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Abstract The effect of generic free stream disturbances on the stall characteristics of a transonic compressor
investigated in a collaborating research unit. Experimental campaigns were performed in the Darmstadt Transonic
Compressor rig at 20.000 rpm using steady and unsteady wall pressure probes as well as steady pressure-sensitive
paint. A transonic compressor was led to suffer from unsteady inlet disturbances produced by a wedge-shaped
distortion generator, upstream of the rotor. The experiments were carried out for various radial distortion generator
positions as well as mass flow rates ranging from peak efficiency down to the near-stall regime (16.1-13.9 kg/s).
Data from the pressure-sensitive paint measurements is compared to the steady surface pressure tap data with respect
to accuracy and the benefit of raised spatial resolution. It was possible to resolve the sharo wall pressure gradient
upstream and across the rotor disc by means of pressure-sensitive paint. These results are essential for the validation
of numerical flow simulations as well as for the design of nacelles and fans.
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1 Introduction

In times of increasing air traffic, the aviation community is striving towards steeper climb angles in order to
tighten the aircraft envelope and to reduce the impact of noise on the ground, see [12]. Nevertheless, safety
margins have to be met for the operation of the aircraft and its engines. At the low speed limit of the flight
envelope, nacelle stall can occur. This phenomenon is highly unsteady and leads to total pressure losses in the
engine inlet. The main intake’s purpose is to provide homogeneous inflow conditions to the compressor and to
avoid nacelle stall at high angles of attack, gusts or crosswind. The impact of a relatively small generic gust
on the inner aerodynamics of a flow-through nacelle with a comparable boundary layer development as that of
a powered jet engine at high mass flow rates were investigated in [13]. Because it is a design criteria and an
important item for the certification, the jet engine’s behavior on such disturbances is investigated in a research
unit, see [10, 11].

In compressor test rigs several kinds of distortions were tested in the past. Delta wings have simulated a sucked-
in ground vortex, while screens and beams induced total pressure losses due to separations at the inlet. The
authors in [6] described the effect of a distortion generator simulating unsteady vortices in an inlet flow.
Experimental investigations were recently performed in the Darmstadt Transonic Compressor test facility.
Since the compressor was known to be sensitive to tip distortions from [6], a beveled beam distortion generator
was installed upstream of the rotor disc for the generation of unsteady inlet disturbances. The experimental
campaign delivered steady and unsteady surface pressure from individual pressure taps and pressure transduc-
ers, see [17]. The pressure-sensitive paint measurement technique (PSP) was applied in a separate experimental
campaign, compare with [7]. This technique allows the simultaneous measurement of static surface pressures
with very high spatial resolution. The intention was to answer two key aspects: a) How good is the perfor-
mance of PSP to quantify the impact of the distortion generator on the flow topology upstream and across the
compressor stage? and b) How is the PSP measurement accuracy affected by high surface temperatures?

The PSP measurement technique was already applied in a number of turbomachinery applications even at high
static surface temperature, e.g. [9] or [4], or for film-cooling investigations, see [16]. The undisturbed blade
pressure on the rotor of the Darmstadt Transonic Compressor was already investigated by means of PSP, com-
pare [2]. In the present work, the disturbed wall pressure distribution is measured optically and compared to
probe data from [17] with respect to the key aspects.

Paper ID: 227 1



10" Pacific Symposium on Flow Visualization and Image Processing
Naples, Italy, 15-18 June, 2015

2 Pressure-Sensitive Paint

The pressure-sensitive paint technique (PSP) is a lu- |1'?|: /
minescence application developed for the optical and ’:f 4]

contact-less measurement of surface pressure distri- 1 /’,
butions in transonic flows. The technique is widely 1.2

applied at large aeronautic research institutions like T =28°C

DLR, JAXA, ONERA or NASA (German, Japanese, 11 pﬁ= 1000 mbar

French or American aerospace research institutions). 0.8 )

It is widely applied for steady pressure measurements ]

but also covers pressure fluctuations up to frequencies g1 Toons =-0.07%/°C
of 100 kHz, see [3]. ] Pens™ 70% /100 kPa
The measuring principle is based on the detection of 0.4 VA T=50C
luminescence intensity which is emitted by photo- e I T=15.0 C
optically excited Oj-sensitive luminophores, typi- 0'2: —— T=250CT
cally metallo-porphyrine, pyrene or ruthenium com- 0] ‘ ‘ _ Tf %5'9 ?
plexes. Since their excited state is metastable, these 0 0.5 1 1.5 plpy 2

luminophores either tend to transfer their excitation
energy to oxygen molecules in their vicinity (oxy-
gen quenching — a non-radiative relaxation) or relapse
back to their ground state by releasing the extra en-
ergy as luminescence intensity if no quenching partner is available within a certain fluorescence lifetime (ra-
diative relaxation). The O;-concentration is directly proportional to the oxygen partial pressure, hence also to
static fluid pressure, according to Henry’s law. Incorporated into a binder polymer and a solvent, the solution
can be applied to most of the common materials using different application techniques (eg. spraying, printing,
dipping). Typically, the luminophores remain physically and photo-chemically stable for a certain time period
(from hours to days).

The internal conversion of excitation energy into thermal energy is another highly likely quenching property
of nearly all O,-sensitive luminophores (known as thermal quenching). This undesired property for pressure
measurements can severely decrease the measurement accuracy if the PSP surface is exposed to strong surface
temperatures whose actual values are unknown. The error can reach up to several percent per Kelvin with
respect to the applied luminophore. Contrary to O,-sensitive luminophores, there are several T-sensitive lu-
minophores (e.g. europium or perylene complexes) which can exhibit no or very small pressure dependency.
These luminophores, which must be optically separated from the pressure-sensitive luminophores by a separate
wavelength band, can be incorporated into the paint solution and thus can be used as optical thermometers to
compensate for the temperature effect, see [8]. These dual-luminophore or two-component paints are com-
mercially available nowadays. The luminophore’s quenching ability can be formulated by the Stern-Volmer
relation (1):

Fig. 1 Calibration plot of a dual-luminophore pressure-
sensitive paint applied on a PMMA sample

Io/1=14¢4(T)- po, D

where [ is the luminescence intensity at vacuum conditions, / the luminescence intensity at the measurement
point, cq(7') the temperature dependent quenching constant and po, the oxygen partial pressure. The Stern-
Volmer relation is reformulated for PSP applications to relation (2):

(%) .= acr)+800) (L) e (p) @

Pref Pref

for the estimation of unknown static pressures p. Here, L. is the pressure and temperature dependent inten-
sity at known reference conditions (denoted as *wind-off” condition), / is the intensity at the unknown pressure
(denoted as *wind-on’ condition) and A(T'),B(T') and C(T) are calibration coefficients. Figure 1 shows the cali-
bration of the dual-luminophore PSP applied on a Plexiglas (PMMA) sample as it was used for the experiments
presented here. This paint has a pressure sensitivity of 70 % /100 kPa and exhibits a very small temperature
dependence of 0.07 %/ K, [5].
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3 Darmstadt Transonic Compressor - DTC
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Fig. 2 Components of the Darmstadt Transonic Compressor
(DTC) test rig Fig. 3 Characteristics of the compressor stage

The experiments were carried out in the Darmstadt
Transonic Compressor (DTC) facility shown in Figure 2
which was designed to characterize the performance of

Darmstadt Transonic Compressor - DTC

turbine or compressor stages. The rotor stage is driven rotor blades ég
by a 800 kW DC motor. Air is sucked-in from ambience, sta;tordYanest 120
filtered and homogenized in the settling chamber using rotor diameter mm

: hub-to-tip ratio 0.51
honey-combs. Downstream of the settling chamber, the desi q 16 ke/
intake massflow and total pressure values were measured des%gn metlss ow 4 (N100%) 20 Og OS
in front of the compressor stage which has a diameter of esigh 1o olgscpee ( o) g 0'0 kwrpm
380 mm. Downstream of the stage, the air passes the out- fmaxumum power

maximum torque 350 Nm

let throttle and is guided back to ambience. A torque me-
ter measures flow rate and torque as input for efficiency Tuple 1 Design parameter of the Darmstadt Transonic
calculations. The design mass flow rate of this facility Compressor (DTC)

is 16 kg/s at 20.000 rpm. The mass flow is controlled by

the outlet throttle. Further relevant key parameter of the

DTC are given in Table 1. The characteristics of the compressor stage at N65% (13.000 rpm, left) and N100%
(20.000 rpm, right) are shown in Figure 3. The rotor efficiency ;s is plotted in gray values, whereas the total
pressure ratio 7; across the rotor stage is plotted in black. More details on the rotor stage can be found in [15].

3.1 Inlet Distortion Generator

The DTC was equipped with an inlet distortion generator (DG) over one third of its circumference (120°).
The intention of this device is the production of a severe local unsteady flow disturbance upstream of the
rotor stage to study its effect on the efficiency and stall behavior of the rotor stage, which is known to be tip-
critical, compare [6]. Figure 4 gives an impression of the flow topology downstream of the distortion generator.
Here, the lateral surface of the inlet duct was unwrapped and displayed versus its arc angle ¢ while the flow
approaches from the top. The wedge-shaped distortion generator with a ramp angle of 30° was positioned about
85 mm (twice the axial chord lengths) prior to the tip leading edge plane of the rotor and could be traversed
over 360° in both directions. Its axial extent was 30 mm = 20 % of the compressor blade’s span. Downstream
of the DG, a distinct separation region develops with two strong corner vortices at both ends of the DG and a
low pressure region in the center. The forming of this region is slightly asymmetric due to the superposition
with the rotating pressure field of the compressor stage which moves from right to left in this figure. In order to
allow for the traversing of the distortion generator, a tiny gap between the DG and the casing of the inlet duct
of about 0.8 mm was necessary. However, this gap was small enough to avoid bias effects.
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Fig. 4 Flow topology and pressure measurement positions in the wake of the distortion generator upstream of the rotor
stage (inflow approaches from the top)

4 Experimental Setup and Methodology

4.1 PSP Measurement Setup

The DTC’s test section case was equipped with a frame covering an arc angle of 20° and extending over 149 mm
from the DG until the rear end of the rotor stage, as highlighted by the rectangular dashed box in the center of
Figure 4. It allowed the equipment with different measurement instrumentation. For an initial static pressure
measurement campaign, this part was equipped with several steady and unsteady pressure sensors (Kulite XCS-
062) sampled with 500 kHz. The experimental results of this campaign are widely published in [17]. They shall
serve as a reference data set for the pressure-sensitive paint measurements presented here.

For the PSP measurements, the frame in the test section was equipped with a transparent window made from
Plexiglas (PMMA) which incorporated 2 temperature and 3 static pressure measurement positions. The flow
side of the window was coated with dual-luminophore PSP, see left of Figure 5. The paint’s absorption peak
is at 400 nm. It emits in two wavelength bands; the temperature band A = 550 +40nm and the pressure band
A = 660+ 50nm, according to [5]. The window was marked with circular markers for image registration using
a rotating pen mounted in the chuck of a milling machine. Paint excitation was made from the outside of
the wind tunnel with two 405 nm high-power LEDs (Luminus, USA), each with 10 W optical power, which
were operated in pulsed mode with a pulse duration of roughly 1s. The intensity was recorded using two
11 Mpx CCD cameras (PCO, Germany) with appropriate optical band pass filters of high optical density. The

outer view inner view

Fig. 5 Experimental setup for the PSP measurements; lefi: PMMA test section window coated with dual-luminophore
pressure-sensitive paint and registration markers, equipped with pressure and temperature sensors; center: outside
view of experimental setup with window (a), 2 x 405 nm high power LEDs (b), 2 x11 Mpx CCD cameras (c);
right: test section from the inside with spinner (d), rotor (e) and distortion generator (f).
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arrangement of measurement equipment is shown in Figure 5 (center). The right of Figure 5 shows a view on
the spinner and the rotor downstream of the DG. A static pressure data set was available at two mass flow rates
from previous campaigns, as indicated by the isolated symbols in Figure 3.

4.2 Methodology

. 80 image and sensor acquisition gates
PSP measurements were performed at peak efficiency

(PE - m = 16.1kg/s), at near-stall conditions (NS - [°.%]0i T M,/'\ 777777777777777777777
m = 13.9kg/s) and at an intermediate point (IP - 1 i

m = 14.6kg/s), as indicated by the dashed vertical 60f AL /.(

lines in Figure 3. The image and sensor data was 1 T /,.....‘--/ i

to Figure 6. The graphs show the temperatures at the
DG (T7) and in the center of the rotor disc (75). As
soon as a temperature gradient of AT, < 0.1K was 301
reached, the PSP image acquisition started from the ]
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Ten dark images for intensity offset correction were
acquired. The LEDs flashed continuously at the cam-
era’s entire integration time of roughly 1 s during the
signal image acquisition. Fifty *wind-on’ samples were recorded at 1 Hz, ~ 1 minute per angular DG position,
as indicated by the gray bars in the plots. The *wind-off’ samples at reference conditions were acquired after
the wind tunnel shut-down. The pressure from three pressure ports was scanned synchronously with the signal
image acquisition. Since all data was time-stamped, the envelope reconstruction could be made in a post-
processing procedure. The PMMA window was cleaned from PSP, marked and re-coated after each envelope
in order to avoid bias errors due to paint layer contamination and thermally deactivated luminophores.

Data evaluation was performed with an in-house Matlab routine, see [1]. The results were projected on a rect-
angular mesh of the PMMA window which had an axial and lateral spatial resolution of 1 mm. All angular
positions were stitched in one data set and in-situ corrected using a global fit function ppsp corr = F ( Prap> Q).
The correlation between raw PSP data and pressure tap data was R> = 0.86...0.93 (lower for NS conditions).

Fig. 6 Image and sensor data extraction from envelope
data

5 Results

An overview of the surface pressure topology measured with PSP is given in Figure 7. The plots show the
normalized static pressure ratio Ty = p/pinlec Whereas the missing angular positions (measured: 200° out of
360°) were added up with data from ¢ = 240° for presentation purposes. For comparison, the color map is

[
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Fig. 7 Topology of the @, = p/py inler measured with pressure-sensitive paint at three mass flow rates, left: PE, center: IP
and right: NS. Missing data was added up with the ¢ = 240°-measurement case for presentation purposes.
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Fig. 8 Comparison of the static pressure ratio 7y from two isolated experimental campaigns measured with PSP (top) and
a static pressure tap array (bottom) for PE (rih = 16.1kg/s). Display of data along the angular position ¢. The
distortion generator was traversed in both campaigns.
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Fig. 9 Comparison of the static pressure ratio 7y from two isolated experimental campaigns measured with PSP (zop) and
a static pressure tap array (bottom) for NS (11 = 13.9kg/s). Display of data along the angular position ¢. The
distortion generator was traversed in both campaigns.

identical in all three figures. The flow approaches from negative x before it is disturbed by the DG. A compari-
son with the present data from the static pressure measurements was made in Figures 8 for PE and 9 for the NS
conditions. The axial coordinate x is plotted versus the angular position ¢. All following data is represented
in its actual spatial resolution where the flow approaches from the top. The rotor’s tip leading and trailing
edges are indicated by the dashed horizontal lines. The rotation direction is from right to left along negative ¢.
The PSP results in the vicinity of the pressure and temperature sensors were blanked out with tiny gray boxes.
A very good qualitative agreement between the corresponding data sets for both conditions is obvious. The
strong pressure gradients, especially in the wake of the DG and at the entry of the rotor can be precisely located
in the PSP data, whereas the pressure tap resolution is too sparse to do so. A distinct low pressure region is
present downstream of the distortion generator. Especially at PE conditions, the agreement between both pres-
sure maps is very good (e.g. at the corners of the DG or at the rotor inlet plane). A quantitative assessment
of the mismatch between the results of both campaigns is shown in Figure 10. The local deviation 1 — %
[%] is shown color-coded for PE (fop) and NS (bottom). The deviation is obviously stronger in areas WhiClil
are aerodynamically and thermally highly loaded, as it occurs for the rotor stage. The remaining parts show an
agreement within 2 %. The main reason for these large local deviations is probably related to the high surface
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Fig. 10 Spatial deviation 1 —
for the pressure tap data but the contour values are flooded for the parallel line display.

temperatures. Continuous contamination of the PSP layer also played a role. Due to high centrifugal forces,
dust and soot particles transported with the inlet air were skidded on the wall and led to a continuous signal
degradation of the paint. But this effect was expected to be in the same order as the average deviation. The fact
which holds this assumption is that the ratio of PSP data at ¢ = —20° and at ¢ = 240° showed similar values.

Literally speaking, the data acquisition time increased with
decreasing angular position ¢ so the contamination effect

should also increase with time. In any event, this plot appears T 12 ? igi (S? ) :[sz
to predict slightly too large areas of high uncertainty due to I
the coarse axial resolution of the pressure tap data. The PSP 06
data was sampled down to the same data grid. i
Figure 11 finally shows the comparison of PSP data extracted 1.2
at the positions of the pressure taps for each DG angle at PE

and NS flow conditions. The RMS of the deviation between 0.6
PSP and tap data at the tap positions was Apyys = 1.3 % for -
PE and Apims = 3.5 % for NS. 1.2
As mentioned earlier, the dual-luminophore PSP allowed to _ B
reduce the paint’s temperature effect using a 7T-sensitive lu- T i T 2 60 0.6
minophore. The isolated 7T-images were evaluated for Fig- _@ L Tl B
ure 12. It must be noted that the contamination also biased 06l @-0-0-5-5-0-5-0 /ﬂ-_\./ 12
these results by a certain amount. A quantification was not . et
possible since there were only two temperature measurement 1 TR T oo e e __¢=100° 06
positions. Due to the continuous temperature rise during the |0 =120°] . S i
wind tunnel run, the figure presents the temperature gradient — = BR= R

AT for each spatial position with respect to 77 at PE condi- 06r= J. — . 12
tions (top) and for IP (bottom). A temperature gradient of |7 — D'D“ﬂ-ﬁ-1'?-5--5--;-ﬂ‘”’m"¢= 140°
AT < +60K at some positions, especially for the IP case, is * B 06
present. The flow which approaches the rotor downstream I

of the inbound DG (at ¢ = 120°) caused a lowered effec-
tive incidence as a consequence of the blockage. This led to
a stronger compression and a higher static surface tempera-  Fig. 11 Comparison of center line data extracted

T80 40 0 40 x[mm] 80

ture. In contrast, at the opposite side downstream of the out- from PSP (solid lines) at the pressure tap
bound DG (at ¢ = 0°) the incidence is obviously increased positions (symbols) for all angular posi-
which led to a stronger suction peak at the blade’s leading tions @

edge followed by a lower static temperature as indicated by
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Fig. 12 Comparision of the surface temperature gradient AT = T — Tj for PE (top) and IP (bottom) extracted from the
temperature-sensitive luminophore in the PSP

the negative temperature gradient. Finally, the wall pressure gradient in the direction of the flow dp/dx was
computed in Figure 13 for all compressor operation points (fop: PE, center: 1P, bottom: NS). Areas of dark red
color indicate a positive pressure gradient of dp/dx > 5kPa/mm.

At the angular position of the quasi-undisturbed flow (¢ = 240°) the compressors behavior to the throttling of
the mass flow can be characterized. The positive pressure gradient moves upstream with reduced mass flow
rates whereas its strength increases. It must be reflected that the dashed lines in all the figures represent the
leading and trailing edges of the tip airfoil. As a consequence of the blade’s twist and tapering, the pressure
gradient lines can appear to move virtually downstream away from the airfoil, especially at PE conditions. A
system of several parallel lines of positive pressure gradient is present for the PE and the IP operation points. It
is assumed that these lines represent the time-averaged footprint of the blade’s shock system at the wall. A sys-

a0 PSP outbound distortion generator inbound ‘ inflow: 16.1 kg/s, p, = 98.7 kPa dpldx
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ol ________leadingedge & >
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Fig. 13 Comparison of the axial pressure gradient dp/dx as measured with pressure-sensitive paint for PE conditions
(top), for the IP (center) and for NS conditions (bottom)
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tem of two shocks typically develops, according to e.g. [14]; one detached separation upstream of the leading
edge, where the tip flow reaches supersonic speed; and a second at the critical cross section between the suction
and the pressure side of two consecutively passing blades. In any case, a substantial isolated interpretation
of the origin of these pressure gradients from the results seemed to be rather complicated without additional
information from the flow field. Nevertheless, at aerodynamically highly loaded conditions, i.e. IP and NS, the
rotor seems to be more sensitive to the inlet distortions what forced the system of several gradient lines merging
into one.

At the remaining angular positions, the compressor’s reaction on the distortion generator can be characterized.
The central wake of the DG seems to have a throttling effect on the compressor, indicated by the pressure
gradient lines, which move further upstream towards the DG and also by a further increase of their strength,
compare also [17]. At the inbound DG position, the gradient appears to be very sharp and strong, whereas at
the outbound position, it has recovered due to the increased incidence and the gradient lines are shifted back
downstream. A third gradient line develops at the outbound DG for IP conditions which is not present in the
other operation points. Unfortunately, no reference data set was present for the IP case. For now, it remains
unclear if this gradient is physical or if it is an artifact from contamination or temperature.

As already shown in the previous figures, the pressure ratio across the rotor, and hence the pressure gradient, is
lowest for PE conditions. The position and the spatial extent of the corner vortices at the DG’s in- and outbound
ends can be characterized from these plots as well. The vortex footprint is the strongest for the PE case because
the shear forces at the edges of the DG are expected to be the strongest for the highest mass flow rates.

6 Conclusions

The wall pressure distribution across the Darmstadt Transonic Compressor disk with disturbed inflow from a
distortion generator was successfully characterized by means of the pressure-sensitive paint measurement tech-
nique at various operating points ranging from peak efficiency to near-stall conditions. The presented results
are both, quantitatively and in terms of the flow topology, in very good agreement with steady static pressure
tap data. The deviation in the compared results from both experimental campaigns was between 1.3 % and
3.5 %, lower at peak efficiency. Due to the high spatial resolution of the PSP measurements, the results yield
much more physical information than the classical probe data. In particular, the behavior of the compressor at
throttling mass flow rates and its steady-state reaction to massive inlet distortions were resolved in detail.

The reference pressure data set was measured in roughly 5 hours at 11 axial pressure taps for 290 circumferen-
tial positions. The spatial resolution of the PSP results in axial direction was roughly 14 times higher (it could
be any arbitrary grid resolution), but it was measured in only one fifth of the tap acquisition time. It was the
first time that the wall pressure topology across the rotor disc of the DTC could be resolved with such high
spatial resolution. This resolution enabled the identification of further flow details, such as very sharp pres-
sure gradients, especially across the rotor disk, which could not be resolved with the pressure tap array. The
results showed the position and strength of the pressure gradient across the rotor moving upstream while the
compressor is throttled. The influence of the DG to the rotor was comparable to a further reduction of the mass
flow rate, which was clearly shown in the PSP results. This 120° distortion generator effectively produced a
massive inlet distortion over ~ 80° in its central wake leading to a strong, but locally very distinct, forming of
the pressure gradient.

The accuracy of the results showed a good performance of the dual-luminophore pressure-sensitive paint even
in conditions with strong surface temperatures or minor paint layer contamination. The PSP measurement
uncertainty, especially for PE conditions, was comparable to conventional transonic PSP measurements under
typical temperature and pressure conditions, compare [1]. The benefit of increased spatial resolution at saved
measurement time exposed the potential of the PSP measurement technique for the characterization of compres-
sor flows. A detailed comparison of these results with available numerical simulations can generate a valuable
data base for the future design of jet engine compressors and my lead to the reduction of safety margins with
respect to massive unsteady inlet distortions.
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