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Abstract

:

Pressure-sensitive paint (PSP) is an optical sensor that can measure global pressure distribution by using the oxygen quenching of dye molecules. In particular, anodized aluminum pressure-sensitive paint (AA-PSP) exhibits a fast time response. AA-PSP has been used in unsteady measurements at supersonic and transonic speeds, such as on the surface of a transonic free-flying sphere or the wall of a shock tube when the shock wave passes. To capture such ultrafast phenomena, the frame rate of the camera must be sufficiently fast, and the exposure time must be sufficiently short. Therefore, it is desirable that the AA-PSP exhibits bright luminescence, high-pressure sensitivity, and fast response time. This study focused on pyrene-based AA-PSPs and investigated their characteristics, such as luminescence intensity and pressure sensitivity, at different anodization times, dipping solvents, and dipping concentrations. Furthermore, a time-response test using a shock tube was conducted on the brightest AA-PSP. Consequently, the time for a 90% rise in pressure was 2.2 μs.
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1. Introduction


Pressure is one of the most important physical characteristics in fluid dynamics. In particular, accurate measurements of surface pressure distributions on automobiles, high-speed rails, and aircraft help us to understand not only the aerodynamic forces acting on them, but also their stabilities and other phenomena. Pressure-sensitive paint (PSP) has attracted attention as a tool for the optical measurement of global pressure distribution using the oxygen quenching of dye molecules [1]. Non-contact measurement is one of the advantages of PSP. Probes, such as pressure transducers, must be attached to the test model directly, which can complicate the measurement system and interfere with the flow field. However, PSP only needs to coat the model surface. In addition, the pressure distribution can be measured optically by capturing the luminescence with CMOS or CCD cameras, owing to the fluorescence and phosphorescence of dye molecules in PSP. Therefore, PSP can easily be applied to models with complex shapes [1].



A PSP with a fast time response is required to capture pressure fluctuations under supersonic and transonic conditions—such as shock wave phenomena—without time delay [2,3,4]. The oxygen permeability of the model surface and the luminescence lifetime of the dye molecules are the two parameters related to the time response of the PSP. The better the oxygen permeability of the model surface, the faster the response time because PSP uses oxygen quenching. Good oxygen permeability is also useful in cryogenic wind tunnel tests where the oxygen partial pressure in the test gas is low [5,6,7,8]. The luminescence lifetime is the duration of the luminescence caused by the transition of the dye molecules from the excited state to the ground state. The shorter luminescence lifetime suggests that more accurate pressure fluctuations can be captured without a time delay.



Some studies have developed sprayable fast-PSPs, mixing small particles with a polymer to form the porous binder [9,10,11,12,13,14]. However, Anodized Aluminum-PSPs (AA-PSP) have the potential to achieve a faster time response because of the high oxygen permeability of the porous surface [15,16,17,18,19]. AA-PSP is fabricated by adsorbing a dye molecule onto an anodized aluminum model using the dipping method, AA-PSP exhibits good oxygen permeability, owing to the porous surface of AA-PSP and allows for fast time response. AA-PSPs have been employed for the pressure measurements in the transonic and supersonic flows [20,21,22,23,24,25]. Hangai et al. investigated the relationship between the type of electrolyte for anodization and the pore size of the model [26]. The results showed that relatively large pores approximately 100 nm in diameter were formed when phosphoric acid was used, and the response time was microsecond-order. Furthermore, Numata et al. investigated the relationship between the electrolyte temperature and the pore size when phosphoric acid was used as the electrolyte for anodization [18]. The largest pore size was observed when the electrolyte temperature was 30 °C. Moreover, the time for a 90% rise in pressure of their AA-PSP is 0.81 μs, the fastest time response to date. They have also succeeded in capturing shock waves passing around a cylinder using the AA-PSP.



The dye molecules used in AA-PSP can be roughly divided into ruthenium-complexes [27,28,29,30], porphyrins [19,31], and pyrene [18,26,30]. A previous study reported that the luminescence lifetimes of the luminophores used in AA-PSP in the air were about 102 ns for ruthenium complexes, 1–102 ns for porphyrin compounds, and 10 ns for pyrene compounds [19]. Therefore, pyrene is suitable for ultrafast measurements. Hangai et al. and Numata et al. have also used pyrene [18,26].



It is necessary to shorten the exposure time of the high-speed camera to capture instantaneous phenomena using AA-PSP. However, sufficient luminescence cannot be measured in this case, and pressure-distribution images have a low signal-to-noise ratio (SNR). The use of image intensifiers is one of the typical approaches to amplifying the luminescence [18]. Also, recent research reported that the luminescence intensity could be enhanced by suppressing the thermal quenching [32]. However, the basic and direct solution is to develop the AA-PSP with a high luminescence intensity and pressure sensitivity by optimizing the formulation.



The objective is to develop an AA-PSP with high luminescence intensity and high-pressure sensitivity, as well as a fast response time. This study focused on pyrene sulfonic acid (PSA). PSA is often used as a dye molecule of the fast response PSP [2,31,33,34]. One of the benefits of using PSA is the short lifetime because the response time is limited by the lifetime. We investigated the optimal anodization time, type of dipping solvent, and dipping concentration. Moreover, the time-series images of the shock wave passing in front of the optimized AA-PSP flat plate were captured using a high-speed camera. The time response of the optimized AA-PSP was evaluated using the pressure distribution images in this study.




2. Principle of AA-PSP


Figure 1 shows a schematic representation of the AA-PSP measurements. AA-PSP consists of dye molecules that act as pressure sensors and anodized aluminum that acts as a porous binder to adsorb the dye molecules [5,15]. When dye molecules on the AA-PSP surface are irradiated with excitation light of a specific wavelength, they acquire energy for the transition from the ground state to the excited state. The excited dye molecules emit energy in the form of luminescence and return to the ground state. However, their energy can be used to excite oxygen molecules present in the atmosphere. Therefore, higher oxygen concentration reduces the luminescence intensity. This phenomenon is known as oxygen quenching [1]. The luminescence intensity was lower at higher pressures and higher at lower pressures because the oxygen ratio was constant in the air. Therefore, the pressure distribution on the model surface can be measured by capturing the luminescence with a photodetector such as a camera.



The Stern–Volmer equation describes the relationship between the luminescence intensity and pressure in Equation (1). The graph corresponding to this equation is called the Stern–Volmer plot and is often used as a calibration curve [1].


     I  ref    I   = A   ( T )   + B   ( T )   P   P  ref      



(1)




where I is the luminescence intensity, T is the temperature, A and B are temperature-dependent coefficients, P is the pressure, and the subscript ref represents the reference state. In practice, the polynomial in Equation (2) is often used instead of Equation (1).


     I  ref    I   =    ∑    k = 0   N   C k   ( T )     (   P   P  ref      )   k     



(2)







Here, k is the degree of the polynomial, and Ck (k = 0, 1, …, N) is the polynomial coefficients. Ck is obtained by a calibration test.




3. Preparation of Test Piece


3.1. Formulations of PSP


In this study, we investigated the characteristics of PSA-based AA-PSP with different anodization times, dipping solvent types, and dipping concentrations. Phosphoric acid was used as the electrolyte for anodization. The dipping concentration C is defined in Equation (3).


     C   (  mM  )  :    amount   of   dye     (  mmol  )     volume   of   solvent     ( L )       



(3)







Table 1 summarizes the formulations used in this study. Three dipping solvents were compared: ethanol, dichloromethane, and their mixture in a 1:9 volume ratio. It should be noted that PSA was not completely dissolved in dichloromethane. On the other hand, PSA was completely dissolved in the mixture of ethanol and dichloromethane because PSA is well soluble in ethanol. In this comparison, the anodization times and dipping concentrations were fixed at 60 min and 0.1 mM, respectively. Furthermore, the anodization times and dipping concentrations of the mixed solvents were investigated.




3.2. Anodization


The test pieces were flat plates of aluminum alloy A5052 with a thickness of 1 mm. The effective area of each test piece was 40 mm × 40 mm, and unnecessary areas were masked with a Kapton tape.



First, the test pieces were pretreated by dipping them in NaOH solutions (0.3 wt%). This pretreatment removed unnecessary oil and other contaminants from the surface of the test pieces. They were then rinsed with distilled water, blown off with an air gun, and dried in a desiccator for approximately one day.



Next, the test pieces were anodized in a phosphoric acid solution (0.3 mol/L). The electrolyte temperature was fixed at 30 °C, and the current density was 12.5 mA/cm2. It should be noted that the current density was increased linearly to the target value over 5 min to avoid a sudden increase in the current density, which may cause the surface to burn. Then, they were rinsed with distilled water, and the excess water was blown off with an air gun.



After sufficient drying, the test pieces were dipped in phosphoric acid solutions (0.3 mol/L) at 30 °C for 10 min as a post-treatment, which removed the excess precipitates. Subsequently, the test pieces were rinsed with distilled water, the excess water was blown off with an air gun, and dried in a desiccator for approximately one day. The anodization conditions used are listed in Table 2.




3.3. Dipping


The dye molecules were adsorbed using the dipping method. First, the solvent and PSA were magnetically stirred in a beaker. In the case of mixed solvents, the solvents were mixed first, and then PSA was dissolved. After sufficient dissolution, the specimens were dipped into the solution that was controlled at 20 °C. The dipping time was set to 1 h. Subsequently, excess solution was blown off using an air gun and dried in a desiccator.





4. Experimental and Analytical Methods


4.1. Calibration System


Figure 2 shows a schematic of the PSP calibration system used in this experiment. Details of the calibration system can be found in [35]. The pressure in the chamber was controlled by using a pressure controller (PACE6000; Baker Hughes, Houston, TX, USA). The PSP test piece was placed on a Peltier unit (PU-50WS, Takagi MFG., Hitachinaka, Japan) in the chamber. The surface temperature of the test piece was measured using a resistance temperature detector (NFR-CF2-0305-20-100S-1-1000TF(PTFE13)-A-3-M4Y, Netsushin, Miyoshi, Japan) and by controlling the Peltier unit. The optical window of the chamber is composed of quartz glass.



A UV-LED (SOLIS-365C, THORLABS, Newton, NJ, USA) was used as the excitation light source for PSP. The central wavelength of this excitation light was 365 nm, and the bandwidth was 10 nm. A diffusion plate was attached to the light source. The distance between the light source and the PSP test piece was approximately 300 mm. A 16-bit CCD camera (C4742-98 KAG2, Hamamatsu Photonics, Hamamatsu, Japan) was used to detect the PSP luminescence. A lens (Nikkor 50 mm f/1.4, Nikon, Tokyo, Japan) was attached to this camera, and an optical short-pass filter (SV0550 long-wavelength cutoff filter VIS 550 nm 50 × 50, ASAHI SPECTRA) and optical long-pass filter (TS high-performance OD 4.0, long-pass filter 400 nm 50 mm, Edmund Optics, Barrington, NJ, USA) were installed in front of the lens.




4.2. Calibration Test


The calibration test was performed using the calibration system described in Section 4.1. Images of the AA-PSP surface at different pressures in the 10–100 kPa were acquired using a CCD camera. The temperature was maintained at 17 °C.



To create the Stern–Volmer plot, Iref/I for each pressure condition was calculated in 100 × 100 pixels on the test piece, which corresponds to 37 mm2, and then averaged. The reference pressure was set as 100 kPa. The standard deviation of the calculated area is shown as the error bar.



It is assumed that the photodegradation followed exponential attenuation to the number of irradiations of the excitation light, as shown in Equation (4).


     I   ( t )     = I   0   exp ( − λ t )   



(4)







Here, I0 is luminescence intensity at t = 0, λ is the photodegradation rate, and t is the time or number of irradiations. The images were acquired under the same pressure and temperature conditions at the beginning and end of the calibration test. The photodegradation rate λ can be calculated by comparing the luminescence intensities of these two images. In this study, the luminescence intensity of each image was corrected based on its photodegradation rate.



In addition, the images were acquired under the same pressure and temperature conditions at the beginning and end, and the photodegradation rates between the two images were calculated. The luminescence intensity of each image was corrected based on its photodegradation rate.



The local pressure sensitivity SP was calculated by Equation (5).


   S P   (   % / kPa   )   =  −  (    d I  ( P )    d P    )   1  I  ( P )     × 100     



(5)







The luminescence intensity was interpolated using a spline approximation, and the pressure sensitivity was calculated by differentiating the function.




4.3. Measurement of Luminescence Intensity


The luminescence intensities of the test pieces with different formulations were compared. The temperature was fixed at 17 °C, and the pressure was changed to the range of 10–100 kPa. The measurements were conducted within 72 h after the sample preparation. In addition, the samples were dried in a desiccator in a dark room. The camera settings and excitation light output were the same for all test pieces. However, if a pixel was saturated, the camera exposure time was changed and later corrected to match the other conditions. The luminescence intensity was averaged at 100 × 100 pixels for each test piece. The standard deviation of the averaged range is the error bar.




4.4. Shock Tube


Figure 3a shows the schematic of the shock tube used in this experiment. This shock tube is a diaphragm-type, and a Mylar film separates the high-pressure and low-pressure sections. The square cross-section shock tube had a glass window (BK7), and a test piece of 80 mm × 80 mm was attached to the opposite side of the glass window. Two UV-LEDs (SOLIS-365C, THORLABS, Newton, NJ, USA) were used as excitation lights. A high-speed video camera (Phantom v2011, Vision Research Inc., Wayne, NJ, USA) was used to capture the shock wave passing in front of the test piece. A lens (Nikkor 50 mm f/1.4, Nikon, Tokyo, Japan) was attached to the camera, and an optical short-pass filter (SV0550 long-wavelength cutoff filter VIS 550 nm 50 × 50, ASAHI SPECTRA, Tokyo, Japan) and optical long-pass filter (TS high-performance OD 4.0, long-pass filter 400 nm 50 mm, Edmund Optics, Barrington, NJ, USA) were installed in front of the lens.



A pressure transducer (603B1, KISTLER, Winterthur, Switzerland) was placed at 400 mm in front of the test piece to detect the passing shock wave as an electrical signal, and a trigger signal was input to the camera via a charge amplifier (Type5007, KISTLER, Winterthur, Switzerland) and multifunction generator (WF1974, NF Corporation, Yokohama, Japan). At the same time, the multifunction generator provides a 5 ms rise signal to the UV-LEDs, so that the UV-LEDs irradiate the test piece only when the shock wave passes in front of it. This process enabled the suppression of the photodegradation of the test piece. The timing chart is shown in Figure 3b.




4.5. Measurement of Time Response


The time-response test was performed using a shock tube, as shown in Figure 3. Test pieces with anodization times of 30, 60, and 90 min were tested to evaluate differences in the time response. The dipping concentration was fixed at 0.1 mM.



The low-pressure area where the test piece was attached during the test was decompressed to 30 kPa. A shock wave with a Mach number of 1.4 was passed through it. The 30 kPa pressure difference can be measured at the shock wave because the pressure ratio before and after the shock wave is approximately 2. Furthermore, the pressure difference was discontinuous. Therefore, the time response can be evaluated by measuring the rise time of the PSP to the shock wave passing through.



Figure 4a shows a schematic of the theoretical pressure rise of the shock wave, the pure response curve f(t) of the PSP, and the response curve F(t) of the PSP, including the effect of the camera exposure time. The pure response curve of PSP exhibits a delay in the discontinuous pressure change of the shock wave. The function is approximated by the first-order lag system in Equation (6):


     f   ( t )   = 1    − exp  (  −  t τ   )     



(6)







In addition, the effect of exposure time texp appears when acquiring images. Therefore, it is necessary to consider the effect of the exposure time texp when fitting the curve to obtain the time constant τ in Equation (6) from the measured curve. Then, a convolution integral of the pure response curve f(t) is performed, as in Equation (7), using the square pulse function g(t) shown in Equation (8) and Figure 4b. Thus, the actual response curve F(t) was obtained.


     F   ( t )   =    ∫  0 t  f  (   t    −    u   )  g  ( u )  d u  



(7)






     g   ( t )   =   {       1   t  exp              (   0    ≤    t    ≤      t    exp    )                     0               (     t   <   0 ,   t    exp      <   t   )           



(8)







For practical use, the time constant τ was used as a fitting parameter, and the function F(t) was fitted for the experimental data by the least square method [18]. As a result, the most appropriate time constant τ was obtained. In this study, the acquired pressure distribution was converted into a time-series pressure history using the shock wave velocity. The shock wave velocity was measured by the pressure transducers. The initial time was defined as the time when the pressure began to increase in the pressure history.



The time constant τ in the first-order lag system in Equation (6) can be determined by fitting F(t) to the experimental curve. The 90% rise time in Equation (9) is often used to evaluate the time response of PSP.


   τ   90 %     = τ ln 10   



(9)









5. Results and Discussion


5.1. Pressure Sensitivity


In this section, we discuss the results of the calibration tests. The Stern–Volmer plots show the pressure on the horizontal axis and luminescence intensity ratio on the vertical axis, normalized by the luminescence intensity at a pressure of 100 kPa. The temperature was maintained at 17 °C. The pressure sensitivities were calculated using Equation (5).



5.1.1. Different Dipping Solvents


Figure 5 shows the results for different dipping solvents. Figure 5a shows the Stern–Volmer plot. The slope of the luminescence intensity ratio was larger for the mixed solvent than for a single solvent, ethanol or dichloromethane. Figure 5b shows the pressure sensitivities obtained using Equation (5). The mixed solvent exhibited the best pressure sensitivity at all pressures. Therefore, it can be concluded that the mixture of ethanol and dichloromethane is the optimal solvent in the present study. The pressure sensitivities decreased with increasing pressure for the dichloromethane solvent at all pressures. The pressure sensitivities also decreased with increasing pressure for the ethanol and mixed solvents in the range of 10–60 kPa. However, the pressure sensitivity was almost constant above 60 kPa for these solvents.




5.1.2. Different Anodization Time and Different Dipping Concentrations


Figure 6 shows Stern–Volmer plots for different anodization times and different dipping concentrations. The trends for all Stern–Volmer plots are similar. However, slight nonlinearities appeared at the dipping concentration of 1.00 mM at all anodization times.



Figure 7 shows the pressure sensitivities for different anodization times and dipping concentrations. The pressure sensitivities basically decreased with increasing pressure for all the results, and they were 0.5–1.5%/kPa for the most part. However, the curves at the dipping concentration of 1.00 mM took a minimum value of 40–70 kPa for all anodization times. This is a slightly different tendency compared to other dipping concentrations.





5.2. Luminescence Intensity


Figure 8 shows the luminescence intensities for different anodization times and dipping concentrations. All luminescence intensities are normalized with the luminescence intensity I0 at 0.10 mM (AA60 min). The luminescence intensities tended to decrease with increasing pressure in all results. The 0.10 mM (AA60 min) test piece showed the largest luminescence intensity. The solid line represents the spline approximation. In practice, the pressure sensitivities shown in Figure 7 were calculated using this approximation and Equation (5).



Figure 9 compares the luminescence intensity against the dipping concentration at 10 kPa. The intensity was normalized by the maximum value at 0.10 mM. The luminescence intensity increased with the concentration in the range of 0.01–0.10 mM. However, the luminescence intensity decreased in the range of 0.10–1.00 mM. The concentration quenching occurs in this dipping concentration range, and it can be concluded that 0.10 mM is the optimized dipping concentration in the range of the present study.




5.3. Time Response


Figure 10 shows the time series of the pressure distribution images as the shock wave passes in front of the 0.10 mM (AA60 min) test piece. For the calculation of the absolute pressure, the results of the calibration test in Figure 6 were used. The spatial resolution was 0.23 mm/pixel, and the camera exposure time was 1.5 μs. Figure 11 shows the pressure profile at 56.0 μs. The discontinuous pressure change in the shock wave was clearly observed in the pressure profile. The pressure for the high and low regions was about 60 kPa and 30 kPa, respectively. Therefore, the theoretical pressure change was accurately captured.



Table 3 summarizes the 90% rise time of pressure for each test piece. A spatial averaging was applied to the pressure distribution in the vertical direction in Figure 10. All results were calculated from fittings that considered the effect of camera exposure times. Therefore, the effects of exposure time were eliminated by Equation (7), and the calculated 90% rise time was shorter than the camera exposure time. The longer the anodization time, the slower the response time for all camera exposure times. The brightest test piece of 0.10 mM (AA60 min) showed an average response time of 2.2 μs. It should be noted that the faster response AA-PSP can be fabricated by reducing the anodization time. However, it may deteriorate the luminescence intensity, as shown in Figure 8.





6. Conclusions


This study investigated the pressure sensitivity, luminescence intensity, and time response of pyrene-based AA-PSP with different anodization times, dipping solvents, and dipping concentrations. The findings of this study are summarized as follows:




	
Pressure sensitivity








The test pieces adsorbed PSA molecules with a mixed solvent of ethanol and dichloromethane showed higher pressure sensitivity than those with each solvent. The anodization time and dipping concentration of the mixed solvents were also investigated. The Stern–Volmer plots were linear in the range of 10–100 kPa. However, nonlinearity was observed at 1.00 mM dipping concentration. The pressure sensitivities basically decreased with increasing pressure for all cases.



	
Luminescence intensity






The 0.10 mM (AA60 min) test piece showed the highest luminescence intensity. The luminescence intensities were considered to be small because the amount of PSA molecules was low when the dipping concentration was lower than 0.10 mM. On the other hand, the concentration quenching may occur above 0.10 mM. Therefore, the optimal dipping concentration is 0.10 mM in this study.



	
Time-response test






The time for a 90% rise in pressure for the 0.10 mM (AA60 min) test piece with the highest luminescence intensity was measured to be 2.2 μs on average. The response time became slow as the anodization time increased. This study showed that a high-speed video camera could be used to visualize their time-series pressure distribution images. This result indicates the presented AA-PSP also had enough luminescence intensity for the microsecond-order camera exposure time.
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Figure 1. The principle and constitution of the AA-PSP measurement. 
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Figure 2. A schematic of the calibration system for PSP. 
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Figure 3. Pictures of the shock tube. (a) A schematic of components and their connections. (b) A timing chart. 
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Figure 4. The pressure fluctuations during a shock wave, passing through. (a) Time response curves. (b) The function g(t) used for the convolution of f(t). 
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Figure 5. The results in different dipping solvents. (a) The Stern–Volmer plots. Each reference condition is P = 100 kPa. (b) The pressure sensitivities. 
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Figure 6. The Stern–Volmer plots in different anodization times and different dipping concentrations. Each reference condition is P = 100 kPa. AA means the anodization time in the legend. (a) anodization time of 30 min; (b) anodization time of 60 min. (more than 0.10 mM); (c) anodization time of 90 min; (d) anodization time of 60 min (less than 0.20 mM). 
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Figure 7. The pressure sensitivities in different anodization times and different dipping concentrations. AA means the anodization time in the legend. (a) anodization time of 30 min; (b) anodization time of 60 min (more than 0.10 mM); (c) anodization time of 90 min; (d) anodization time of 60 min (less than 0.20 mM). 
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Figure 8. The luminescence intensities in different anodization times and different dipping concentrations. AA indicates anodization time in the legend. All luminescence intensities were normalized with the luminescence intensity at 100 kPa at 0.10 mM (AA60 min). The solid lines represent the spline approximation for each plot. (a) anodization time of 30 min; (b) anodization time of 60 min (more than 0.10 mM); (c) anodization time of 90 min; (d) anodization time of 60 min (less than 0.20 mM). 
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Figure 9. A comparison of the luminescence intensity against the dipping concentration at 10 kPa. 
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Figure 10. Time-series pressure distribution images of the 0.10 mM (AA60 min) test piece during the pass-through shock wave. The camera exposure time is 1.5 μs. 
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Figure 11. The pressure profile of the 0.10 mM (AA60 min) test piece at 56.0 μs. 
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Table 1. Summary of formulations investigated in this study.
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	Anodization Time
	Dipping Solvent
	Dipping Concentration





	30 min
	Ethanol + Dichloromethane
	0.10–1.00 mM 1



	
	Ethanol
	0.10 mM



	60 min
	Dichloromethane
	0.10 mM



	
	Ethanol + Dichloromethane
	0.01–1.00 mM



	90 min
	Ethanol + Dichloromethane
	0.10–1.0 mM







1 M: molar concentration (mol/L).
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Table 2. A summary of the anodization process.
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Pretreatment

	
Solution

	
NaOH aq (0.3 wt%)




	
Dipping time

	
10 min




	
Anodization

	
Electrolyte

	
Phosphoric acid (0.3 mol/L)




	
Current density

	
12.5 mA/cm2




	
Temperature

	
30 °C




	
Post-treatment

	
Solution

	
Phosphoric acid (0.3 mol/L)




	
Temperature

	
30 °C




	
Dipping time

	
10 min
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Table 3. The results of pressure rise time to reach 90%. The images were captured with the camera exposure times of 1.5 μs, 3.0 μs, 10.0 μs for each test piece.
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Test Piece 1

	
Test Piece 2

	
Test Piece 3




	
AA30 min

	
AA60 min

	
AA90 min






	
texp = 1.5 μs

	
1.0 μs

	
2.5 μs

	
3.0 μs




	
texp = 3.0 μs

	
0.9 μs

	
2.8 μs

	
3.2 μs




	
texp = 10.0 μs

	
1.1 μs

	
1.4 μs

	
2.5 μs




	
Average      τ  90 %    

	
1.0 μs

	
2.2 μs

	
2.9 μs

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
Sp[%/kPa)

Sp[%/KkPa)

20,

05

20

03

20

om0 ——iomN Ao
ommarsoma | usom arsOmin)
i anoma) 15 I oomvarsomi)

05,

o
@ W m v w W e w
Pkl Pikea)
@ ®)

20,
o aRoma)
T omMAAoming
i anoma) 15

05

| o

@ W m I T T R T
Pkl P el





media/file4.png
UV-LED

diffusion plate

chamber

' PC

! CCD camera

optical filter y L g

temperature controller

o
—¢ pressure controller

kPa






media/file18.png
1.2

0.4

1.2

0.6 0.8
C [mM]

0.4

0.2





media/file21.jpg
Pressure [kPa]
B D foe]
(=] (=] =}

(%3
=1

0

10 20 30 40 50 60
Position [mm]

70






media/file3.jpg
diffusion plate

\

chamber

optical filter

temperature controller

€<

PC






media/file22.png
Pressure [kPa]
= o o0
] = =

2
=

0
0

10 20 30 40 50 60 70
Position [mm]






media/file19.jpg





media/file7.jpg
— Theoretical
—f(t)
—F(t)

(a)

(b)

texp






media/file10.png
Iref/’I [-]

1.0

0.8

0.6

0.4

A
A
A 4 t %2
A A A A
A
A A
A
A
A
A A Ethanol
A } Dichloromethane
A Ethanol+Dichloromethane| |
20 40 60 80 100
P [kPa]

(a)

SP [%/kPa]

2.0

1.5

1.0

0.5

0.0

——— Ethanol
Dichloromethane
——— Ethanol+Dichloromethane

80 100






media/file14.png
S, [%/kPa]

SP [%/kPa]

2.0

20 T T T T T T T
—0.10 mM (AA30 min.) —0.10 mM (AA60 min.)
— 050 mM (AA30 min.) 050 mM (AA60 min.)
15} —1.00 mM (AA30 min.) 15} —1.00 mM (AA60 min.)
©
al
=4
1.0 3 10}
a ¥
W =
N~——
0.5} 05
0.0 L 1 L L L 0.0 L L 1 1 L
0 20 40 60 80 100 0 20 40 60 80 100
P [kPa] P [kPa]
(a) (b)
2.0 T T T T T 2.0 T T T T T
——0.10 mM (A A90 min.) ———0.01 mM (AA60 min.)
—0.50 mM (AA90 min.) —0.05mM (AA60 min.)
1.5+ e 1.00 mM (A A90 min.) 1.5 ——0.10 mM (A A60 min.)
~y e 0.20 mM (A A60 min.)
fi
1.0 3 10
a ¥
(Va
0.5 o T— 0.5
00 1 1 L L 1 00 L 1 1 1 L
0 20 40 60 80 100 20 40 60 80 100
P [kPa] P [kPa]

() (d)





media/file11.jpg
pae)

L1

" . i .
T i b
LIRS i
o 1 s
w3 ¥
. d
! :
osp o § & oA 0o T o A
3 I i e
¢ S 1 Moot
o o
s v = i s v =
- ruo
@ ®)
" s "
o5, !
.y ;
- 1 % & 00mM (AA min,)|
i Hp
: * toevn
i - o = 8 %
vt rur
(©) (d)






media/file6.png
pressure sensor test piece glass window

Shock arrival at the pressure sensor
\L Sho\clzlk passing on the test piece

high

Pressure sensor | low
. high
Trigger (Data logger) | | low

” high

amplifier Function generator L Sms &
A |« »| low

Excitation light | | ON

OFF

function ON
generator high-speed Ly (Cemen | OFF

CMOS camera : v

(a) (b)





media/file15.jpg
& oA
& ommMAromn)
* lmmMAAmin

T o o)
3 osomvanomin)
1 oomstansomin)

o
= os \
o i ‘\Q’\Qb‘:‘“
s O
P
)

& oo
= osmMAromn)

0 A0

04

02

& o0 A0
3 oot (ansomin)
3 ot (ansomin)
4






nav.xhtml


  sensors-22-04430


  
    		
      sensors-22-04430
    


  




  





media/file16.png
UL [-]

UL [-]

1.0

0.8

0.6

0.4

0.2

1.0

0.8

0.6

0.4

0.2

0.50 mM (AA30 min.)
1.00 mM (A A30 min.)

HOH HOH HBH |

0.10 mM (AA30 min.)| _

0 20 40 60 80 100
P [kPa]
(a)

0.50 mM (AA90 min.)
1.00 mM (AA90 min.)

HEH HEH HIH |

0.10 mM (AA90 min.) |

P [kPa]
()

I [-]

I [-]

1.0 + E 0.10 mM (AA60 min.)| |
A 0.50 mM (AA60 min.)
} 1.00 mM (A A60 min.)
0.8 |
0.6 |
0.4
0.2 L L 1 | |
0 20 40 60 80 100
P [kPa]
(b)
1.0+ 4 0.0l mM (AA60 min.)
A 0.05mM (AA60 min.)
E 0.10 mM (AA60 min.)
0.8 - E 0.20 mM (AA60 min.)
0.6 +
0.4
0.2 ! 1 | | |
0 20 40 60 80 100
P [kPa]

(d)






media/file2.png
photo detector
excitation light

.

excitation luminescence

Model ~ dye molecule






media/file20.png
80

[eq>] @anssaxg

2 5

2

224 us

11.2 us

0.0 ps

56.0 ps

33.6 us

89.6 us

784 us

67.2 us





media/file5.jpg
Sutplew e wheter

Stock vl t the presurs s

| St ipe

L o— b

L o

plifer] onctonguanor | | o
.| >

— g e [ Kol
Cos T ames o

@ (b)





media/file1.jpg
photo detector
excitation light

<

excitation luminescence

ARSE AR R R 2RSRNRR] | St

Model dye molecule






media/file12.png
I ref/I [-]

I ref/I [-]

1.0

0.8

0.6

0.4

1.0

0.8

0.6

0.4

.

$§ o
e
e 5
¢
g @
S § 0.10 mM (AA30 min.)
f ¢ 0.50 mM (AA30 min.)
¢ 1.00mM (AA30 min.)
20 40 60 80 100
P [kPa]
(a)
L |
. =
x ©
= | |
I = E 0.10 mM (A A90 min.) |
& 0.50 mM (AA90 min.)
= E 1.00 mM (A A90 min.)
20 40 60 80 100
P [kPa]
()

Iref” [_]

JIrefﬂ [_]

1.0

0.8

0.6

0.4

1.0

0.8

0.6

0.4

A
i &
R
42 3
£z
. A
A 0.10 mM (AA60 min.)] |
& A 050 mM (AA60 min.)
4 1.00 mM (AA60 min.)
20 40 60 80 100
P [kPa]
(b)
s
s 1
s B
A B
x B
. A
A 0.01 mM (AA60 min.)
A A 0.05mM (AA60 min.)| |
A 0.0 mM (AA60 min.)
A 0.20 mM (AA60 min.)
20 40 60 80 100
P [kPa]

(d)






media/file9.jpg
pe

E)

Pikes)
@

~—

» W @
P P
®)

|

® W

|
,\





media/file0.png





media/file8.png
— Theoretical
— f()
— F(i)

(a)

—g(t)|






media/file17.jpg
12

0.2

0.4

0.6
C [mM]

0.8

12





