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Fast response Pressure-Sensitive Paint (iPSP) developed at the German Aerospace Center
(DLR) in Géttingen is used for measurements of acoustic and aeroacoustic pressure
distributions in a rectangular cavity at transonic (M = 0.9) and supersonic (M = 1.1) Mach
numbers. The iPSP was applied to the ceiling of the cavity as well as to one of the doors.
Different data analysis methods are applied to the results to increase the signal-to-noise ratio
(SNR). Simultaneous measurements with conventional measurement technique using high
speed pressure transducers (Kulites) are performed and used to reference the iPSP results. Both
measurements are compared showing a good agreement.

I, Introduction

Fast response Pressure-Sensitive Paint (iPSP) is an established measurement technique to investigate unsteady
pressure distributions on a surface with a high spatial resolution. Acoustic measurements using iPSP are
particularly challenging since iPSP is an absolute pressure sensor and the acoustic pressure fluctuations are low
compared to the ambient pressure. The investigations of the capabilities of iPSP developed at the German
Aerospace Center (DLR) in Gottingen were performed recently [1] showing its advantages.

II. Fast response pressure sensitive paint method

The working principle of PSP is universally based on radiation free quenching of dye molecules by oxygen
molecules. The dye molecules are usually incorporated in a binder material and can be excited by absorption of
light in an appropriate wavelength range which is specific for the dye molecule. If not quenched by oxygen the
excited dye molecules can return to the electronic ground state by emission of light which is Stokes-shifted to a
longer wavelength relative to the excitation wavelength [2]. The degree of quenching depends on the oxygen
concentration or partial oxygen pressure. In practice, this means, that the emission intensity of the PSP dye
decreases as the partial oxygen pressure is increased and since the partial oxygen pressure in air is directly
proportional to the air pressure, the local air pressure is measured. One well known dye molecule which is often
used in PSP is the PtTFPP (platinum(ll) meso-tetrakis(pentafluorophenyl)porphyrin) (Aciation = 392nm (UV light),
Aemission = 650nm (red light)) [2]. As a binder material for iPSP, commercially available transparent binder with high
rate of oxygen diffuseness is used. The fast response paint developed by DLR consists of a polymer-ceramic base
coat and an active layer. It is a modified version of a paint developed by Gregory et al. [3]. A schematic
composition of such paint is shown in Figure 1.
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Figure 1 Fast response paint composition

A. Intensity method

There are two methods to measure pressure distribution with PSP; intensity and lifetime method. The intensity
method is used in this work and requires continuous excitation of the PSP. The intensity of the emission light is
measured using a high-speed camera which also captures fast emission intensity changes due to changing local
pressures. To determine the pressure from acquired images, the Stern-Volmer equation, Eq.1, is used with
predetermined temperature dependent coefficients A and B. The iPSP features a pressure sensitivity of
77%/100 kPa and relatively high temperature sensitivity of 2.3%/K at reference condition of 100 kPa and 293 K.
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B. Fast response PSP capabilities in low pressure and high-speed applications

Acoustic measurements with iPSP are particular challenging due to the high frequency of local pressure
changes and usually low-pressure amplitudes. As shown in previous investigations [1], the IPSP features the cut-off
frequency at around 6 kHz where up to 1 kHz no amplitude correction is required. In order to perform the
correction above 1 kHz, the iPSP response was modeled using first order system and a time constant tau=25 ps. In
Figure 2 the Bode plots and the modeled response curve (dashed line for tau=25ps) are shown.
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Figure 2 iPSP frequency response Bode Plots [1]

In order to increase the SNR of the iPSP data and investigate lower pressure magnitudes, advanced data post
processing techniques are applied, such as singular value decomposition (SVD), dynamic mode decomposition

{DMD) and pixel-wise FFT [4]. Using such data post processing techniques, a reference high speed pressure
measurement device is required in order to calibrate the results. Here, high speed pressure transducers (Kulites)

are installed inside the cavity and inside the door.

This part will be extended in final paper to include extended explanation of SVD, DMD, pixel wise FFT



Ill. Experimental setup

A. Wind tunnel model and measurement matrix

In general, the rectangular cavity is a generic square/box design with lower side of the box open. The lid of the
cavity is split in to two doors along the center-line of the lower side. The doors are fixed in open position for this
test as shown in Figure 3 below.
A detailed description of the model will be provided in the final paper.

Figure 3 Sketch of the cavity model and open doors configuration

The model is equipped with high speed pressure transducers (Kulites). Two of them inside the cavity and
another two integrated in the door as shown in Figure 4,
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Figure 4 Positions of the Kulites in a) the door, and b) the ceiling

Overall, two Mach numbers with five angles of attack are investigated, as listed in Table 1

Mach Number 0.9and 1.1
AoA 0°,5°10°,15° and 20°
Camera 1, ceiling 10,000 fps
Camera 2, door 10,000 fps

Table 1: Measurement Matrix



B. Instrumentation of PSP-related hardware in the wind tunnel

The wind tunnel is equipped with two Phantom v2640 high speed cameras for the registration of the emission
light and four HardSoft UV-LED llluminators for paint excitation. A sketch of the setup is shown in Figure 5.
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Figure 5 Sketch of the PSP-related hardware

C- Data acquisition and initial processing

In order to acquire the data, the wind tunnel is set to the desired Mach number and angle of attack. As soon as
steady far-field conditions are reached, the LEDs are switched on and both cameras as well as the high-speed
pressure transducer triggered simultaneously. The following flow chart in Figure 6 depicts the data acquisition
process.
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Figure 6 Flow chart of data acquisition

In order to compare PSP and Kulite results in frequency domain, pixel-wise Fast Fourier Transformation (FFT) is
performed on each data point for each pixel. Previous to the FFT, the average of each run and for each camera is
calculated and a ratio of reference to run results created. The division of averaged run by each run image ensures
that only the unsteady part of the measurement is retained. A similar procedure is performed on the Kulite data.

More details of the experimental setup, the equipment used, the experimental conditions, and the data
acquisition and processing procedure will be presented in the final paper.



IV. Results and discussion

A} M = 0.9, Time sequence for ceiling and door

As a typical qualitative PSP result, in Figures 7 a) and b) the spatial pressure distributions for different time
steps (dt=0.1 ms) are shown. Brighter areas indicate higher pressures and darker areas lower. Following
synchronized time sequence of the flow inside the cavity and past the door show aerodynamic phenomena and

aeroacoustics fluctuations. Clearly flow structures can easily be seen in the time series of PSP results.
a) Flow around the door

Flow

b) Flow inside the cavity

Figure 7 Visualization of pressure distributions for different time steps

Further evaluation of different flow phenomena will be presented in the final paper.



B. M = 0.9, Frequency analysis for ceiling and door

The main frequency detected for this test case is approx. 750 Hz in the iPSP data as well as in Kulite results.
Further analysis. of the unsteady pressure distributions shows different aerodynamic as well as aeroacoustics
phenomena, which can be identified and separately analyzed: among. others the shock fluctuations, vortex
shedding and vortex passing.
Further analysis will be included in final paper together with further angels of attack and Mach number.

V. Conclusion

Measurement of the cavity flow at high Mach numbers is performed on a rectangular cavity with doors in open
position. The measurement is performed using high speed pressure sensitive paint with high spatial distribution.
Conventional high-speed pressure sensors are used to reference the PSP results. Several flow phenomena are
identified such as acoustic pressures and vortex passing and vortex development.
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