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Abstract

This review summarizes state-of-the-art knowledge on fast-responding pressure-sensitive paint (fast PSP), which has evolved
into a powerful experimental tool for studying complex flow problems. As the formulation of porous paint with kilohertz
response is now well established, full-field pressure measurements with high spatial and temporal resolution have been
achieved on both stationary and moving targets. Recent studies have significantly advanced every aspect of this technology,
including paint development, theoretical modeling, system integration and data processing. Novel paint formulations with
superior sensing properties and additional functions for multi-physical measurements are being continually developed. The
dynamic response mechanism is better understood through analysis and modeling considering the processes of photolumi-
nescence, gas diffusion and light transmission. More importantly, applications of fast PSP are being expanded from regular
wind-tunnel tests to more challenging conditions featuring hypervelocity, fast rotation and high temperature. Interdiscipli-
nary research has played a key role in these development processes, and will remain vital for future breakthroughs in PSP
technology.
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1 Introduction

Pressure-sensitive paint (PSP), an optical method for full-
field pressure measurement on model surfaces has found
widespread applications in aerospace research since the
1980s. This technology entered a new era around 2000, due
to the development of fast-responding pressure-sensitive
paint (fast PSP) which enabled measurement with high spa-
tial and temporal resolution. A variety of PSPs have been
developed with response times of a few hundred microsec-
onds or less, which could provide unsteady measurements
at kilohertz frequencies with help from the fast evolving
high-speed imaging technology. The time-resolved pressure
fields yielded by fast PSP have afforded valuable insight into
complex flow problems from vortex-induced noise/vibration

Fig. 1 Recent developments in

at low-speed to shock—boundary-layer interactions at high-
speed. More importantly, fast PSP has made high-fidelity
measurements and comprehensive diagnostics possible
on helicopter rotors, engine compressors and hypersonic
vehicle, whereas conventional pressure transducers usually
underperform or even fail under these harsh conditions.
The theoretical basis and measurement techniques of PSP
have been well documented by Liu et al. (1997), Bell (2001),
and Liu and Sullivan (2005). Two recent review articles by
Gregory et al. (2008, 2014a) have concentrated on fast PSP.
In light of the literature, this review only briefly discusses
the fundamentals of PSP technology. Instead, the main
focus is to highlight the recent developing trends, which are:
(1) advanced manufacturing techniques, which have ena-
bled precise coating design and fabrication at micro- and
nanoscales, showing promise for enhancing PSP’s sensing
performance and producing highly integrated systems; (2)
understanding of the dynamic response mechanism, which
has been greatly improved by considering the combined
effects of luminescent decay, oxygen diffusion and light
attenuation; and (3) advanced measurement methods, which
have been developed and optimized for harsh test conditions
featuring hypervelocity, fast rotation and high temperature.
Above all, the multidisciplinary nature of PSP technology
has become increasingly prominent as recent advances have
been fueled by contributions from different fields includ-
ing physics, chemistry, manufacturing, material science and
applied mathematics, as summarized in Fig. 1. Accordingly,
the remainder of this review is organized as follows. Sec-
tion 2 introduces the fundamentals of fast PSP, including its
working principles, data acquisition methods and measure-
ment uncertainties. Section 3 covers paint development, with
a focus on fast-responding porous binders and novel multi-
functional PSPs. Section 4 discusses the dynamic response
mechanism involving both experimental and modeling
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approaches. Section 5 presents the challenges and solutions
as the use of fast PSP is extended from regular wind tunnel
tests to harsh environments. The conclusion and outlook are
given in Sect. 6.

2 Fundamentals of fast PSP

The working principle of PSP is based on molecular photo-
luminescence, where the luminescent molecules (i.e., lumi-
nophores) are firstly excited by an illumination source to a
higher energy level, after which they return to their ground
state, emitting longer-wavelength light in the process. The
susceptibility of this emission process to surrounding envi-
ronmental parameters (temperature, oxygen concentration,
pH, etc.) has enabled the development of a rich class of opti-
cal sensors including PSP.

The mechanism of oxygen-quenching, a discovery made
in the 1930s (Kautsky and Hirsch 1935), has served as the
cornerstone of PSP measurement. Briefly, oxygen suppresses
the emission process through its interaction with the excited
luminophore, resulting in an inversely proportional relation-
ship between oxygen concentration and luminescent inten-
sity. A more straightforward explanation is available from
the viewpoint of energy: for PSP, the energy absorbed from
the excitation light will be consumed via three primary chan-
nels: light emission (i.e., luminescence), reaction with oxy-
gen (i.e., oxygen quenching) and molecular collision (i.e.,
thermal quenching). At a constant temperature (with same
energy loss due to collision), there is a direct competition
between luminescence and oxygen quenching. Therefore,
an increase in oxygen concentration leads to a reduction in
luminescent intensity. The intensity of PSP can be further
related to air pressure based on Henry’s law, yielding the
Stern—Volmer relation in the following form:

1
=AM + BT, 0

ref

where I ; and P, are the luminescent intensity and the air
pressure at a reference condition, respectively. The temper-
ature-dependent coefficients A and B are experimentally
determined by calibration. In a typical wind tunnel applica-
tion, a reference (wind-off) image is taken when the tunnel is
off, and a wind-on image is taken when the tunnel is on. The
reference image is necessary to remove the errors caused by
the non-uniformity in illumination field and luminophore
distribution. The intensity ratio of these two images can be
converted to a pressure ratio according to Eq. (1), which
then yields the pressure distribution (for a known reference
pressure). This intensity-based method (also known as the
radiometric method) is commonly used in PSP measure-
ments, and requires a stable illumination source (e.g., an

LED array) for excitation and a scientific-grade camera for
data acquisition.

Alternatively, the Stern—Volmer relation can be expressed
in terms of the luminescent lifetime of PSP. The typical
response of PSP to pulsed excitation light follows a single
exponential decay:

I(t) = Iye™/", (2)

where [ is the intensity at the start of the decay and 7 is the
lifetime of PSP. Then, the lifetime version of Stern—Volmer
relation is:

5 = AT)+ BT o 3)

ref

where 7, is the luminescent lifetime at a reference condi-
tion. A photomultiplier tube (PMT) can accurately resolve
the lifetime of PSP, but it is limited to point measurement.
To achieve two-dimensional measurement, a viable method
is to capture two (or more) images using a gated camera
during the luminescent decay of PSP following excitation
by a pulsed LED or a high-power laser. Theoretically, the
intensity ratio of these two gates is directly related to sur-
face pressure with no dependency on absolute intensity, thus
eliminating the need for wind-off images (Holmes 1998;
Goss et al. 2000). However, spatial variations in PSP lifetime
still exist due to paint inhomogeneity (Ruyten et al. 2009),
and the corresponding errors can be removed by taking a
ratio of ratios with a reference image-pair (Gregory et al.
2009; Juliano et al. 2011). The resulting relation is:

(IGI/IGZ) £ P
——— =A(D) + B()——. @)
101/1(32 Pret

where I, and I, are the time-integrated intensity images
for gates 1 and 2, respectively. The lifetime-based method
has shown clear advantages over the intensity-based method,
as it is almost immune to errors related to model displace-
ment or deformation (Schreivogel et al. 2012; Yorita et al.
2017). In particular, it has offered a valuable solution for
PSP measurements on rotating blades of helicopter rotors
and engine compressors (see the detailed discussion in
Sect. 5.3). In addition, lifetime-based measurement can be
performed using a frequency-domain technique, where sinu-
soidal light is generated for excitation and the PSP signal
is recorded to calculate the pressure-dependent amplitude
attenuation or phase shift (Holmes 1998). The recent devel-
opment in frequency-domain fluorescence lifetime imaging
(FLIM) technology has significantly lowered the technical
barriers of this method, making it more accessible to indus-
trial applications (Yorita et al. 2019).

The temporal response of conventional PSP is primarily
governed by the thickness of the paint formulation (%) and
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the diffusion coefficient of the binder material (D,,). The
time constant of the paint response is given by:
h2

Ta = D (%)
which indicates that a faster response can be achieved by
either reducing the paint thickness or increasing the binder
diffusivity. Although the former option is more appealing
according to Eq. 5, it is actually less practical considering
the trade-off which must be made between signal level and
dynamic response (Schairer 2002). In reality, the prevail-
ing method involves creating a porous binder to facilitate
oxygen diffusion and enable immediate interaction between
oxygen and luminophore (Sakaue et al. 2002a). In this way,
the frequency response of PSP can easily reach a few kHz
without sacrificing the signal-to-noise ratio (SNR). The two
major types of porous paint used are polymer-ceramic PSP
(PC-PSP) and anodized-aluminum PSP (AA-PSP), which
will be described in Sect. 3.1, together with some novel con-
figurations of fast PSP.

Measurement techniques for capturing unsteady pres-
sure fields have evolved quickly, in accordance with the sig-
nificantly enhanced frequency—response of PSP. The three
primary methods are summarized in Table 1, based on the
comparative study of Fang et al. (2012), including the phase-
averaging method, the real-time method and the single-shot
lifetime method. For the phase-averaging method, short
light pulses are generated from the LED arrays, which are
phase-locked with the surface pressure oscillations. PSP
signals at one phase position are accumulated over many
cycles by keeping the camera shutter open to achieve a high
SNR (Singh et al. 2011). This method can be readily applied
to situations involving periodic flow/pressure features if a
proper trigger signal is available, such as flow over a cylinder
(McGraw et al. 2006), fluid oscillator (Gregory et al. 2007),
acoustic resonance chamber (Gregory et al. 2006) or imping-
ing jet resonance (Davis et al. 2015). It should be noted that
this method is susceptible to errors caused by frequency

Table 1 Comparison of unsteady measurement techniques using fast PSP

jitter or trigger-signal noise. Matsuda et al. (2013) pro-
posed an alternative heterodyne method that could achieve
unsteady measurement with a low frame-rate camera.

The real-time method uses a high-speed camera to
directly capture the time-resolved PSP images, and has
become increasingly popular due to the development of
complementary metal oxide—semiconductor (CMOS) sen-
sors for high-speed imaging technology. This method is the
easiest of all three to implement, but has a fairly demanding
hardware requirement including high-power, high-stability
LED arrays and a sensitive high-speed camera. It is espe-
cially useful in shock tubes and hypersonic tunnels with
short test durations on the order of milliseconds (Sakamura
et al. 2005; Kameda et al. 2005). However, the measurement
bandwidth is inherently limited due to the trade-off between
sampling rate and signal level. The SNR at higher sampling
rate can be improved by adopting a conditional image-
sampling technique or a noise-removal technique based on
principal component analysis (Pastuhoff et al. 2013; Peng
et al. 2016¢). It is also possible to use a phase-lock sam-
pling method which allows direct phase-averaging treatment
(Gardner et al. 2014). Still, the pressure resolution and SNR
of a 12-bit CMOS camera is clearly inferior to those of a
14-bit or even 16-bit charged-couple device (CCD) camera,
which creates difficulties in low-speed applications (Asai
and Yorita 2011).

The single-shot lifetime method has been developed
specifically to deal with the issues of model movement
or deformation between wind-off and wind-on conditions,
which are frequently encountered in applications involv-
ing fluid-structure interactions, helicopter rotors and
turbomachinery. Typically, two consecutive images (G1
and G2) are taken by an interline transfer CCD camera on
the luminescent decay of PSP following a pulsed excita-
tion, and the transient pressure field is obtained using
Eq. 4. The high-energy laser pulses afford a sufficient
SNR within a single shot, thus eliminating the need for
phase-averaging (Gregory et al. 2009; Juliano et al. 2011).
Currently, the primary limitation of this method is the

Real-time imaging

Single-shot lifetime

Method Phase-averaging

Light source Pulsed LED

Imaging device CCD camera

Trigger signal required Yes No
SNR High Low

Pressure resolution High (up to 16-bit)

Stationary model in low-speed peri-
odic flow

Typical application

Major error source Temperature effect, model motion/

vibration, photodegradation

Continuous LED (high power)
High-speed CMOS camera

Low (up to 12-bit)

Stationary model in complex flow
with multiple frequencies

Temperature effect, model motion/

vibration, photodegradation, camera
noise

Pulsed laser (Nd:YAG, 532 nm)

CCD camera with dual-exposure mode
Yes

High

Moderate (up to 14-bit)

Model with motion and/or deformation

Temperature effect, image misalign-
ment and blur
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operating frequency of high-power Nd: YAG laser, which
is usually < 20 Hz.

The primary sources of error for each of the above
three measurement techniques are presented in Table 1.
While the detailed error-analysis of conventional PSP
measurement in early literature still applies for fast PSP
(Liu et al. 2001a; Liu and Sullivan 2005), some later
modifications warrant comment. Undoubtedly, the tem-
perature-induced error remains the most significant for all
methods, and is actually exacerbated by the high temper-
ature-sensitivity of fast PSPs. The luminophores depos-
ited on the open structure of porous binders are directly
exposed to the outer environment, and thus more suscepti-
ble to temperature variations. For a typical PC-PSP with a
pressure sensitivity of 0.7%/kPa and a temperature sensi-
tivity of 2.4%/K, a 1 K change in temperature would lead
to a pressure error of over 3 kPa (Peng and Liu 2016). The
temperature-induced error is less for AA-PSP, but is still
exceeds 1 kPa/K (Merienne et al. 2015). Usually, errors
caused by a bulk temperature change between wind-
on and wind-off conditions can be effectively removed
through the application of in situ calibration. If a complex
temperature-distribution is present on the model surface
(which is common in high-speed and engine-related appli-
cations), it is important to acquire the temperature map
via other techniques (temperature-sensitive paint, infra-
red thermography, etc.) and subsequently perform tem-
perature correction on PSP data. For the intensity-based
methods (phase-averaging and real-time), other noticeable
error sources include the illumination variation caused
by model movement or vibration, and the photodegra-
dation of PSP. In particular, the photodegradation effect
cannot be neglected even for the real-time measurement
with a fairly short data-acquisition time. This is due to
the porous paint degrading much faster than its steady-
state counterpart (Matsuda et al. 2016; Panda 2017) and
the continuous high-power excitation further accelerat-
ing the photodegradation process (Merienne et al. 2012).
The corresponding temporal variations in intensity can
be compensated by normalizing the images using a fit-
ted curve (Panda 2017; Jiao et al. 2018a). Camera noise
is also a significant source of interference for real-time
measurement, especially at the high sampling-rates when
signal levels are otherwise insufficient; this problem can
be alleviated as previously discussed. For the single-shot
lifetime method, the error sources (aside from the tem-
perature effect) are mostly related to model motion and
deformation, such as image-registration errors and image
blur. The effects of these errors can be minimized by the
development and use of advanced image-registration and
deblurring algorithms (Juliano et al. 2012; Disotell et al.
2014).

3 Paint design and fabrication
3.1 Binder development

The key component of fast PSP is its porous binder, which
allows rapid oxygen diffusion and thus a fast response.
Typically, such a porous binder can be created via the
following two methods: (1) suspending ceramic particles
(TiO,, Si0,, etc.) and a small amount of polymer in an
appropriate solvent, and air-spraying the resulting slurry
onto the model surface to form a porous coating (Scrog-
gin et al. 1999; Gregory et al. 2006; Sakaue et al. 2011);
and (2) performing anodization on an aluminum model
to form a porous structure on the surface (Sakaue 1999;
Kameda et al. 2004). These two methods, referred to as
polymer-ceramic PSP (PC-PSP) and anodized-aluminum
PSP (AA-PCP), afford PSPs with a frequency response of
several kHz or greater.

PC-PSP can be easily air-sprayed on test models,
regardless of the material from which these models are
made, or their geometry. However, this means it is dif-
ficult to precisely control the physical properties of the
PSPs (thickness, surface roughness, etc.) which affect its
sensing performance (Pandey and Gregory 2016; Jiao et al.
2018b). In contrast, the fabrication process of AA-PSP
can be tightly controlled, and thus produce PSPs with
highly reproducible physical properties and allow further
improvements in sensing performance (Sakaue and Ishii
2010a, b). In particular, the size and depth of the pores
can be controlled by the anodization parameters (tempera-
ture, voltage, duration, etc.), and extremely short response
times (<1 ps) can be achieved with large and shallow
pores (Fujii et al. 2013). Unfortunately, the requirement
for anodization does restrict the application of AA-PSP
to aluminum models with relatively simple geometry and
limited size. As shown in Fig. 2, while recent research
activities have focused on improving the sensing perfor-
mance of both PC-PSP and AA-PSP, a number of novel
fast PSPs were also introduced through advanced manu-
facturing techniques.

In PC-PSP, the luminophore [typically PtTFPP or
Ru(dpp);] can be deposited by dipping the binder into
luminophore solution, by overspraying luminophore solu-
tion on the binder surface or by pre-mixing luminophore
with the binder slurry (before spraying). The choice of
deposition method is critical because it determines the
luminophore distribution inside the binder and thus greatly
affects the dynamic response. The first two deposition
methods (dipping and overspraying) generally result in a
luminophore distribution near the binder surface, which
enables immediate interaction between oxygen and lumi-
nophore, affording a response time within 100 ps (Hayashi
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Polymer-ceramic PSP
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(Peng et al. 2018c)
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Fig.2 Recent advances in paint development of fast PSP

and Sakaue 2017; Egami et al. 2019a). As the polymer
portion in porous binders usually has a low oxygen dif-
fusion rate, its concentration should be well controlled to
ensure a fast response (Sakaue et al. 2011). The delaying
effect of polymer can be reduced by adopting a particle/
dye-absorb method, in which the mixture of dye and parti-
cles is adsorbed onto a polymer-coated film (Sugioka et al.
2018a). In contrast, the third deposition method produces
a relatively uniform luminophore distribution throughout
the binder, which leads to a slower response, since oxy-
gen takes a longer time to reach and interact with lumi-
nophores in the bottom layer (Klein et al. 2007; Li et al.
2018). A response time of less than 100 us can be achieved
by applying a fairly thin layer of coating (5—10 um) with
no addition of polymer (Kameda et al. 2012). However,
the improvement in dynamic response is often accompa-
nied by reduced paint durability. For example, coatings
with near-surface luminophore distribution were found to
be quite susceptible to mechanical damage in high-speed
applications (Lo and Kontis 2016; Peng et al. 2016b).
Reduction in thickness and polymer concentration would
further compromise the coating’s mechanical strength.
To resolve this conflict, a new formulation of fast PSP
was developed using mesoporous, hollow SiO, particles as
luminophore hosts to provide additional paths for oxygen

@ Springer

diffusion. This mesoporous-particle-based PSP (MP-PSP)
featured both fast response (~ 100 ps) and high durability
with a uniform luminophore distribution over a thickness
of 50 um (Peng et al. 2018c). The response time could be
reduced to 5 ps or less for a paint with a similar formu-
lation and thickness of 2-3 um, as shown by Egami et al.
(2019b). In addition, efforts were made to enhance the per-
formance of PC-PSP and minimize possible measurement
errors. Egami et al. (2013) used highly thermal-conductive
particles (e.g., boron nitride) in paint binder to reduce tem-
perature effects. Claucherty and Sakaue (2019) demonstrated
a pyrene-based PC-PSP with low temperature sensitivity.
Sugioka et al. (2018b) developed a PC-PSP with reduced
surface roughness (~0.5 um) for measurements in transonic
flows. Matsuda et al. (2016) reported a PC-PSP based on
polymer particles with high photostability.

For AA-PSP, the standard procedure is to apply Ru(dpp);
to the porous binder (after anodization) via dipping—depo-
sition. The overspraying method has also been attempted,
resulting in higher intensity but lower pressure sensitivity
(Zare-Behtash et al. 2012). As previously stated, the pri-
mary concern of AA-PSP is its limited application due to
the strict demands of base material and treatment technique.
A recent study showed that this technical barrier could be
overcome by using through-hole anodized-aluminum oxide
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(AAO) membrane as the PSP binder (Peng et al. 2018a). A
porous membrane with a thickness less than 100 um was
fabricated from an aluminum sheet via two-step anodization
and chemical etching (Matsuda and Fukuda 1995; Schneider
et al. 2005). This PSP membrane showed similar sensing
properties to conventional AA-PSP, and it could be directly
attached to the model surface for measurement. A further
benefit is that the membrane’s high transparency would ena-
ble measurements with back-illumination and back-imaging,
which could be useful in certain cases with limited optical
access. AA-PSP is also susceptible to humidity effects due
to the hydrophilic nature of its porous surface. The pore
contains electrolyte anions with a high charge density, which
enables the easy physisorption of water molecules (Dickey
et al. 2002). It was found that the intensity of PSP increased
with relative humidity, while the pressure and temperature
sensitivity remained unaffected. This humidity effect can be
reduced by applying a hydrophobic mono-coating on top of
the AA-PSP (Sakaue et al. 2006; Kameda et al. 2015).

In recent years, a number of advanced manufacturing
techniques have been introduced to PSP fabrication for pre-
cisely controlling the physical properties while improving
the sensing properties. Sakamura et al. (2015) adopted a
self-assembled monolayer (SAM) technique to create ultra-
thin PSP film on solid surfaces for microfluidic applications.

This SAM technique could be easily applied to a non-flat
surface, showing advantages over the previously developed
Langmuir-Blodgett (LB) deposition technique (Matsuda
et al. 2011). In addition, techniques such as imprint lithog-
raphy and electrospinning have been adopted to fabricate a
highly porous binder that could effectively improve the pres-
sure sensitivity of PSP (Mao et al. 2017; Sano et al. 2018).

3.2 Multi-functional fast PSPs

As fast PSP is now being used in challenging conditions
involving hypervelocity and fast rotation, hybrid coatings
with dual-sensing capability are highly desirable to counter-
act the measurement errors induced by temperature effects
and model motion. It is also important to acquire tempera-
ture or deformation field simultaneously (with pressure) to
investigate the strong coupling effect between these param-
eters. Meanwhile, a novel class of PSP integrating lumines-
cent coatings with a light source is being developed, which
may be especially valuable in engine-related applications
with limited optical access. Those recent advances are sum-
marized in Fig. 3, and then reviewed in this section.
Simultaneous pressure and temperature measurements
can be achieved by combining PSP with temperature-
sensitive paint (TSP) to give one of the following three

Fig.3 Major types of multi-functional PSP

Dual-luminophore PSP
TSP PSP Q 2-color PC-PSP
|umiRophore luminophore » (Peng et al. 2013) Functions
% %% 6°°6°%0°°%0° O 2-color AA-PSP
(Ishii et al. 2017b) Temperature
measurement &
Dual-layer PSP Q Intensity-based method error correction
PSP layer (Moon et al. 2012)
TSP layer )
F3%se v s0s govsw)/ » O Lifetime-based method
0000090 0000
(Moon et al. 2018) Compensation of
=4 illumination error
Q Inkj rinting PSP
Dual sensorarrays Jek pndng PS
(Kameyaet al. 2014;
TSP';iot P/S’P dot Egamiet al. 2015;
65000500700 » Matsuda et al. 2017) 3D surfacg
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00000000000 (Peng & Liu 2016)
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4 (Peng et al. 2019) measurement
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@ ( J
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configurations: multi-luminophore paint, multi-layer paint
and multi-sensor arrays. A multi-luminophore paint is fab-
ricated by mixing two or more different luminophores into
the same binder, which usually contains a PSP channel and a
TSP channel. These channels have similar absorption spectra
but distinct emission spectra, and the signals are captured
by either a color camera or a camera with a filter-wheel sys-
tem (Fischer et al. 2012). Dual-luminophore fast PSPs based
on polymer/ceramic and anodized-aluminum binders were
developed by Peng et al. (2013) and Ishii et al. (2017b),
respectively. The main issue here is the spectral interference
between the PSP and TSP channels due to the luminophore’s
broad emission band, which reduces the pressure sensitivity
of the PSP channel and induces unwanted pressure sensitiv-
ity in the TSP channel. It is also important to ensure a uni-
form luminophore distribution, to minimize measurement
errors due to sensitivity cross-talk.

An alternative configuration of a combined PSP/TSP
system is achieved by multi-layer paint, in which pressure
and temperature sensors are physically separated and con-
fined within their own layers. The TSP layer incorporating
an oxygen-impermeable binder lies on the bottom, while the
PSP layer is on top to facilitate its interaction with oxygen.
Between these PSP and TSP layers is an insulation layer,
which prevents mixing and energy-transfer (Hyakutake et al.
2009; Moon et al. 2012). To resolve the problem of spectral
interference, a dual-layer paint with temporally separated
emissions was recently developed for lifetime-based meas-
urement using a monochrome camera (Moon et al. 2018).
The remaining problems include signal attenuation of the
TSP layer and temperature correction errors (due to the tem-
perature difference between PSP and TSP layers).

The third type of combined PSP/TSP system is the dual-
sensor array, in which PSP and TSP dots are arranged alter-
nately in close proximity. Inkjet printing was found to be
an effective method for depositing these arrays on porous
binders, such as a thin layer chromatography (TLC) plates
and anodized-aluminum (Kameya et al. 2014; Egami et al.
2015). It was further found possible to use a commercial
printer to fabricate complex patterns with high spatial reso-
lution onto filter paper coated with a layer of poly(4-tert-
butyl styrene) (Matsuda et al. 2017). A grid PSP/TSP system
was also developed, consisting of PSP dot-arrays atop a TSP
layer (Peng and Liu 2016). This sensor array configuration
has the advantage of requiring only a monochrome camera
for data acquisition, and is immune to both luminophore
interaction and spectral interference; however, these advan-
tages come at the cost of spatial resolution.

Several different formulations of multi-functional PSP
have been developed for measurements on deforming and
moving objects. A dual-luminophore (or binary) PSP with
a pressure-insensitive reference dye is the common means
of compensating for illumination errors due to model
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movement and deformation. Ideally, if the PSP and refer-
ence channels have identical temperature-sensitivity, the
resulting intensity ratio should only be a function of pres-
sure, which is unaffected by any illumination variation due
to relative motion between the model and the light source
(Crafton et al. 2013). A motion-capturing PSP system was
developed by applying this idea to porous PSP with TLC
and AA binders (Sakaue et al. 2013a; Ishii et al. 2017b),
and was later tested on moving objects (Chin et al. 2017;
Ishii et al. 2017a). This method can also remove errors due
to light-contamination of plasma radiation in certain test
environments (Hayashi et al. 2018).

For applications involving flow-structure interaction and
aeroelasticity, simultaneous measurements of pressure and
deformation are highly desirable. This can be achieved by
the previously mentioned grid PSP with a two-camera life-
time system, assuming that the PSP dot-arrays can provide
a basis for 3D surface reconstruction based on binocular
vision (Peng et al. 2016a). If the PSP dots form a random
pattern instead, they can serve as features for an image-
stitching operation and resolve the key problem of limited
view-angle in endoscopic PSP systems (Peng et al. 2019b).
Alternatively, simultaneous measurement of pressure and
deformation can be achieved by merging the digital image
correlation (DIC) technique with binary PSP, While the PSP
coating itself can provide patterns for DIC measurement,
applying a traditional DIC pattern (black speckles) on top
of PSP was found to be optimal for a reliable measurement
of deformation (Ogg et al. 2018).

PSP integrated with the light source is a special type of
multi-functional PSP which has emerged in recent years,
and combines the functions of illumination- and pressure-
sensing. This technique has the following benefits: (1) a
greatly improved uniformity of illumination; (2) a simpli-
fied optical set-up, partly resolving the problem of limited
optical access; (3) a model motion/deformation-independent
illumination field, which prevents errors in intensity-based
PSP measurements. As shown in Fig. 4a, such a system was
initially realized by embedding a thin-layer electrolumines-
cent (EL) device or organic light-emitting device (OLED)
between the coating and the model surface to form a lami-
nated PSP (Schulz and Klein 2005; Iijima and Sakaue 2011;
Peng et al. 2018b). An alternative solution was proposed
by Matsuda et al. (2012), in which the PSP luminophores
were mixed into the emissive layer of OLED (see Fig. 4b).
More recently, a light-charged PSP system was developed by
merging the PSP luminophore with persistent luminescent
(PL) phosphor (Peng et al. 2018d). As shown in Fig. 4c,
the PL phosphor restores energy during the charging phase,
and then produces a long afterglow as the excitation for
PSP. This system can thus operate without any physical
light source. It should be noted that the above techniques
are in the early stages of development, with difficulties in
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Fig.4 Integration of PSP
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fabrication and implementation yet to be overcome. None-
theless, they have shown decent prospects for future devel-
opment and application.

4 Mechanism of dynamic response

The dynamic response is critical for fast PSP since it deter-
mines the measurement bandwidth. Theoretically, it is
governed by both the intrinsic luminescent lifetime of the
luminophore and the extrinsic diffusion timescale of oxy-
gen within the binder. For conventional PSP, the effect of
luminescent lifetime is negligible because it is a few orders
of magnitude less that the gas-diffusion timescale (Kameda
et al. 2004; Liu and Sullivan 2005). However, the porous
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binder of fast PSP provides an oxygen diffusion timescale
of down to 10 ps, which is close to the luminescent lifetime.
Therefore, selecting a luminophore with a short lifetime is
as important as increasing the gas diffusion rate for further
improvement of PSP’s dynamic response (Sakaue et al.
2013b; Gregory et al. 2014a).

The experimental methods for dynamic calibration have
matured, as detailed in previous review articles (Gregory
et al. 2008, 2014a). With use of calibration devices such
as shock tubes (for step-response) and acoustic resonance
tubes (for frequency—response), recent developments have
focused on numerical methods for modeling the PSP’s
dynamic response, which could provide more insights about
the underlying mechanism. Figure 5 presents the strategy for
dynamic modeling of PC-PSP, which has yielded reasonable
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Fig.5 Dynamic modeling of PC-PSP: method and application

predictions of both step—response and frequency-response.
A detailed discussion about the current state of experimental
and numerical methods is given below.

4.1 Stepresponse

The step—response calibration device contains a shock tube,
a continuous light source, a PMT and an oscilloscope. The
paint response following the passage of a shock wave is cap-
tured by the PMT and recorded on the oscilloscope. Even
though the response curve should theoretically be that of a
more complicated system, it is generally accepted that it can
be fitted using a first-order system, and the time-response is
characterized by a single value of the 90% rise-time (Sakaue
et al. 2002a, 2013b).

By considering the gas diffusion process inside the poly-
mer binder, a classical square-law relation for the diffusion
timescale can be obtained, as shown in Eq. (5). However,
this solution does not hold for fast PSP with a porous binder,
because the diffusion problem for a porous binder must be
evaluated based on a two-phase system, comprising one dis-
perse phase and one continuous phase. The mathematical
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expression for this was derived by Liu et al. (2001b) as
follows:

hZ—dfr
7=, ©)

m

where d, is the fractal dimension of the pores, which is
essentially a measure of the complexity of the pore pathway.
Hayashi and Sakaue (2017) reported that the dy, values of
PC-PSP and AA-PSP were 1.8 and 1.5, respectively. Fig-
ure 6 shows the relation between response time and paint
thickness for different formulations of PC-PSP and AA-PSP
reported in previous studies. While the AA-PSP data can be
roughly fitted to a straight line (except for the bottom ones
with significantly larger pores), the PC-PSP data are highly
scattered, due to the random pore structure and complex
interactions between particle, polymer and solvent.

To accurately simulate the dynamic response of fast PSP,
both oxygen diffusion and luminescent lifetime should be
considered. An analytical model accounting for both factors
was proposed by Kameda (2012), in which the one-dimen-
sional diffusion of oxygen into PSP binder and the first-order
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population dynamics of excited-state luminophores were
implemented. In a subsequent work by Pandey and Gregory
(2015), this model was improved to account for light attenu-
ation and heterogeneity of the paint layer. Numerical simula-
tion was performed for PC-PSP, on the assumption that the
coating could be treated as a two-layer structure with a high
diffusion rate in the rough top layer and a low diffusion rate
underneath it. The simulation results matched the data from
the experimental calibration, in terms of the effects of lumi-
nescent lifetime and surface roughness on dynamic response.
In addition, the step-response varied with both amplitude
and direction of the pressure change, due to the non-linear
nature of the Stern—Volmer equation previous discovered by
Gregory and Sullivan (2006). Later, this model was further
developed to account for the paint-thickness effect (Jiao et al.
2018a) whereby oversprayed luminophore permeates into
the binder and results in an effective thickness of around
15 pm, meaning that the effects of both surface roughness
and coating thickness should be considered for a thin coat-
ing (<15 ym).

4.2 Frequency response

The frequency response of fast PSP can be calibrated using
an acoustic resonance tube with similar illumination and
data acquisition devices to those used for step—response
measurement. Standing waves are generated inside the tube
by a speaker for a series of frequencies, and the amplitude/
phase information of the PSP response is obtained by com-
paring the luminescent signal (from PMT) with the signal
of a reference Kulite transducer. The PMT signal must be
passed through an analog filter to improve its SNR. Cur-
rently, reliable measurement of frequency response is
restricted to 10 kHz or less, mostly due to the physical

difficulties inherent to creating strong and repeatable fluc-
tuations at higher frequencies.

It was initially found that the first-order system (based on
luminescent lifetime only) could provide a good fit to the
frequency response curves (Sugimoto et al. 2012). However,
a more accurate fit was obtained by considering both the
effects of lifetime and diffusion (McMullen et al. 2013). In
fact, if the lifetime is much greater than the diffusion time-
scale, the effect of lifetime dominates and the paint behaves
similarly to a first-order system; if the lifetime is small com-
pared to the diffusion time scale, the effect of diffusion dom-
inates, approximating the behavior of a half-order system
(Sugimoto et al. 2017). To further understand the frequency
response mechanism of PC-PSP, numerical simulations were
conducted using the analytical model mentioned in the pre-
vious section (Kameda 2012; Pandey and Gregory 2016).
This allowed detailed examination of the effects of several
key factors, including luminescent lifetime, light transmit-
tance and surface roughness.

5 Measurement methods for challenging
environments

Fast PSP measurement in a conventional high-speed wind
tunnel is fairly straightforward when using an up-to-date
system featuring a high-power LED and a high-speed cam-
era, as already demonstrated by a number of studies using
AA-PSP (Nakakita et al. 2012; Merienne et al. 2013, 2015)
and PC-PSP (Bitter et al. 2012; Flaherty et al. 2014; Crafton
et al. 2015; Panda 2017). The real challenges emerged as test
conditions were being extended to study hypersonic flow,
helicopter rotors, turbomachinery and aero-acoustics. Some
representative cases were covered in the previous review
article by Gregory et al. (2014a), which highlighted the
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primary advantages of fast PSP for capturing and under-
standing complex flow phenomenon. Given the rapid evo-
lution of measurement techniques in the past few years, a
systematic overview will be given here for each of the fol-
lowing four categories: low-speed flow, hypersonic flow,
fast-rotating blades and high-temperature environments.

5.1 Low-speed flow

Full-field high accuracy measurement of surface pressure-
fluctuation is invaluable for turbulence and aero-acoustic
research. Fast PSP is now a very promising method, as
high-speed imagers have become increasingly accessible,
but its application in low-speed flow is still challenging,
mainly due to limitations in the paint’s pressure sensitiv-
ity and the camera performance. Model vibration and paint
photodegradation can also cause significant errors, although
the temperature problem is relatively insignificant due to
the short duration of data acquisition and the possible use
of a wind-on average as the reference image. Ideally, the
resolution of instantaneous PSP data can be considered as
the pressure change corresponding to 1 count variation out
of the full count capacity of the camera, which is around
40 Pa for a 12-bit high-speed camera and a typical paint
sensitivity of 0.7%/kPa. However, as Liu et al. (2001a)
pointed out, the actual resolution is eventually limited by
the photon shot noise of the camera, which was found to be
over 900 Pa for a common high-speed camera (Peng et al.
2016c¢). Phase-averaging and spatial filtering are common
methods for noise reduction, but their use limits spatial and
temporal resolution. Thus, the main task here is to extract
the clean pressure signal from a noisy background while
preserving spatial and temporal resolution. A summary of
noise-reduction methods is provided in Table 2, and will be
elaborated in the following paragraphs.

Algorithms based on principal component analysis have
shown great potential in noise reduction of time-resolved
PSP data, and have effectively improved the detection limit
of unsteady pressure. Advanced data-processing methods
including single-value decomposition (SVD) and proper
orthogonal decomposition (POD) can be directly applied
to the PSP image sequence, generating a set of modes rep-
resenting different features in the time-resolved data. If the
SNR is sufficiently high, the main flow structures can be eas-
ily identified from those spatial features for further analysis.
Unfortunately, for measurements in low-speed flows, which
have low SNR, most of the modes are severely contaminated
by noise. Therefore, the solution is to identify the modes
closely related to the flow features and then perform recon-
struction using those modes, as shown in Fig. 7. A basic
method is to use the first N modes for reconstruction, as
adopted by Gordeyev et al. (2014) for measurements on a
turret at Ma=0.33.

For applications at lower freestream speeds, the high level
of noise demands more rigorous criteria for mode selection,
which was achieved by scrutinizing the spatial contour and
frequency spectrum of each mode (Pastuhoff et al. 2013;
Peng et al. 2016¢). Based on the comparison with referenc-
ing microphone data, this method allowed PSP to accurately
resolve pressure fluctuation within 100 Pa with a freestream
speed as low as 10 m/s. Nonetheless, the selection criteria of
POD modes were non-ideal, as mainly based on subjective
observation. Another issue was that the selected modes were
still severely contaminated by noise, especially in cases with
extremely low flow speeds, which would lead to a low-qual-
ity reconstruction. A solution for this, based on compressed
data fusion, was recently proposed by Wen et al. (2018),
which incorporated the clean data from scattered micro-
phones to optimize the reconstruction of POD modes. This
new method showed a 75% reduction in the reconstruction

Table 2 Noise reduction methods for unsteady PSP measurement in low-speed flows

Noise reduction Phase-averaging

Principal component analysis

Spectral analysis

methods -
POD/SVD DMD FFT band analysis Coherent output power

Pressure fluctuation No Yes Yes Yes Yes

level
Periodic pressure Yes Yes Yes No No

history
Instantaneous pressure No Yes Yes No No

field
Applicability in flow  Single Single/multiple Single/multiple Single/multiple Single/multiple

with single/multiple

dominant structures

Yorita et al. (2010)
Asai and Yorita (2011)

Reference Pastuhoff et al. (2013)

Peng et al. (2016¢)
Wen et al. (2018)

Gordeyev et al. (2014)

Ali et al. (2016) Nakakita (2007)
GoBling et al. (2018) Asai and Yorita
(2011)

Noda et al. (2018)
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Fig. 7 Noise reduction methods based on proper orthogonal decomposition

error compared with previous POD analysis, and success-
fully recovered the unsteady pressure with amplitudes less
than 50 Pa. In addition, dynamic mode decomposition
(DMD) has also found applications in analyzing unsteady
PSP data, which was less susceptible to noise contamination
and more effective in extracting pressure features than POD
(Ali et al. 2016; GoBling et al. 2018).

For a precise measurement of pressure fluctuation level
in aeroacoustic applications, the frequency-domain method
based on fast Fourier transform (FFT) is usually preferred.
Nakakita (2011) compared the image-based method using
a high-speed camera with the laser-scanning method using
a PMT. The laser-scanning method had a lower noise level
and better pressure resolution due to PMT’s superior photo-
sensitivity, while the image-based method had clear advan-
tages in spatial resolution and time—cost. FFT band analysis
is a common method to obtain the fluctuation level related
to a certain spectral peak, achieved by summation over a
certain frequency range (Nakakita 2007; Asai and Yorita
2011). Advanced techniques for spectral analysis were also

developed to extract other unsteady information in addition
to the power spectrum, such as coherence, phase, and phase
velocity (Nakakita 2013). More recently, a coherent output
power (COP) method for power spectrum calculations was
proposed by Noda et al. (2018), based on the cross-correla-
tion between the PSP data and the signal from a pointwise
sound-level meter. The COP method achieved a similar
detection limit (~ 10 Pa?) as the FFT method, and it was
more effective in identification of the pressure fluctuation
directly related to the noise source.

5.2 Hypersonic flow

Fast PSP has found applications in a variety of hypersonic
tunnels with Mach number ranging from 5 to 10, as shown
in Table 3. The major challenges of PSP measurement are
summarized in Fig. 8 based on test duration and stagna-
tion temperature. Implementation of fast PSP was initiated
in shock tunnels, where the short test duration (< 100 ms)
alleviated the temperature effect from aerodynamic heating
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Table 3 List of fast PSP

0 R . References PSP TSP Ma t(s) fps (Hz) AT (K) T correction

applications in hypersonic wind

tunnels Hubner et al. (2001) Thin-film 7.5 0.02 Single/4.5k  Small In situ cal.
Nakakita et al. (2000) AA No 10 0.04  Single <2 In situ cal.
Sakaue et al. (2002b) AA No 4 0.2 Single Small In situ cal.
Kuriki et al. (2010); AA Yes 7 5-9 100/25 > 30 T-cancelled PSP

Morita et al. (2011)

Yang et al. (2012) AA Yes 5 7.5 9 Unknown  In situ cal.
Peng et al. (2016b) PC Yes 5 3 500 10-70 TSP
Running et al. (2019)  AA No 6 0.5 20k <3 IR
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(Nakakita et al. 2000; Hubner et al. 2001; Sakaue et al.
2002b). An in situ calibration was generally sufficient to
remove the temperature-induced error. As the application
was extended to long-duration facilities with a run-time on
the order of seconds, additional measures were required to
counteract the strong temperature effects. A temperature-
cancelled AA-PSP, which had an emission signal with low
temperature-sensitivity within a specific spectral range was
developed for this purpose, and was demonstrated in a high-
enthalpy tunnel (Kuriki et al. 2010; Morita et al. 2011).

A different solution was to perform temperature correc-
tion using the temperature map measured by other means
(TSP, infrared camera, etc.). Considering the general require-
ments for heat-flux measurement using TSP, a combined
PSP/TSP measurement was appealing, as this could give
complete flow-field information and enable temperature cor-
rection for PSP data. However, the conflicting requirements
of the test model for PSP (highly heat-conductive model)
and TSP (model with thermal insulation) measurements
meant this was difficult to achieve (Watkins et al. 2009;
Yang et al. 2012). Meanwhile, the PSP and TSP should have
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overlapping excitation spectra, comparable intensity levels
and similar thermal properties. Such a combined system was
developed by Peng et al. (2016b) with a half-PSP/half-TSP
configuration, and then applied to an HB-2 model to achieve
simultaneous time-resolved measurement of pressure, tem-
perature and heat flux in a Mach 5 flow. The accuracy of
PSP measurement was significantly improved by use of a
real-time temperature correction method using the TSP data.
In a recent study, the temperature field on a blunt cone was
obtained by infrared thermography, providing a correction
for the unsteady pressure measured by AA-PSP (Running
et al. 2019). PSP and infrared measurements were collected
in separate runs due to interference between the two sys-
tems. The crossflow-induced boundary-layer separation was
effectively identified by the full-field pressure fluctuations.

PSP measurements are facing additional challenges in the
hostile environment of hypersonic flows, such as low SNR
due to limited exposure time in shock tunnels and paint dam-
age due to strong abrasion effect and flow contamination.
For high-enthalpy facilities, another important issue is the
background radiation due to the spontaneous emission of
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high-enthalpy gas, which spectrally overlaps with the PSP
signal and leads to large uncertainty (Beck et al. 2015). As
the stagnation temperature and flow density increase, the
strength radiation signal quickly grows and eventually over-
whelms the PSP signal. This issue may be alleviated through
optimized spectral filtering and camera gating, but it still
limits the application of PSP in high-enthalpy flows.

5.3 Fast-rotating blades

Fast PSP measurements on rotating blades have three major
challenges. First, short exposure time is necessary to freeze
the motion, which leads to insufficient signal in each expo-
sure and the need for a phase-averaging system to improve
SNR. The phase-averaging method has found applications
in various scenarios including turbocharger compressors
(Gregory et al. 2002), helicopter rotors (Wong et al. 2005,
2010; Watkins et al. 2007) and rotating disks (Kameya et al.
2011), but it was unable to recognize high-frequency pres-
sure features and cycle-to-cycle variations. As discussed in
Sect. 2, a single-shot lifetime-based technique was developed
to solve this problem (Gregory et al. 2009; Juliano et al.

2011). The second challenge is the image blur when using
the phase-averaging method, caused by the finite exposure
time and cycle-to-cycle variations in blade position. This can
be partially resolved by the single-shot method, but image
blur is still pronounced at high rotation, due to the finite
luminescent lifetime of PSP (usually a few ps). A further
solution is to recover clear images from the blurred images
via a deconvolution-based deblurring algorithm (Juliano
et al. 2012; Gregory et al. 2014b). The third challenge is
the inherent temperature-induced error in PSP measurement,
which usually results from an aerodynamic heating-driven
radial temperature gradient on the blade surface. Typically,
temperature corrections in this context are based on the tem-
perature fields obtained from separate measurements using
TSP (Juliano et al. 2012; Klein et al. 2013) or infrared ther-
mography (Pastuhoff et al. 2016).

As shown in Fig. 9, the single-shot lifetime technique
with image-deblurring and temperature-correction capa-
bilities (using TSP) is arguably the most effective method
for fast PSP measurement on fast-rotating blades, and has
been successfully utilized in helicopter rotor wind-tunnel
tests on small to large scales (Wong et al. 2012; Disotell

Challenges Current solution
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Fig. 9 Challenges and recent advances of PSP measurement on fast-rotating blades
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et al. 2014; Watkins et al. 2016). Despite its limited sam-
pling rate, this method was able to identify unsteady flow
features from the cycle-to-cycle variations in transient
pressure data (Disotell et al. 2014, 2016). Recent efforts
have focused on improving its measurement accuracy via
developments in both its hardware and its data-processing
algorithm.

As shown by Gregory et al. (2014b), the deconvolu-
tion-based image-deblurring method has the following
limitations: (1) performance-degradation for images with
low SNR, due to the amplification of random noise; (2)
high-frequency ringing-noise near edges of the PSP sam-
ple, due to the Gibbs effect; and (3) errors in areas with
large pressure gradients, due to the use of a constant life-
time for deblurring. Therefore, further reduction or even
elimination of image blur is still desirable. A physical
mirror-based derotation method was proposed for image-
blur prevention, but the installment and alignment of such
an optical system would be challenging for large-scale
wind tunnel tests (Raffel and Heineck 2014; Pandey et al.
2016). A more practical solution was the development of a
fast double-shutter CCD camera with a controllable expo-
sure of G2 (Geisler 2014), which was shown to greatly
reduce the amount of blur in the original long exposure.
This updated single-shot system effectively minimized the
errors related to image-blur during PSP measurement on
helicopter rotor blades (Weiss et al. 2017). More recently,
an improved image-deblurring algorithm was developed
by introducing an iterative scheme that allowed incorpo-
ration of spatially variant lifetimes (Pandey and Gregory
2018), demonstrating superior performance in recovery
of sharp intensity/pressure changes.

The advances in measurement technique have made
PSP measurement possible on fast-rotating blades in tur-
bomachinery. A representative work was the simultane-
ous PSP and TSP measurements conducted by Jiao et al.
(2017) on turbocharger compressor blades with a maxi-
mum tip speed of over 300 m/s. The high rotation speed
not only posed challenges for paint robustness, it also
led to low signal level, severe image-blur and a strong
temperature gradient. In particular, both streamwise and
radial temperature gradients were present on the blade
at high rotation speed, as shown in the bottom right of
Fig. 9. Accordingly, this complex temperature distribution
necessitated high-quality TSP results and a pixel-by-pixel
temperature-correction scheme for processing PSP data
(Peng et al. 2017). It should be noted that a bottleneck
problem was the questionable thermal stability of PSP
at higher temperatures (> 350 K), which would be regu-
larly encountered in turbomachinery testing facilities. The
potential solution regarding this issue will be discussed
in the following section.

@ Springer

5.4 Towards high-temperature environment

Due to the moderate operating temperature of conventional
wind tunnels, the performance of PSP at elevated tempera-
tures has thus far received little attention. However, now
that PSP is being used in harsher environments (hyper-
sonic tunnels, turbomachines, etc.), the possibility of its
potential thermal degradation or even complete failure has
become a major concern. Intensity degradation was origi-
nally observed in pyrene-based PSP at temperatures higher
than 323 K (Mebarki 1998), which was attributed to dif-
fusion and evaporation of pyrene. It could be mitigated by
restricting the diffusion process with a strong binder (Basu
et al. 2003, 2009). Gouin and Gouterman (2000) studied
the effect of heat treatment on FIB-based PSP, finding that
an annealing temperature of 423 K would cause destructive
effects to PSP’s sensing properties. With respect to fast PSP,
recent results showed irreversible changes in the lifetime
of PC-PSP following a 30-min heat treatment at 333 K or
above (Peng et al. 2019a), with temperatures > 373 K caus-
ing severe nonlinearity in the calibration curve. The findings
are consistent with the recommended operating tempera-
ture range (273-353 K) listed for a commercially available
porous PSP (FP-PSP from Innovative Scientific Solution
Inc.). Although the mechanism of this thermal degradation
effect is yet to be explored, the failure of PSP in high-tem-
perature environments may be inevitable, considering the
typically limited thermal stability of organic compounds.
Encouragingly, the recent discovery of a so-called “oxy-
gen quenching” mechanism in thermographic phosphors
suggests that it may be possible to develop high-tempera-
ture PSP based on inorganic materials. A few early studies
reported the effect of oxygen on the luminescent property
of europium-doped phosphors including Y,05:Eu and Eu-
doped yttria stabilized zirconia (YSZ:Eu) (Feist et al. 2003;
Brubach et al. 2007; Shen and Clarke 2009). However, it
was only recently that a systematic study was conducted by
Yang et al. (2018) to determine the underlying mechanism.
Above its quenching temperature (400-700 K, depending
on the phosphor), the lifetime and intensity of the phosphor
decreased as the oxygen concentration increased. This “oxy-
gen quenching” phenomenon was attributed to the existence
of oxygen vacancies in the host lattice, and distinct from
the mechanism of direct interaction between oxygen and
excited luminophore in regular, organic compound-based
PSPs. Subsequent work showed that there were pronounced
pressure sensitivities in Y,05:Eu at temperatures over 800 K
(see Fig. 10), indicating that the “oxygen quenching” effect
in phosphors could be used for pressure measurement at high
temperatures. Nonetheless, a substantial amount of work is
still required to fully establish the theoretical basis of this
effect, and identify phosphors with sufficiently high pressure
sensitivity within certain, desirable temperature ranges.
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Fig. 10 Pressure sensing property of phosphor Y,O;:Eu: a temperature calibration curves at different pressure values, b pressure calibration
curve at 873 K

6 Conclusion and outlook 4. PSP has emerged as a valuable technique for study of
hypersonic flow and fast-rotating blades, and the devel-
opment of pressure-sensitive phosphors suggests that it
may also find application in high-temperature environ-
ments. The temperature effect is the main source of error
in these challenging environments, necessitating high-
accuracy corrections utilizing elaborate temperature
measurement.

The application of fast PSP has greatly expanded over
the past two decades, thanks to phenomenal advances in
porous paint development and measurement strategies.
While the technology has mostly matured for real-time
unsteady measurement in conventional wind tunnels,
recent efforts are focused on resolving smaller pressure
fluctuations in a wider range of test environments.

The key points of this review are given below: In the foreseeable future, the expansion and enhance-

ment of PSP technology will require more multidisciplinary
research. Some important issues are identified below along
with proposed solutions.

1. The response time of newly developed fast PSPs has
reached the order of 10 ps or less, which is similar to the
luminophore’s lifetime. The effects of oxygen diffusion

and luminescent lifetime are equally important in the
modeling of fast PSP’s dynamic response. Other factors
such as paint thickness, luminophore distribution and
light attenuation should also be considered.

Advanced manufacturing technology has enabled break-
throughs in PSP’s sensing property and innovations in
multi-functional coatings. Novel integrated PSP system
concepts have provided solutions for key problems in
optical arrangement.

Fast PSP exhibits superior performance than conven-
tional PSP in low-speed applications. Noise-reduction
techniques have greatly enhanced its capability to
resolve small pressure fluctuations, but there is still a
trade-off versus spatial/temporal resolution and the pres-
sure detection limit, due to limitations in imaging hard-
ware.

1. Paint development: as its response time already reached

the 1-ps mark, the performance of fast PSP is now lim-
ited by other factors such as insufficient signal strength
and pressure sensitivity. Comprehensive study should be
made concerning the photophysical mechanism of lumi-
nescence and the molecular interaction between lumino-
phore and binder materials. A deeper understanding of
these processes will facilitate breakthroughs in sensing
properties, via micro- and nanoscale manipulations of
the energy-transfer process underpinning luminescence.
Measurement system: Highly integrated and intelligent
PSP systems are expected to accommodate the diverse
requirements of a wide range of test environments. The
frontier technology of robotics and machine vision may
help shape the next-generation PSP systems, as seen
in the recent development of automatic particle image
velocimetry (PIV) systems (Michaux et al. 2018). The

@ Springer
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merging of PSP with other techniques (TSP, DIC, etc.)
is also desirable, as this will enable multi-field measure-
ment for the study of complex flow problems.

3. Data processing and analysis: Noise-reduction methods
must keep evolving to further extend the detection limit
of fast PSP, and an equally pressing task is to best use
the rich data set generated by this technique for turbu-
lence research. To this end, the data assimilation tech-
nique (Law et al. 2015) has emerged as a promising tool
for integrating PSP measurement and CFD simulation
to eventually achieve the high-fidelity prediction of tur-
bulent flows.
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