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Abstract : The pressure sensitive paint (PSP) intensity and lifetime system is an optical
measurement technique to investigate absolute pressure fields on model surfaces for basic
research in laboratories, industrial wind tunnels or high speed rotating turbo machines. Detailed
qualitative and quantitative information and understanding of flow phenomena can be obtained
in speed ranges from U, =20 m/s up to Ma= 5.0. A number of projects of industrial interest has
been investigated in different wind tunnels covering low speed, transonic, trisonic and cryogenic
facilities. The influence of the main error sources for the components of the PSP system have
been checked. Comparison of experimental pressure fields obtained by means of PSP and the
results of numerical calculations have been carried out. Different wind tunnel models ranging
from basic configurations such as a cropped delta wing to a complex half model of a large
propeller-driven transport aircraft with all flaps, rudders and shrouds, and rotating or oscillating
models as well as Reynolds number effects on models have been investigated.
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1. Introduction

The determination of instantaneous two dimensional pressure distributions on the surface of a model
in test facilities like wind tunnels or turbo machines by the application of a pressure sensitive paint
can be construed as a major advancement in the field of non-intrusive measurement techniques in
aerodynamics. The "Pressure Sensitive Paint (PSP)" method allows not only to obtain qualitative
pressure images, but also to obtain quantitative absolute pressure values all over the surface of the
model, without introducing flow-disturbing probes or affecting the surface of the model. The PSP
measurement technique is based on the oxygen-quenching process related to the deactivation of
photo-chemically excited molecules with oxygen. Different intensities are recognizable on the
PSP-coated surface of the model, which correspond to the local oxygen concentration and thus to the
local pressure. Such a fluorescence image arising under the flow conditions in a wind tunnel can be
recorded using CCD-cameras or photomultipliers, with an appropriate filter for the emission of the
luminescent light. The final pressure map is obtained using sophisticated image processing
algorithms. A drawback of the PSP technique is that impurities of the model's surface, such as oil,
water, ice, solvents or large dust particles in the test facility may adversely affect the achievable
accuracy or may even completely damage the optical pressure sensor. Basic research studies and
industrial tests using the PSP-technique have been carried out in the laboratories of DLR Géttingen
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as well as in different industrial wind tunnels in Gottingen and Europe including test facilities for
turbomachinery of the EPFL Lausanne and the University of Darmstadt. Typical applications of PSP
include the qualitative detection and measurement of quantitative pressure data of "footprints" of
the vortex field near the model surface, the detection of vortex development and its interactions,
shock locations, leakage effects on turbine blades as a function of the angle attack, Mach number or
Reynolds number. The sensitivity of the used optical pressure sensor belonging to the two component
DLRO2 paint is optimized for the transonic pressure range. This paint also can be used for low speed
and hypersonic applications. To increase the accuracy a new calibration procedure has been
developed which allows computing the individual calibration constants for each pixel of the image
recorded by a scientific 16-bit CCD camera. Under static conditions, a resolution of about + 1 mbar
with a response time of the order of 0.3 s could be achieved. For unsteady investigations, several
"fast" paints have also been developed for applications such as for rotating models and
turbomachinery with response times of about 1 ms.

2. Optical Pressure Sensor (Physical Principles)

The PSP measurement method is based on the deactivation of photochemically excited molecules G.e.
luminophores) by oxygen molecules. When luminophores absorb light within a certain wavelength
range, they are excited from the energy state to a higher energy state. These molecules can leave the
high energy level either through emission of light (luminescence) or even without radiation. The
interaction of excited luminophores with oxygen molecules increases the possibility of radiation-free
processes. Possible energy levels (electron level, vibration level and rotation level) of molecules are
quantized with respect to energy. Under normal conditions, almost all molecules possess "strongly
prohibited" transitions. The probability of a transition between different energy levels of a molecule
is determined by the electronic structure of the initial and the final state.

The absorption of light and thus the excitation of a molecule M having the basic energy status
So and presently being at a higher energy level Si can be described as:

I.=Mso+hv—Ms1 1)
ka=Ms1—Mso+hv: 2
knr=Ms1—Msot+heat (3)
k=Ms1+O2=Mso+0*2 4@

with I.-Photon absorption, ka- Luminescence, kn:- Nonradiative decay, kq- Quenching and O*z as the
meta stable oxygen. These schemes lead to the Stern-Volmer (SV) expressions, quantitatively
relating lifetime and luminescence intensity to the quencher concentration, which becomes the basis
for the PSP intensity method for non time resolved measurements as:

I _
%:ka-s-o.zl'p ®)

where Ip=0) - intensity for vacuum conditions, ksv - Stern-Volmer constant and S - solubility
coefficient.

3. Designs of Different Pressure Sensors

In principle, the optical pressure sensor must be quenchable with oxygen present in test facilities
like wind tunnels and at the same time enable the measurement of the partial pressure of oxygen.
Therefore, it is clear that such a sensor must consist of two parts, namely, a binder which is
permeable for the diffusion of oxygen (e.g. a polymer) and a luminophore for quenching. There exist
open systems like anodized aluminium with open wholes of = 50 nm diameter and in non open
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systems, like polymers with a defined diffusion constant the diffusion of oxygen into the binder is a

time-dependent process, in which the thickness /of the polymer layer of the sensor has a significant

influence. This can be described for polymer binders as follows:
472

relaxation — _2
n°D

6

where Dis the oxygen diffusion coefficient of the binder. The permeability of the binder should not be
too high to ensure that not all of the excited luminophores are quenched by oxygen. Besides, it must
be ensured that the luminophores can be quenched by the oxygen diffused through the binder within
their lifetime 1, otherwise no pressure-dependent intensity variation can be observed. Thus, optimal
characteristics of the optical sensor for the different cases of application with reference to the
maximum pressure changes to be expected (transonic range 0.3 to 1.5 bar, low speed range 0.8 to 1.2
bar) for the selection of the binder for the number of luminophores in the binder are obtained. In
addition, the optical pressure sensor must withstand the normal and tangential aerodynamic forces.
Furthermore it must be as thin, flat and smooth as possible and have uniform characteristics over
the entire surface of the model. For obtaining a smooth optical sensor on the entire surface, a spray
gun is usually employed. The paint sensor typically consists of two polymeric layers, which are
applied consecutively to the models surface. These two layers are a white screen layer as a base and a
transparent active layer with two different luminophores (one for pressure detection and one for
intensity correction) on top.

3.1 Characteristics and Calibration of the Optical Pressure Sensors

In medicine as well as in biology, a large number of molecules are known which can be used as oxygen
sensors. For the use as a luminophore, i.e., molecules with sufficiently long lifetime for quenching
with oxygen, platinum (PtOEP)- and ruthenium-complexes such as tris-2,2'bipyridyl-ruthenium(II)
can be employed. For excitation of these luminophores, the blue line (A = 488 nm) of an argon-ion
laser can be used. In addition, Pyrene (belonging to a group of aromatic hydrocarbons) is well known
as a luminophore in optical sensors. Here, UV light of the wavelength (A = 337+10 nm) from a Xenon
lamp can be used for the excitation of luminophores. From the calibration curves of these paints it is
known that pyrene has a more linear behavior in comparison to ruthenium. The pressure sensitivity
of ruthenium based paints appears to be larger than that of pyrene based paints. The error due to the
temperature effects is smaller for pyrene (0.2%/°C) as compared to 5%/°C for ruthenium. The lifetime
of ruthenium is of the order of 1-2 microseconds whereas the lifetime for pyrene it is about 50-100 ns
and therefore, it is a more suitable paint for investigation of fast processes.

4. Components of the Intensity PSP System

The PSP system is mainly composed of several subsystems and hardware as described below. The
schematic of the test set-up in Fig. 1 shows all the essential optical and electrical components of the
DLR 360° PSP system. This system consists of various illumination devices, twin CCD cameras for
pressure and reference images (because of binary paint pressure sensitive molecules and reference
molecules without pressure and temperature dependency), a local image and data acquisition system
and an external calibration chamber. In order to achieve a high flexibility for the most different wind
tunnel tests modular and highly sophisticated acquisition and processing subsystems are required.
The mobile DLR system includes camera boards, synchronization units for eight cameras, light
source trigger, a fast graphic processor board and several 500 Gbyte hard disks for data storage. A
user friendly software package ToPas (Three dimensional optical Pressure analyzing system),
running under UNIX and Linux has been developed in order to facilitate the management of all the
tasks executed by this powerful PSP hardware system.
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camera boards

Fig. 1. Sketch and data flow of the 360° PSP intensity system, based on 4 twin cameras.

This configuration allows extracting absolute values of pressure by means of simultaneous
processing of the acquired and the calibration data. Using a 3d-grid for the investigated model, a
high quality map of the pressure data with accurate pressure or Cp values on each grid node can be
presented to the wind tunnel clients 2 min after acquisition of the 2d-images from all eight CCD
cameras.

5. Results
5.1 Low Speed Tests

A real challenge for the application of the PSP technique in a wind tunnel are measurements under
low speed conditions including strong temperature effects as visible in Fig. 2. Here a half-model
of a propeller-driven, large transport aircraft was investigated using DLR02 paint in the 2 m x 2 m
test section of the LSWT wind tunnel of Airbus Bremen, Germany. The tunnel speed was varied from

Fig. 2a

Fig. 2. PSP pressure distribution on the half-model of propeller-driven large transport aircraft model for
U.= 60 m/s and o = 16° with IR temperature correction on the areas as visible in the PSP results.
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U. = 30 to 60 m/s and different angles of attack from o = -5° to +18° have been selected. The most
difficult part was the temperature correction of the PSP raw data, since strong temperature
gradients on the model surface have been created by the air pressure tubes which were driving the
counter rotating propellers. The air used to operate the propellers was of a temperature of +40 °C and
the expanded air comming out of the propellers decreased down to —20 °C in temperature. In order to
obtain a high accuracy the quantitative PSP data was taken by using two scientific grade 16-bit CCD
cameras with high pixel resolution simultaneously for the "pressure image" and the "intensity
image". In parallel the temperature of the binary-paint coated model was measured with an
IR-camera. Figure 2a shows the coated half model in the wind tunnel and Fig. 2b the non
temperature corrected PSP image under flow condition. Figure 2c shows the final result after pixel
by pixel temperature correction between the PSP image and IR image.

5.2 Load Calculation in Transonic Flow (360° PSP Measurements)

For comparison of forces and moments obtained with the PSP technique to balance data, the EADS
MAKO model was installed in the DNW-HST wind tunnel in Amsterdam. The basic MAKO model
and additional 40 exchangeable model parts like flaps and rudders were fully coated with DLR02
paint. The arrangement, shown in Fig. 1, was used to obtain a 360° view of the complete aircraft (see
Fig. 3). These pressure maps were used for later integration to calculate the total loads of the MAKO
model and of single components like the horizontal tail (as shown in Fig. 4). The latter was chosen
because a hinge moment balance was installed in the left part of the tail wing.

tow [T Upressure M high

Fig. 3. Completely PSP coated MAKO model with absolute pressure distribution to calculate loads.
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Fig. 4. Comparison of normal forces Fz and bending moments Mx of the MAKO model in the DNW-HST.
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The main goal of this test was to obtain detailed information about the accuracy of the PSP data. The
Mach numbers were chosen in-between Ma= 0.4 and 1.0, at angles of attack o = -5° to 30°. In addition,
side slip angles f = -10° to +10° were used. The achieved results have shown that the PSP method
can be an excellent tool to detect the sources of separation on the model's surface, because balances
give information averaged over the complete model, or model parts equipped with balances, only.
Asymmetric pressure distributions on the wings as obtained by means of PSP made these effects
obvious. As far as the quantitative data are concerned the difference between hinge moment balance
and PSP was about ~ 5% in moments for symmetric flow and using lenses with a large zoom factor
(see Fig. 4). On-line available PSP data provide a fast overview over the pressure field over the very
wide flight envelope of the aircraft, both in speed and angle of attack. This helps considerably to
reduce the efforts, costs and time required for numerical calculations of the pressure field and the
loads.

5.3 Rotating Delta Wing Model Compared with CFD Calculations

Figure 5 shows a representative comparison between Euler/Navier-Stokes code calculations and PSP
measurements for a delta wing model rolling at f = 10 Hz in the DNW TWG transonic wind tunnel in
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Fig. 5. PSP pressure distribution on a delta wing at Ma = 0.8, oo = 17°, ® = 30°, f = 10 Hz, (0 = 0.0762).

Gottingen. The agreement between measurements and calculations is obvious. Moreover, PSP
measurements are an excellent tool to correct the initial and boundary conditions for numerical
calculations because the flow along the leading edge and at the cropped area is not well calculated -
especially in areas with fine vortex structures as visible for the Navier-Stokes solutions. To obtain
these experimental results it was necessary to use a single, powerful flash lamp with pulse duration
of 1 ms in order to have enough energy to expose a single PSP image within this time period. A simple
calculation for a frequency of 10 Hz gives a 3.6 degree rotation during the integration time of 1 ms of
the PSP system.

5.4 TSP Measurements in a Cryogenic Windtunnel

The identification of laminar-turbulent boundary layer transition on wind tunnel models provides
essential data for modern wing design. However, simulating true flight Reynolds numbers with
scaled models requires the usage of cryogenic wind tunnels such as the European Transonic
Windtunnel (ETW) in Cologne. The detection of the laminar-turbulent transition can be done via the
detection of temperature changes on the wing, e.g. with IR techniques.
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Fig. 6. Development of transition as a function of Reynolds number.

However, in cryogenic testing, IR imaging becomes quite difficult because of the reduction in radiated
energy and the shift to longer wavelengths. Therefore, the temperature sensitive paint (TSP)
technique has become a promising alternative here. As an example, Fig. 6 shows TSP result images
taken in a co-operativ work between the three partners DLR, JAXA and ETW at different Reynolds
numbers and at cryogenic temperatures (in the range T = 120 — 180 K).

6. Conclusion

It has been shown that the PSP and TSP measurement techniques can be used in a wide range of
applications in aerodynamic wind tunnels. A number of tests in the low speed as well as in transonic
and cryogenic flow regimes have been performed in European wind tunnels, the results of which
demonstrate the high level of accuracy, which can be achieved. It was shown that the PSP technique
not only offers quantitative pressures maps on the surface of the wind tunnel model, but also gives
useful initial and boundary conditions necessary for numerical flow simulations. A good agreement
has been observed between the conventional pressure measurement technique and the intensity PSP
technique in the all the different wind tunnel tests.
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