. 11 show the measured relative Mach number,
Fig. 9and Fig. 11 show the flow angle in radial direction beta at
95 % channel height flattened to a plane of constant radius. Due
to the high level of unsteadiness of the flow in the tip region
and thus increased data acquisition time, this is the outermost
plane in which measurements were taken.

No attempt was made to smooth the experimental data, since
for example interpolation on a fine grid could reduce the infor-
mation contained. Therefore the measurement grid has to be
kept in mind when interpreting the contour plots.

Due to the coarse grid used for rotor 1, the shock front seems
to be jagged but with respect to the numerical results (Fig. 7)
shock location, pre-shock Mach number and the overall flow
field are in good agreement for both operating conditions
(Fig. 8).

The L2F data of rotor 3 instead is much finely resolved
(Fig. 11). This is best seen when the blade shadow regions are
compared to those of rotor 1. At this measurement plane of
95 % span, the red marks indicate areas in which no mean-
ingful readings could be taken due to a high turbulence level.

The high Mach number region at the pressure side near
leading edge at ,,peak efficiency* was only measured at 95 %
span. In the plane just below, at 92.5 % span, this could not be
observed and the shock front is oblique as predicted by the
numerical simulation. The predicted higher pre-shock Mach
number levels of both rotors at ,,near stall”, especially close to
the suction side, are confirmed by the measurements.

The low Mach number region downstream of the shock for
»hear stall“ condition as predicted for both rotors could only be
verified for rotor 1. Instead, the measurements of rotor 3 at
»hear stall“ show a strong distortion of the shock close to the
suction side and an area of low Mach number at trailing edges
suction side, but no low Mach number region as predicted by
the numerical simulation.

From Fig. 9 and Fig. 11 it can be clearly seen, how the
strength of rotor 3°s tip clearance vortex could be reduced,
especially at ,,peak-efficiency®. Interestingly the vortex, despite
being quite pronounced at ,,near stall”, does not lead to a signif-
icant area of low momentum fluid downstream of the shock.

To assess this further, Fig. 13 shows Mach number contours
together with velocity vectors in the relative frame of reference
for ,,near stall*“ condition at 92.5% and 95 % span.

At 92.5% span a very small low Mach number region close
to the pressure side is slightly visible. But it appears that the
flow just downstream of the passage shock, still far way from
the low Mach number region, is deflected towards the pressure
surface and thus leading to an increased incidence angle at the
blades* leading edge. At 95 % span the strength of the tip clear-
ance vortex upstream of the shock leads to a deflection of the
flow towards the suction side. After passing the shock this flow
turns abruptly towards the pressure side giving rise for the sepa-
ration at trailing edge.

It is remarkable how the trajectory of the tip clearance vortex
is deflected towards the pressure side after crossing the passage
shock as can been seen in Fig. 13.
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Figure 7 Relative Mach number contour of rotor 1
at 95% span (Numerical data)
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Figure 8 Relative Mach number contour of rotor 1
at 95% span (3D-L2F data)

beta / grad
18.2
15.6

vortex trajectory
upstream shock

Figure 9 Flow angle beta contour of rotor 1
at 95% span (3D-L2F data)
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Figure 10 Relative Mach number contour of rotor 3
at 95% span (Numerical data)
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Figure 11 Relative Mach number contour of rotor 3
at 95% span (3D-L2F data)
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Figure 12 Flow angle beta contour of rotor 3
at 95% span (3D-L2F data)
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Figure 13 Relative Mach number contours and
velocity vectors of rotor 3 at near stall

Trajectory of the tip-leakage vortex

Table 3 lists the length of the tip clearance vortex trajectory
upstream of the passage shock non-dimensionalized with blade-
spacing and chord. To determine where the vortex emerges
from the tip gap and where it intersects the passage shock, all
available flow properties like turbulence intensity and flow
angles (Fig. 9 and Fig. 11) are taken into consideration.

However, the accuracy of the measured lengths is somewhat
lower for rotor 1, because the coarse measurement grid leads to
a more uncertain position of the vortex / shock intersection.

The results are in good agreement with the numerical find-
ings shown in [5]. At ,,peak efficiency* the forward swept
blades of rotor 3, together with the increased chord, lead to a
longer distance of the tip clearance vortex until it reaches the
passage shock. The analysis of the trajectories of both rotors at
,.near stall” conditions, which was not sufficiently possible
using the numerical data [5], supports the theory.

At ,,near stall” both rotors operate with a shock position that
leads to comparable non-dimensional vortex trajectory lengths.

Although both rotors stem from different design philoso-
phies, they also show comparable stall pressure ratios (Fig. 6)
and, as shown in [13], both rotors feature spike type stall incep-
tion.

Rotor 1 3
operat. point RE! NS RE! NS
length [mm] 45 41 65 46
length / blade spacing 0,60 0,55 0,76 0,54
length / chord 048 044 0,59 042

Table 3 Length of vortex trajectory from 3D-L2F data

3D Shock structure

It has been of great interest as to how sweep influences the
3D shock structure of an axial transonic compressor rotor.
Therefore an attempt was made to visualize the shock from the
3D-L2F data. Usually the shock location is derived from the
density gradient. Since the density is not measured by the L2F
system and due to the uncertainty caused by calculating a
gradient of data on a coarse grid [14], a rather simple approach
was chosen.

Fig. 14 to Fig. 17 show the 3D iso-surface at which the rela-
tive Mach number equals one. Thus the surface is not only
limited to the shock, but also covers the suction surface, where
the sonic flow field is decelerated in the boundary layer, and the
area where the flow gets accelerated above the speed of sound.
Each of those figures is accompanied by a view in which the
contours of the relative Mach number are drawn on two planes
at 50% and 95 % span.

Comparing the shock structure of rotor 1 and rotor 3 at ,,peak
efficiency* (Fig. 14 and Fig. 16 respectively), for rotor 1 the
inclination of the shock is more pronounced near the hub.
Above mid span the shock has almost no inclination and the
shock front appears to be normal to the suction side.

The shock of rotor 3 has only little inclination near the hub.
At about 60 % span, the shock is abruptly bent downstream into
the passage, which could also be seen in the numerical data.
Towards the tip the passage shock rights itself and intersects the
casing perpendicular, thus forming a concave dent between
60 %-95 % span in the otherwise almost plane shock front.

At ,,near stall” the shocks of both rotors move upstream, the
one of rotor 3 even so far that it is detached from the leading
edge over the whole span. The dent in the shock front of rotor 3
shrinks and is essentially reduced to a small aft bent at about
mid span. Instead, the stronger vortex / shock interaction leads
to a hardly noticeable dent.
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Shock / boundary layer interaction

The total-pressure ratio, as determined from total-pressure
rakes downstream of the stage, is plotted in Fig. 18 for rotor 3
at ,,near stall in a plane perpendicular to the machine axis. The
large area of low total pressure just above mid span led to the
question, whether this is caused by flow separation in the stator
or in the rotor. In Fig. 19 the radial distribution of the total-
pressure ratio at stage exit is plotted for both rotors. Between
40% -70% span, the pressure rise of rotor 3 drops even below
that of rotor 1.

124

r=120mm

Figure 18 Total-pressure ratio at stage exit near stall
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Figure 19 Radial distribution of stage total-pressure
ratio at near stall (rotor 1 and rotor 3)

To help assess the situation in the rotor, Fig. 20 shows rela-
tive Mach number contours in a plane parallel to the blade tip
and located just outside the blade shadow, and in a plane at
60 % span, derived from 3D L2F data.

The high pre-shock Mach number between 50 % - 80 % span
indicates a strong, almost normal shock that leads to the
forming of a lambda-type shock near the suction surface. This
shock / boundary layer interaction is known to thicken up the
blade suction surface boundary layer. In our case the region of
low Mach number downstream of the shock and its inclination
is evidence of boundary layer separation.

Due to the forward sweep and the increased chord of the
blade tip, the blade loading is reduced in the tip region, leading
to a reduced pre-shock Mach number and thus to a lower
blockage of the core flow compared to mid span. Conse-
quently, the rotor performs extremely well above 80 % span.

Although it cannot be ruled out that the rotor is the single
source of blockage, it is likely that the stator, designed for the
expected mass flow range of rotor 1, contributes as well.

region of low
Mach number

Figure 20 Shock induced boundary-layer separation
near stall (3D-L2F data of rotor 3)

CONCLUSIONS

Three-dimensional laser-2-focus measurements are used to
investigate the influence of sweep on the flow field of an axial
transonic compressor rotor. Comparisons are made with the
conventionally-stacked base line rotor.

At ,,peak efficiency”, the forward swept rotor features a
reduced tip clearance vortex, a pronounced shock inclination
and an oblique shock front above 50 % span. Detailed analyses
of the length of the tip clearance vortex upstream of the passage
shock underline the role of tip clearance vortex / shock interac-
tion for the onset of stall.

Forward sweep apparently improves the shock structure and
together with an increased chord length at blade tip helps to
improve the stall margin.

The unloading of the blade tip due to the forward sweep, can
lead to high pre-shock Mach numbers at mid span if the
compressor is throttled. The resulting separation of the suction
side boundary layer might be one reason for the difficulties in
obtaining accurate numerical predictions at ,,near stall*.
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