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ABSTRACT 

In this work, proper orthogonal decomposition (POD) was used to separate coherent structures from noise in pressure sensitive 
paint (PSP) data acquired by high-speed photography on the side of a square cylinder in a natural periodically fluctuating flow. 

 
1. Introduction 

Pressure sensitive paint (PSP) is an optical technique 
for measuring surface pressure by utilizing the effect of 
oxygen quenching found in certain luminescent 
substances. In the luminescent process, photons are 
absorbed as energy by the electrons of a molecule, 
bringing them to a higher energy state. Upon relaxation 
back to the ground state the excess energy is released as 
photons of lower energy, and hence of longer 
wavelength. If the excited molecule is in contact with an 
oxygen molecule the excess energy may instead be 
transferred to the oxygen; the luminescence is quenched 
by oxygen and no photon is emitted. On a macroscopic 
scale the intensity of the emitted light is inversely 
proportional to the partial pressure of oxygen in the 
surrounding gas, and in case of constant oxygen 
concentration: pressure. 

To use PSP to measure the pressure on a surface, the 
luminescent substance is usually bound in an oxygen 
permeable polymer binder that is painted on the surface. 
The paint is excited by LED or laser light and 
luminescence is captured using photo multiplier tubes or 
digital cameras. For further information on PSP, see 
reference [1]. 

With the introduction of high-speed high dynamic 
range cameras, a new realm has opened in the PSP area. 
However, with the large amount of raw data associated 
to these experiments there is a need for good data 
reduction methods in order to interpret the results. 

In computational fluid dynamics as well as for some 
experimental methods that gives spatial information (e.g. 
particle image velocimetry) proper orthogonal 
decomposition (POD) is a common technique that is 
used to divide a flow field into spatially coherent 
structures evolving in time such that 
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where ! represents some property (e.g. velocity or 
pressure) of the flow, a denotes temporal modes, " 
spatial modes, and j is the mode number. 

Features of POD are that the lower modes contain 
the structures with the most energy and that the 
structures of each mode are uncorrelated (orthogonal) to 
those of all other modes. In addition, POD is optimal in 
an energy sense; no other decomposition of equal order 
can capture the same amount of energy. 
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Fig. 1  Experiment setup. 

 
For a more thorough treatment on the POD 

technique the reader is refereed to reference [2]. 
Other evaluation methods, covered in reference [3], 

have previously been used on similar experiment data. 
 

2. Experimental set-up and data evaluation 
A square cylinder with a base of 40x40 mm2 and a 

height of 120 mm had one of its sides painted with a 
PtTFPP based polymer-ceramic pressure-sensitive paint 
on a titanium-dioxide base layer as described in 
reference [4]. The model was placed on a flat plate in a 
wind tunnel such that the painted side was parallel to the 
flow, as illustrated in figure 1. The free-stream velocity 
of the flow was 50 m/s. 

Continuous LED light was used as the source for 
illumination and luminescence was captured using a 
high-speed digital camera set to a frame rate of 2000 fps. 
The experiment was performed at Tohoku University in 
the basic aerodynamic wind tunnel (T-BART). 

A subset of 2000 images was chosen for the 
POD-analysis carried out according to the so-called 
snapshot method. An n-by-m matrix X was formed from 
the image intensities, I, such that n was the spatial, and 
m the temporal dimension. For each point, the temporal 
mean of that point was subtracted. 

The X matrix was subjected to singular value 
decomposition, solving 
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where U and V are orthonormal matrices and !  diagonal. 
Obtaining U, V, and !  the spatial and temporal modes 
was calculated according to 
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Fig. 2  First 12 spatial modes. Amplitudes are 
normalized by the standard deviation of 
respective field. Flow is from left to right. 
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The relative modal energies "j were obtained from 
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The spatial modes were inspected (figure 2) and 
unwanted modes were removed; in this case modes one 
and four, showing structural vibration in the horizontal 
and vertical directions respectively, and modes 11 and 
above, which show small scale structures and incoherent 
noise. For comparison, modes 11 and those above each 
contain less then 2.2% of the energy of mode 0. 

The intensity field was then reconstructed according 
to (1) with j = [0,2,3,5,…,10], the previously subtracted 
mean field was added and also used as the reference 
intensity to calculate Iref / I, which relates to the pressure 
by the well known Stern-Vollmer relation, 
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where A and B are calibration coefficients and Iref the 
intensity at a reference pressure pref. The comparison 
was made between the intensity ratios of the raw 
intensity field and the reconstructed field. 

 
3. Results and Discussion 

Figure 3 shows the comparison between the raw 
intensity ratios and the reconstructed ratios. Note that 
what is shown in figure 3b is an instantaneous field and 
that no phase averaging or similar has been performed. 

In figures 3c and 3d reconstruction is shown for two 
points in time compared to the spatial averages of 7 by 7 
pixels from the raw intensity ratios. This comparison 
shows that the reconstruction follows the true behaviour 
well and that phase information is not lost. 
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Fig. 3  Iref / I for a) raw data at t = 2 ms, 
b) reconstructed data at t = 2 ms and c-d) time 
series for raw data single pixel (grey), raw data 
7x7 pixel average (red) and reconstructed single 
pixel (black). For a) and b) the range is 0.99 
(blue) to 1.01 (red). 
 

 
Fig. 4  First 12 reconstructed Iref / I fields ranging 

from 0.995 (blue) to 1.005 (red). Time between 
snapshots is 0.5 ms. 

 
A series of 12 instantaneous snapshots (out of the set 

of 2000) of the reconstructed field is shown in figure 4, 
clearly indicating the pressure variations over one period 
of the vortex shedding frequency. 
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