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Abstract 

The principle of pressure-sensitive paints (PSPs) is based upon excitation of the luminophore molecules at a 

certain wavelength and the emission of this absorbed energy at a higher wavelength. By isolating these two 

wavelengths we insure that the results obtained are not affected by any background radiation. Various 

international research groups, such as: the Central Aero-Hydrodynamic Institute (Russia), the University of 

Washington, NASA Ames, Boeing and McDonnell Douglas (USA), have developed their PSP formulations 

and some are commercially available. 

Two paints, which have been developed in-house at the Aero-Physics Laboratory (APL) at the University of 

Manchester, are studied here. One formulation uses hydrochloric acid (PSP1-HCl) and the other acetone as 

the solvent (PSP2-Ace). The current study employs the well known schlieren photography technique together 

with the relatively new PSP method, with comparison to discrete measurements, to examine the flow through 

a two-dimensional air-ejector system and examines the efficacy of the PSP formulations in providing an 

accurate global pressure field of the aforementioned setup. Detailed analysis of the errors and drawbacks 

involved in PSP measurements along with possible solutions to overcome them are also presented. Fully 

expanded jet Mach numbers in the range of 0.52≤Mj≤1.36 were examined. 

 

 

 



 2 

Nomenclature 

A   Area [m
2
] 

A(T), B(T), C(T) Polynomial coefficients 

b   Pressure sensitivity of PSP (= Δ(Iref/I)/ ΔP) 

Hinlet   Inlet height of the test section [mm] 

I   Light intensity [mWm
2
  nm

-1
] 

Io   Luminescence intensity when oxygen concentration is zero [mWm
2
  nm

-1
] 

Ie   Intensity of excitation light source [mWm
2
  nm

-1
] 

Iref   Luminescent intensity at known constant reference pressure [mWm
2
  nm

-1
] 

KSV   Stern-Volmer constant 

M   Mach number, Molar mass [g/mol] 

Mj   Fully expanded jet Mach number 

N   Number of photoelectrons detected by CCD camera 

Nmax   Maximum number of photoelectrons detected by CCD camera (full-well capacity) 

O2   Oxygen 

P   Pressure [bar] 

P∞   Free-stream static pressure [bar] 

Po   Total pressure [bar] 

Pb   Back pressure [bar] 

Pinlet   Inlet pressure supplied through the test section [bar] 

Pj   Jet static pressure at nozzle exit [bar] 

Pmin   Minimum pressure on model surface [bar] 

Pref   Reference pressure [bar] 

S   Henry’s solubility constant 

T   Temperature [K] 

u   Velocity [m/s] 

X   Horizontal distance [mm] 

γ   Specific heat ratio (= Cp/Cv), taken as 1.4 

δN   Relative error of luminescence intensity 

δp   Relative error of pressure 

λe   Wavelength of excitation light source [nm] 

λmax   Wavelength of maximum luminescence [nm] 
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1. Introduction  

1.1. Pressure-Sensitive Paint (PSP) 

Pressure-sensitive paints (PSPs) have become useful tools to augment conventional pressure taps in 

measuring the surface pressure distribution of aerodynamic components [1, 2, 3, 4] not only in conventional 

supersonic flows [5, 6] but also at the micron scale [7]. PSP offers the advantage of non-intrusive global 

mapping of the surface pressure. The PSP technique is well established in external aerodynamics. However, 

in internal flows in narrow channels, turbo-machinery and high-speed flow applications there are still 

unsolved problems complicating the PSP use, accuracy, and reliability [8].  

A PSP consists of a dispersion of oxygen-sensitive photoluminescent probe molecules in an oxygen 

permeable binder layer. An excitation light source of wavelength λe and intensity Ie is used to promote 

molecules to an excited energy state [9, 10]. There are two major mechanisms for an oxygen sensitive 

photoluminescent molecule to return to the ground state: (i) the emission of light at a range of wavelengths 

(maximum absorption = max) with a strong quantum yield of emitted light (intensity = I); (ii) the transfer of 

energy by collision with an oxygen molecule, a process called dynamic or oxygen quenching, resulting in a 

decrease in intensity of the emitted light from the photoluminescent molecules and a reduction in the lifetime 

of the excited state (Figure 1). The difference in intensities between the photoluminescent molecules at 

varying concentrations of O2 gives rise to the PSP method whereby luminescence can be used to determine 

pressure in the immediate environment. 

A typical PSP system requires an illumination source for the PSP excitation, a photodetector for acquiring 

images, and a data reduction tool to process the PSP images into pressure maps through the use of a 

calibration curve [11]. The luminescent intensity, I, is related to oxygen concentration, by the Stern-Volmer 

equation, 

)(][1 2 TKO
I

I
SV

o   

where Io is the luminescent intensity when oxygen concentration is zero, [O2] is the oxygen concentration, T 

is the temperature, and KSV is the Stern-Volmer constant. The partial pressure of oxygen, in air, is 21% of the 

air pressure; therefore Eq. (1) can be expressed in terms of air pressure, P, as follows, 
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letting SKK SV21.0 , where S is Henry’s solubility constant, then Eq. (2) can be simplified to,  
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Equation (3) is usually normalised by the luminescent intensity, Iref, at a known constant reference pressure 

Pref, under wind-off (no flow) conditions. Therefore the Stern-Volmer relation can be adapted for 

aerodynamic testing to, 
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In this way Io is eliminated from Eq. (4) allowing for local differences in variables such as paint thickness 

and luminophore concentration to be accounted for. A more general expression is as follows [12], 
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Coefficients A(T), B(T) and C(T) can be determined by either a-priori or in-situ calibration; these coefficients 

are unique for each temperature. Although from Henry’s law that the concentration of oxygen in the binder is 

linearly dependent on the pressure over the surface for some coatings and conditions, the relationship 

between the oxygen concentration and the pressure is nonlinear [9], resulting in a nonlinear relationship 

between the relative intensities and relative pressures.  

 

1.2. Supersonic Jets 

There are many physical problems which depend for their proper resolution upon knowledge of the 

behaviour of a jet issuing from an orifice with a velocity greater than the local velocity of sound [13]. 

Supersonic underexpanded free jets are found in many applications involving jet and rocket propulsion, 

thrust vectoring, fuel injectors for supersonic combustion, gas stream from a gun and etc. Studies have shown 

that the major structure of supersonic jets is determined by nozzle pressure ratio and nozzle configuration 

[14, 15].  

One way of incorporating the benefits of air breathing into rocket-based launch vehicles is through the use of 

an ejector system. Ejectors are fluid pumps that are used to entrain secondary flows using a primary flow. For 

propulsion applications, this entrainment can augment thrust compared to that generated by the primary flow 

alone and thereby increase performance. Of course high thrust augmentation is only achievable once the gas-

(4) 

(5) 

(6) 
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dynamics and the flow interactions are understood. This idea is central to the development of rocket-based 

combined cycle (RBCC) engines, in which it is the ejector effect that is primarily responsible for any 

increased performance over traditional rocket systems during the initial phases of launch [16]. 

Information about the fluid dynamic quantities of these jets has compelled comparisons of CFD results with 

schlieren visualisation which is qualitative at best. Insertion of any intrusive probe, such as static and total 

pressure tubes or a hot-wire probe, changes the shock structures present in these flows significantly [17].  

 

1.3. Objective of Current Study 

In this paper we will compare and contrast certain characteristics (UV-vis absorption, fluorescence, 

molecular composition and surface morphology) of two PSP formulations, namely PSP1-HCl and PSP2-Ace, 

both based on Ruthenium(III) bathophenanthroline perchlorate (Ru(III) bathphen) in a silica-gel binder. The 

PSP2-Ace formulation is a novel approach to film preparation in avoiding the use of a catalytic agent to 

cross-link the silica-gel, relying instead on atmospheric moisture; it was hoped that this would lead to ‘softer’ 

and more permeable silica films and increased O2 and therefore pressure, sensitivity. For the first time 

differences between the morphologies of the film as observed by scanning electron microscopy (SEM) 

analysis were also correlated with static and dynamic measurements of air-flow. Significant differences were 

observed between these formulations in terms of their film morphologies and their oxygen and temperature 

sensitivity and hence suitability as PSPs. 

Unlike the PSP2-Ace formulation, PSP1-HCl exhibits relatively low temperature sensitivity; temperature 

sensitivity has long been an intrinsic drawback of the PSP technique, forcing researchers to use a 

combination of PSP along with a Temperature-Sensitive Paint (TSP) to correct for temperature variations 

along the model surface. Combined with the in-situ calibration procedure we aim to provide a more accurate 

measurement of the surface pressure of a two-dimensional supersonic air ejector system. Comparison with 

conventional schlieren photography and discrete pressure measurements has corroborated the qualitative and 

quantitative capabilities of our PSP formulation. The detail in which the complex shock structures present in 

the flow have been captured is also quite good. 
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2. Experimental  

2.1. PSP Formulations and Application 

Silica prepared by the sol-gel technique acts as a good binder for oxygen-sensitive luminophores. Silica gels 

prepared by this technique (typically using an acid- or base-catalysed condensation of tetralkoxysilanes) (i) 

are thermally robust (and hence exhibit low temperature-dependent viscosity changes), (ii) able to entrap 

molecular species and (iii) are highly oxygen permeable. Methyl triethoxysilane (MTEOS) was used as the 

sol-gel precursor since under optimum conditions it creates a smooth coating with good adhesion (in contrast 

to tetraethyl orthosilicate (TEOS) which develop cracks and peel easily) [18]. Ruthenium 

bathophenanthroline perchlorate was chosen as the luminophore as it has been repeatedly demonstrated to 

demonstrate significant oxygen sensitivity in its luminescence [19, 20, 21]. Two formulations were 

employed, consisting of: Ruthenium, MTEOS, ethanol, acetone and hydrochloric acid. In the first case 

(PSP1-HCl) aqueous hydrochloric acid (HCl) was employed to act as a rapidly acting catalyst promoting the 

condensation of Si-O-Si bonds and the elimination of methanol. HCl concentrations of ~0.10-0.125M result 

in smooth coatings and good adhesion to substrates [18]. In the second case (PSP2-Ace) acetone was 

employed in place of the HCl; the rationale being that by eliminating a catalyst the silica Si-O network would 

develop more slowly (essentially catalysed by the hydrolysis of atmospheric oxygen) and lead to a less 

homogenous silica gel (in terms of surface roughness and porosity) that would lead to higher oxygen 

permeability and therefore response times of luminescent quenching. 

For application the paint components (MTEOS, Ru(III), ethanol, HCl or Ace) were rapidly mixed and 

applied immediately by spray-coating (from a spray gun) the substrate under study. A number of coats were 

applied (typically 9) until the colour due to the luminophore (yellow) was clearly visible to the naked eye.  

Cut-glass slides (25 × 25 × 1mm) pre-coated with a matte white primer coat were used as the substrates in 

static calibration tests. The substrates used in supersonic measurements are described below. 

 

2.2. A-Priori (Static) Calibration Chamber  

A-priori, or as referred to in some text as static calibration, was employed to determine the characteristics of 

the luminophore sensor within the two different recipes. This was carried out in a pressure/temperature 

controlled chamber shown in Figure 2. The pressure was monitored with a Honeywell 24PC Series Pressure 

Sensor and varied in the range between 0 and 4.5bar. Using a peltier heater/cooler manufactured by 

Greenweld, the temperature of the PSP sample could be controlled. The peltier could produce sub-zero 

temperatures as low as 258K, with a maximum working temperature of 343K, and the dimensions were 30 × 
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30 × 4.7mm. A k-type thermocouple mounted on the surface of the PSP sample allowed for the continuous 

monitoring of the surface temperature. 

A pair of light emitting diode (LED) panels with peak wavelength of 470nm were designed and 

manufactured to allow for large surfaces to be illuminated. Each LED panel comprised of 13 × 10 LEDs. The 

luminescent emission was captured by a CCD camera (LaVision Image Intense). A pair of LED panels were 

employed in order that in any setup the camera could be positioned normal to the test section with an LED 

panel exciting the PSP from each side, leading to uniform illumination. The main advantage of placing the 

camera normal to the test section is that it reduces the danger of surface contamination due to internal 

reflections [8]. 

Before each experiment the surface with the PSP coat was replaced by a sheet covered in text and the camera 

focus was adjusted until a sharp image was acquired. To focus the camera, the camera was run in continuous 

mode with an exposure time similar to that of acquiring images through the experiments. The triggering of 

the camera recording could be done either manually or via an external TTL signal. 

The detection of light from sources other than the PSP coating leads to errors in the measurement and 

reduction in accuracy. To prevent this, the use of optical filters over the detector and excitation sources was 

required to ensure the wavelength of the excitation illumination does not overlap with that of the 

luminescence emission. Optical filtering of the excitation sources allows passage of light at the absorption 

wavelength of the coating but prevents the transmission of light at the luminescence wavelengths that would 

contaminate the coating emission seen by the detector. Such filtering was necessary because all the excitation 

sources used in PSP, with the exception of lasers, produce light over a broad wavelength band that covers not 

only the PSP absorption wavelength but also the emission wavelength (see Figure 8). Both paints are excited 

at wavelengths between 400 – 500nm and emit luminescence at 550 – 650nm. A combination of two filters 

was used to capture the emitted light. The first, an orange long pass filter, only allowing the transmission of 

light with λ > 550nm and the second filter was an Infra-Red (IR) cut-off filter, preventing the transmission of 

light with λ > 700nm.  

By taking the ratio of wind-off to wind-on (with flow) images the relation between luminescence intensity 

and pressure was obtained at a constant temperature. The coefficients obtained from plotting intensity ratios 

against pressure ratio for different temperatures, known as a Stern-Volmer plot, are used to calculate the 

pressure sensitivity of the PSP and also to convert intensity images to pressure maps. A summation of images 

was taken for each pressure to increase the signal to noise ratio (SNR). 

By taking the ratio of intensities between the wind-off and wind-on images, the effect of paint thickness and 

luminophore concentration are eliminated [22]. Figure 3 presents a selection of raw images obtained from a-

priori calibration performed at 294K for different pressures (the selection of pressures is random and is 
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merely for demonstration purpose). Figure 4 presents the intensity ratios of the same images when using 

Figure 3(a) obtained at 0.5bar as the reference. The intensity of the raw images does not appear to be very 

uniform, the divided images, however, have a much better surface uniformity. Hence when performing 

calibration of PSP images we consistently used intensity ratios rather than raw intensities.  

 

2.3. Nozzle-Ejector 

The nozzle shown in Figure 5 was cut from the same piece of steel. This material was used because it has 

uniform thickness, nominally 19.05mm, and is stress free and, therefore, does not warp when cut [23]. The 

nozzle has a contraction ratio of 6:1 and a throat height of 9.6mm. The mixing tube (ejector) side walls were 

milled to shape and are bolted directly to the outer frame. These mixing tube side walls become parallel to 

the centre line at the plane of the nozzle exit. 

For the PSP experiments, one side of the nozzle is covered using an aluminium plate coated with the PSP 

while the other side is covered with optical grade perspex. To provide a good seal between the test section 

and the two joining side walls a thin layer of the Hermatite instant gasket provides a good seal for high 

pressures and because it is only a very thin layer it does not alter the thickness of the test section, ensuring a 

truly two-dimensional geometry. A rubber gasket was also thought to be used but because of the very 

delicate shape and thickness of the nozzle, especially at the exit of the convergent section, this idea was not 

approved. Figure 5 also shows the location of the pressure tappings on the side wall, marked out with 

numbers 1 to 5. For the schlieren experiments, both sides of the test section were covered with optical grade 

perspex. 

The plate which was to be coated with the PSP was initially covered with 2 - 3 layers of RUSTNOT Matt 

white paint purchased from Farnell, to give a uniform background coating. The plate was allowed to dry and 

afterwards, the PSP is spray painted using an air-brush and the plate is cured at 343K for approximately 7 

hours [12]. Once the plate was ready it was fastened on to the nozzle with screws and the side with the 

perspex was covered with a black piece of cardboard to cut out any light shining on the PSP surface with the 

exception of just before and during image acquisition.  

Before and immediately after each run a wind-off image was captured. Conventionally the wind-off image 

before is divided by the wind-on image, but due to temperature variations on the model surface, it is common 

practice to capture a wind-off image after each run. Using the average between the wind-off before and after, 

reduces bias errors due to long-term drift in the voltage out of the measurement system caused by changes in 

illumination intensity and photo-degradation of the PSP luminophores [9, 24]. 
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Similar to the static calibration, to increase the signal to noise ratio, a summation of images was used for 

processing in order to mimic the same conditions as the static calibration [25, 26, 27]. The SNR can also be 

increased by averaging of multiple frames acquired [28, 29]. However, it is impossible to utilise such 

averaging techniques for truly unsteady pressure measurements [30, 27]. 

 

2.4. Schlieren Apparatus  

High-speed schlieren photography [31, 32] was employed to visualise the flow. The schlieren setup was 

identical to that used by An et al. [33], Kontis et al. [34] and Kounadis et al. [35] and is shown schematically 

in Figure 6. The light source is comprised of a 5 Joule argon stabilised pulsed flash system with 625ns 

duration. The light generated by the flash passes through a plano-convex lens with 75mm diameter and 75mm 

focal length. The converged light spot passes through an iris with a variable aperture of 3 - 50mm and is 

finally cut by a slit. The resulting light beam is collimated using a parabolic mirror of 203.3mm diameter and 

1016mm focal length. The collimated light passes through the test region and is then decollimated by another 

parabolic mirror. The focal point of the second mirror is on a knife edge. The amount of light cut-off could 

be controlled by the knife edge which affected the sensitivity of the system. The experiments were carried 

out in dark conditions. The photographs were taken by a large format camera with 4 × 5 inch ISO100 black 

and white Polaroid film. Since the flow was steady, the flash was triggered manually. 

 

3. PSP Error Analysis  

3.1. Image Acquisition  

Electrons are created overtime that are independent of the light falling on the CCD detector. These electrons 

are counted as signal [1]. The dark current signal of the image detector can be unstable; hence a dark image 

without any light in the test section was acquired before each series of experiments and subtracted from all 

images of the series.  

The most essential source of luminescent intensity error is the photon shot noise [19, 30]. The shot noise is 

not an important factor at the lower pressures due to higher luminescence intensity but becomes important at 

the high pressures due to the inverse proportionality between intensity and pressure [3, 9]. 

An image detector acquires some mean number of photoelectrons proportional to the luminescence intensity 

IN   and variance of this mean number caused by the photon shot noise is equal to the square root of this 

number NIN   . The relative error of luminescence intensity in this case is equal to the relative 
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error of the acquired number of photoelectrons and is NN /1 . The minimal error of luminescence 

intensity is achieved if the number of acquired photoelectrons is equal to the full-well capacity of the image 

detector Nmax, thus exposition of the image detector should be adjusted to achieve full-well capacity in a 

region of minimal pressure on the model surface Pmin. In this case the relative error of pressure is given by 

[1]: 

)(1

)(2))(1(

minmax ref

refref

p
PPbNbP

PPbPPb




  

where b is the pressure sensitivity of the paint, and Pref is the reference pressure. From Eq. (7) the average 

uncertainty for the static calibration data points, for the range of temperatures tested, was estimated as 4.4%. 

The spatial resolution of the technique depends on the minimum pixel size, which can be resolved by the 

CCD camera. In the present study, it is equivalent to a square of side length 0.0001m (or 100μm) [25].  

 

3.2. Temperature Errors  

Temperature error is one of the important drawbacks of the optical pressure measurement system [28]. 

Airflow causes an appearance of temperature distribution on the model surface. If the temperature sensitivity 

of PSP is not corrected for in complex internal supersonic flows, large localised errors could contaminate the 

results [29]. In the case of reference image acquisition, additional temperature error appears since the 

temperature distribution on the model surface during reference image acquisition differs from temperature 

distribution during wind-on image capture. Therefore, some delay should be made between starting the flow 

and acquiring the wind-on images, to allow the model surface to reach steady temperature. For the current 

study once the desired Mach number was set, the flow was left running for approximately 10 seconds before 

the PSP was exposed to the excitation light. Also, using aluminium as the precursor ensures rapid 

temperature equilibration. 

It is believed that the effects of temperature changes were minimised by the use of in-situ calibration using 

wall static taps. In a sense, in-situ PSP calibration eliminates the systematic error associated with the 

temperature effect and the illumination change by absorbing it into the overall fitting error [36]. Also, in 

continuous flows, errors due to temperature are generally small when wind-on and wind-off images are 

acquired after the model temperature has stabilised [24], which has been the case for the current study. 

 

(7) 
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3.3. Photo-degradation  

The illumination of the luminescent pressure sensor by excitation light initiates various photochemical 

processes. These processes cause destruction of the luminophore and binder, thus, producing a change in the 

paint characteristics. The most essential effect of photo-degradation is a decrease of luminescence intensity 

during illumination by excitation light, producing a calculated pressure higher than the actual pressure.  

Since the intensity of the emitted illumination is proportional to the excitation illumination, the source of 

illumination must be of sufficient power in the absorption spectrum of the PSP coating, have a stable output 

over time, and must be well ventilated to maintain a constant operating temperature [9]. Before the 

experiment commenced the LED panels had to be switched on for approximately 5 minutes. This was due to 

the fluctuation of the power supply. The voltage was set at 30 volts which was the voltage used for the static 

calibration and monitored throughout the experiments. The LED panels were placed within rigid housings 

with multiple vents on each side to provide adequate ventilation [37, 38]. 

At a very high intensity of excitation light, a change of calibration curve caused by saturation can appear. In 

this case, the calibration coefficients depend not only on pressure and temperature, but also on excitation 

light intensity. Because the camera was 12bit, it is capable of capturing electrons up to a maximum of 4096 

counts (2
12

); beyond which image saturation occurs. Excitation light intensity must be restricted to avoid this 

effect. 

For complex models with numerous surfaces such as the test case investigated in the current study, multiple 

illumination elements are often needed to achieve an adequate coverage of the model surface. To prevent any 

photo-degradation under ambient light the models covered with the PSP coatings were stored in the dark. 

 

3.4. Static Calibration  

The accuracy of the static calibration results correspond to the various directly measured physical quantities 

which affect the precision of the pressure data computed from them [28]. These include: that of the 

thermocouple and pressure transducer used for calibration, which are in the range of ±0.5K and ±250Pa, 

depending on the absolute temperature and pressure, respectively [25].  

The error due to curve fitting of the calibration data to Eq. (6) was calculated since it plays an important role 

in the conversion of intensity into pressure maps [11]. Figure 7 represents a curve fitting example for the 

PSP2-Ace. The points on the graphs are actual data collected from the experiments and the lines show the 

second order polynomial curve fit. The error was calculated using Matlab by taking each point of the 

experimental data, regarded as the ‘true value,’ with the corresponding value from the polynomial and 
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finding the difference as a percentage of the true value. For the PSP2-Ace the average error for the cases 

tested was estimated at 1.2%, and 7.0% for the PSP1-HCl.  

 

4. Results and Discussion  

4.1. Analysis of the Pressure Sensitive Paint (PSP1-HCl and PSP2-Ace) Films  

Acetone was employed as a solvent/diluent in place of HCl in one of the formulations to monitor the effects 

of silica-gel on PSP performance. The excitation and emission spectra of thin films of PSP1 and PSP2 coated 

on quartz-slides were recorded and the spectra that resulted are illustrated in Figure 8. Whereas the excitation 

spectra are similar, the maximum emission wavelength for the Ru(III) bathophenanthroline perchlorate in the 

PSP2-Ace film is clearly shifted towards higher wavelengths (max = 598nm) compared to that for the PSP1-

HCl film (max = 586nm) and furthermore the intensity of the dye in the PSP2-Ace film is reduced (despite 

being present in the same concentration as in PSP1-HCl). Attenuated total reflection Fourier-transform 

infrared spectroscopic analysis (ATR FT-IR) of the two films presented in Figure 9 showed clear chemical 

differences between the two samples. Although the spectrum obtained for the PSP1-HCl is that expected for 

Ru(III) bathphen in a silica-gel, that of the PSP2-Ace film displays a less well-developed silica (Si-O) 

network structure and the presence of significant amounts of acetone. Whereas the less well developed Si-O 

network is a natural and expected consequence of the absence of the catalyst in the formulation, the presence 

of acetone is less readily explained. No smell of acetone was detectable and no reduction in the acetone peaks 

was visible even after several weeks under ambient conditions. Consequently it must be assumed that the 

acetone is entrapped in the thin film either free or co-ordinated to the Ru(III). Given the shifted wavelength 

of the PSP2-Ace emission wavelength compared to that of the PSP1-HCl and that bathochromic shifts and 

reduced luminescent intensities are commonly observed for dyes in increasingly polar environments (acetone 

versus silica) [39], it is likely that the acetone is directly co-ordinated to the Ru(III) bathphen; similar acetone 

co-ordinated Ru complexes have been previously isolated and directly observed [40, 41]. Differences 

between the films were even more apparent by SEM analysis of the surfaces of the thin films cast on glass. 

SEM images are illustrated in Figure 10. As anticipated the film prepared from acetone (PSP2-Ace) shows 

considerably more surface roughness than the highly smooth and largely uniform surface of the film prepared 

from HCl (PSP1-HCl). 
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4.2. Static Calibration and Comparison of the Pressure Sensitivity of PSP Films 

The pressure sensitivity of the PSP defined as PII ref  /)/(  (per bar) is calculated from the Stern-Volmer 

(S-V) plot. Figures 11 and 12 present the S-V plots for PSP1-HCl and PSP2-Ace, respectively. From visual 

inspection it is clear that PSP1-HCl has greater pressure sensitivity (deduced from the higher slope of Iref/I vs. 

P). PSP2-Ace displays only 9.3% the sensitivity of PSP1-HCl at Tmin and 17.8% the sensitivity at Tmax. 

It is apparent that the PSP2-Ace film is significantly less sensitive to [O2] than the PSP1-HCl film. To a 

certain extent this is surprising as the rougher surface of the PSP2-Ace film might be expected to lead to an 

increased response as a result of the increased surface area and hence a relative increase in O2 diffusion 

might have been expected. However this loss of sensitivity might be attributed to the acetone environment of 

the Ru(III) bathphen dye in the PSP2-Ace film. As previously noted acetone would appear to be directly co-

ordinated to the Ru(III) centre which would require dissociation of the acetone from the metal centre prior to 

O2 binding this would inevitably lead to a reduction in the sensitivity of the quenching process. It is also 

possible that acetone is entrapped in the matrix in liquid form and that O2 solubility in, and diffusion rates 

through, are lower than in the SiO2 matrix. However it is difficult to envisage a structural model where the 

film is sufficiently impermeable such that the acetone is entrapped and unable to vaporise, but the film is still 

sufficiently permeable to allow O2 diffusion. In either case the difference in the photoluminescent spectra (a 

red-shift in the maximum excitation peak and a reduction in the luminescent intensity) between the two films 

and the concomitant difference in quenching sensitivities strongly supports some form of interaction between 

acetone and the Ru dye. 

 

4.3. Accuracy of PSPs  

Figure 13 shows the dynamically calibrated PSP1-HCl and PSP2-Ace pressure profiles along the central axis 

of the nozzle together with discrete pressure measurements. Whereas the Acetone based PSP exhibits a 

plethora of fluctuations along its profile, the HCl based paint has a much more uniform profile. The reason 

being the difference in surface uniformity discussed earlier and presented in the SEM images of Figure 10. 

The rms error was obtained by taking the difference between PSP and ‘true’ static pressure tap values at each 

of the pressure tap locations and calculating a root mean square (expressed as a percent of the true value) [28, 

42]. The rms error was calculated as 3.2% for PSP1-HCl, and 6.0% for PSP2-Ace. Evidently the accuracy of 

the PSP1-HCl is superior to that of PSP2-Ace. 
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4.4. Nozzle Flow  

The inlet pressure was supplied through a regulator and monitored via a transducer placed on the inlet wall of 

the nozzle (plenum). The plenum to ambient pressure was varied from 1.2 in increments of 0.2bar up to a 

pressure ratio of 3.0, with the free stream (ambient) pressure taken as 1bar. This corresponds to a fully 

expanded Mach number range 0.52≤Mj≤1.36. The ‘fully expanded Mach number,’ Mj, is the ideal Mach 

number achievable by isentropically expanding the plenum pressure to the ambient value [15, 17, 43, 44]. Mj 

is given as, 

































1
1

2
)1(





 p

p
M o

j  

Due to the relatively low Mach number at the nozzle entrance the pressure at the nozzle entrance can be used 

as the total pressure Po [45, 46]. 

The schlieren photographs of the flow along with the PSP results corresponding to the same inlet conditions 

are given in Figures 14 and 15. Several flow features can immediately be discerned from the PSP pressure 

maps, the main one being that the PSP results appear to corroborate the schlieren images in identifying the 

location of the flow features quite well.  

When a jet exhausts from a nozzle into still air, it will undergo a two-dimensional expansion or compression 

exactly at the nozzle lip dependent only upon whether Pj/P∞ > 1 or Pj/P∞< 1, respectively [14]. Where Pj is 

the jet static pressure at the nozzle exit and P∞ is the ambient or free-stream static pressure. By slowly 

increasing the inlet pressure, the local Mach number will increase slightly through the convergent portion of 

the nozzle, reaching a maximum at the throat. From Figures 14(a) and 14(b) we see the expanding flow 

exiting the nozzle into the ejector section with quiescent air. 

If the pressure difference is further increased, the stronger pressure ratio between the inlet and exit 

accelerates the flow and the variations of subsonic Mach number and static pressure through the duct will be 

larger. In the convergent portion of the nozzle, the subsonic flow is accelerated, with the subsonic value of M 

dictated by the local value of */ AA , where the asterisk denotes conditions at sonic speed and A the area of 

the nozzle inlet, as given by Eq. 9. 
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At higher inlet pressures, the Mach number at the throat cannot increase beyond M=1. This is dictated by Eq. 

10. Hence, the flow properties at the throat and indeed throughout the entire subsonic section of the duct 

become frozen and the mass flow remains constant, corresponding to the choked flow condition. 

(9) 

(8) 
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To determine whether the flow at the exit is sonic or subsonic (the flow at the exit could never be supersonic 

since the nozzle area does not diverge), the ratio of back pressure to total pressure, Pb/Po must be evaluated. 

This is then compared to the critical pressure ratio, given by: 
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which, for air, is 0.528. If Pb/Po < P*/Po, the exit pressure is higher than the back pressure, so the exit flow 

must be sonic. Pressure equilibration is achieved after the exit by a series of expansion waves. If on the other 

hand Pb/Po > P*/Po, the flow exits subsonically [45]. 

At higher Mach numbers, in the convergent portion of the duct nothing happens. However, a lot happens in 

the divergent portion of the duct. As the plenum pressure is increased beyond the choked flow condition, a 

series of shock cells form in the jet plume, as visible in schlieren photograph of Figure 14(c) and the PSP 

map of Figure 14(d). The sharp vertical boundaries at the end of each compression zone correspond to the 

termination position of each shock in the shear layer [47]. This oblique shock wave pattern is reminiscent of 

an overexpanded flow with the increase to back pressure taking place across an oblique shock attached to the 

nozzle exit. In the same figures we see that the primary jet is not symmetrical within the mixing tube and has 

bent over to run along the upper wall. This flow condition will not be very stable since a slightly lower 

pressure on one side of the jet will cause it to switch to that side without producing a stabilising pressure 

decrease at the other side [15, 23].  

Figures 14(e) and 14(f), however, exhibit properties of underexpanded jets since the flow is capable of 

additional expansion. An underexpanded jet starts with an expansion process where pressure progressively 

decreases until the shock compression region is encountered where pressure jumps to a higher value. 

Equilibrium of the flow takes place across expansion waves outside the duct, since across the expansion fan 

the pressure decreases and thus the sudden acceleration of the flow is communicated to the surrounding flow 

[48]. The supersonic flow is decelerated and the wall static pressure increases through a shock train region. 

The region where the series of shocks in line can be visible by optical observations is referred to as the region 

of shock train [49]. In an underexpanded jet, shocks are formed by a mechanism of internal reflection of 

expansion waves into compression waves from the supersonic-subsonic interface, and the subsequent 

coalescence of the compression waves [50]. 

The jet which exhausts into the atmosphere from the nozzle exit has a boundary surface which interfaces with 

the surrounding quiescent gas. The pressure across this boundary must be preserved; hence the jet boundary 

pressure must equal P∞ along its complete length. Therefore the oblique shock waves visible in Figure 14(c) 

(10) 

(11) 
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and the expansion waves in Figure 14(e) must reflect from the jet boundary in such a fashion as to preserve 

the pressure at the boundary downstream of the nozzle exit. This boundary is not a solid surface; rather it is a 

free boundary which can change in size and direction. Upon collision with a free boundary, incident shocks 

(compression waves) are reflected as expansion fans which lead to the communication of the high pressure 

upstream of the incident wave and the free stream pressure behind the expansion fan. The flow is deflected 

outwards by both the incident and the reflected expansion causing the free boundary to deflect outwards also. 

This mechanism is responsible for the generation of the shock cells visible in Figures 14 and 15. 

Observing the schlieren and PSP images of events taking place in Figure 15, which shows results for higher 

values of Mj than Figure 14, the expansion zones are relatively longer with the pressure within the convergent 

section continuing to increase. The schlieren photographs of Figures 15(a), 15(c) and 15(e) reveal the 

increase in the shock cell size with their boundaries better defined. This is also depicted in the PSP images. 

The shock waves, especially the ones lying further downstream from the nozzle exit, undergo considerable 

distortion and show some oscillation. The first shock cell, however, does not show any discernible motion, a 

finding similar to that of Panda [50]. 

The accuracy of identifying the individual shock cells from the schlieren images tended to decrease slightly 

as Mj increased as a result of decrease in definition caused by the increased turbulence surrounding the jet. 

Hence, the sensitivity of the schlieren system was reduced in Figure 15. 

The acoustic emission from an underexpanded free jet generally has a spectrum that contains very powerful 

discrete tones called screech. In Figure 15(a) it is observed that a sinuous large-scale turbulent structure 

crosses the rear edge of the third shock cell. This has been marked with location S1 and S2 being the 

prominent point (or a sound source) on the sinuous large-scale turbulent structure around the jet. The location 

of this structure is coincident with the findings of Kweon et al. [15] being at the rear edge of the shock cells. 

The interaction between these points and the oblique shock cells structures, produce strong acoustic waves 

which are radiated and propagate upstream. The sound waves stimulate the sensitive thin shear layer near the 

nozzle lip [50, 51, 52]. According to Panda [50] the primary reason for the large amplitude shock oscillation 

is a combination of pressure fluctuations associated with the passage of the large organised structures along 

the jet shear layer, and the distortion of the supersonic-subsonic interface in the jet shear layer caused by the 

same organised vortices. 

Due to viscous effects, the flow exiting the nozzle entrains air from the surrounding. This is depicted by the 

reduction in static pressure above and below the nozzle plenum. As Mj is increased, the velocity of the 

entrained fluid also increases. This can be seen by comparing Figures 14(a) and 15(f).  
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Examining closely Figures 16(a) and 16(b), which provide close-up of Figures 14(f) and 15(f), we can see 

how the deflection of the last expansion fan increases relative to the normal with increasing flow Mach 

number, tending to become parallel to the free stream at higher Mach numbers. 

Figure 17 is the pressure profile along the centreline of the nozzle for various inlet pressures. Examining 

firstly Figure 17(a), for inlet pressures of 1.2bar and 1.4bar the flow exits subsonically. However, at an inlet 

pressure of 1.6bar denoted by the red line we observe a small dip and a sharp rise at approximately X/Hinlet= 

1.8 which corresponds to the exit of the nozzle. The rise in pressure is due to the presence of a normal shock 

wave just at the exit of the nozzle. This normal shock is barely visible in Figures 14(a) and 14(b). With 

increasing pressure up to 2.0bar in Figure 17(a), the shock cell patterns are clearly visible in the pressure 

profiles. It is between 1.8bar and 2.0bar inlet pressures that the jet changes from being overexpanded to 

underexpanded. Of course if the profiles were taken over a longer distance downstream, the pressure would 

be expected to return to that of ambient. Figure 17(b) shows similar plots to Figure 17(a), but at higher inlet 

pressures. From X/Hinlet= 0 – 0.5 which represent the converging section of the nozzle the pressure is almost 

uniform. From X/Hinlet= 0.5 – 0.75 where the nozzle converges further into the uniform area channel, the 

pressure drops indicating an increase of Mach number according to the area relation given in Eq. (9). 

Through the constant area section of the nozzle just before the exit (X/Hinlet= 0.75 – 1.2) the flow accelerates 

only slightly, however, there is sudden expansion of the flow at the exit of the nozzle shown by the very 

steep drop in static pressure. This exists for all inlet pressures between 2.2-3.0bar. The rate of flow 

acceleration is much greater at higher pressures depicted by the higher gradient of the pressure drop between 

X/Hinlet= 1.2 – 1.3. The number of shock cells appears to be constant with increasing inlet pressure, deduced 

from the peaks present in Figure 17(b). The length of these cells, however, as also observed in the schlieren 

images of Figures 14 and 15, increases at higher Mach numbers. The profiles of Figure 17(b) show the decay 

of the shock-cell structures with distance and the asymptotic variation of pressure. This is due to viscous 

losses and mixing which dissipates the shock cells further downstream from the nozzle exit. 

Although the accuracy of the PSP2-Ace formulation in comparison to the discrete measurements appeared to 

be relatively low, the paint is still able to capture the physical features of the flow. Figure 18 shows a 

comparison between the PSP images obtained from both HCl- and Acetone-based paints. Similar to the HCl-

based PSP, the Acetone-based PSP is also capable of capturing the number and location of the shock cells. 

The magnitude of the pressures however, are lower than the HCl formulation and the discrete measurements. 

Referring back to Figure 13, it is noticeable that the PSP2-Ace paint is as accurate with relation to the 

discrete measurements as the PSP1-HCl for all pressures above 0.75bar. It only deviates very slightly for low 

pressures. At lower pressure along the model surface the acceleration of the flow is accompanied by the drop 
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in surface temperature. From the S-V plot of Figure 12 it is evident that PSP2-Ace has low pressure 

sensitivity leading to the inaccurate representation of pressure. 

5. Conclusions 

The present study examined the efficacy of two ruthenium based pressure-sensitive paints, developed at the 

Aero-Physics Laboratory (APL) at The University of Manchester, in performing quantitative and qualitative 

measurements on a supersonic jet. 

Two paint recipes were developed, namely PSP1-HCl and PSP2-Ace. In the first case (PSP1-HCl) aqueous 

hydrochloric acid (HCl) was employed to act as a rapidly acting catalyst promoting the condensation of Si-O-

Si bonds and the elimination of methanol. In the second case (PSPS2-Ace) acetone was employed in place of 

the HCl; the rationale being that by eliminating a catalyst the silica Si-O network would develop more slowly 

leading to a less homogenous silica gel (in terms of surface roughness and porosity) that would lead to higher 

oxygen permeability. 

Scanning electron microscope (SEM) analysis of the PSP films revealed that, as anticipated, the film 

prepared from acetone (PSP2-Ace) shows considerably more surface roughness than the highly smooth and 

largely uniform surface of the film prepared from HCl (PSP1-HCl). 

Both paints are excited at wavelengths between 400 – 500nm and emit luminescence at 575 – 625nm. Results 

of the static calibrations revealed that PSP1-HCl has a considerably higher pressure sensitivity relative to 

PSP2-Ace. PSP1-HCl has proven not only to provide a more accurate global pressure measurement, 

compared with PSP2-Ace, but also to pinpoint the physical features of the flow such as the flow shear layer, 

shock cell structures, and even the location and inclination of the last running expansion fan in the 

underexpanded flows observed. From the quantitative perspective, the pressures obtained by means of PSP1-

HCl provide a good correlation with discrete pressure measurements obtained using pressure transducers. 

The HCl-based PSP results presented differed by 3.2% compared to the 6.0% of the Acetone-based paint. Of 

course the Acetone-based PSP was also capable of the same visual representation of the flow, and provides 

an accurate indication of pressure for pressures above 0.75bar. Therefore, it would appear that by using both 

paints an accurate pressure map can be constructed (e.g. PSP1-HCl for regions of flow expansion and PSP2-

Ace for high pressure surface environments). 
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Figure 1. Process of PSP molecule excitation and luminescence. 

 

 

Figure 2. A-priori (static) calibration chamber. 
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Figure 3. Raw images obtained from static calibration at pressures: (a) P = 0.5 bar, (b) P = 1.3 bar, (c) P = 1.9 bar, (d) P = 

2.5 bar. 

 

 

Figure 4. Results of dividing all the images in Fig. 3 by Fig. 3(a), (a) P = 0.5 bar, (b) P = 1.3 bar, (c) P = 1.9 bar, (d) P = 2.5 

bar. 

 

 

Figure 5. Nozzle used for current study, where H=9.6mm (numbers correspond to transducer tappings). 
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Figure 6. Schematic of the schlieren setup. 

 

 

Figure 7. Stern-Volmer plot with second order polynomial curve fitting for PSP2-Ace. 
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Figure 8. Emission and excitation spectra of the PSP thin films. 

 

 

Figure 9. Attenuated total reflection Fourier-transform infrared spectroscopy analysis of the PSP thin films. 
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Figure 10. SEM images of (a) PSP2-Ace thin film, (b) PSP1-HCl thin film and (c) comparison of films, PSP2-Ace is to the 

left of the image and PSP1-HCl is to the right. 
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Figure 11. Stern-Volmer plot for PSP1-HCL. 

 

 

Figure 12. Stern-Volmer plot for PSP2-Ace. 
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Figure 13. Comparison of (a) PSP1-HCl and (b) PSP2-Ace results with discrete measurements. 

 

(a) (b) 
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Figure 14. Schlieren and PSP results: (a) & (b) Pinlet = 1.6 bar, (c) & (d) Pinlet = 1.8 bar, (e) & (f) Pinlet = 2.0 bar. 

(a) (b) 

(c) (d) 

(e) (f) 
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Figure 15. Schlieren and PSP results: (a) & (b) Pinlet = 2.40 bar, (c) & (d) Pinlet = 2.60 bar, (e) & (f) Pinlet = 3.0 bar. 

(a) (b) 

(c) (d) 

(e) (f) 
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Figure 16. Close-ups of PSP results corresponding to inlet pressure Pinlet = (a) 2.0 bar, (b) 3.0 bar (similar to Figures 14 (e) & 

(f) and Figures 15(e) & (f)). 

 

 

Figure 17. Pressure profiles along the central axis of the nozzle at various inlet pressures using PSP1-HCl.  
        

 

(a) (b) 

(a) (b) 
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Figure 18. Comparison between PSP1-HCl and PSP2-Ace, (a) & (b) Pinlet = 2.0 bar, (c) & (d) Pinlet = 2.6 bar 

PSP1-HCl 

PSP1-HCl 

PSP2-Ace 

PSP2-Ace 
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