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Abstract 

This report will present details of a Pressure Sensitive Paint (PSP) 

system for measuring global surface pressures on rotorcrtaft blades in 

hover at the Rotor Test Cell located in the 14- by 22-Foot Subsonic Tunnel 

complex at the NASA Langley Research Center. This work builds upon 

previous entries and focused on collecting measurements from the upper 

and lower surface simultaneously. From these results , normal force (FZ) 

values can be obtained. To date, this is the first time that the Pressure 

Sensitive Paint technique has been used for these types of measuremetns 

on rotor blades. In addition, several areas of improvement have been 

identified and are currently being developed for future testing. 

1.0 Introduction 

The accurate determination of spatially continuous pressure and temperature distributions on 

aerodynamic surfaces is critical for the understanding of complex flow mechanisms and for comparison 

with computational fluid dynamics (CFD) predictions. Conventional pressure measurements are based on 

pressure taps and electronically scanned pressure transducers or embedded pressure transducers. While 

these approaches provide accurate pressure information, pressure taps/transducers are limited to providing 

data at discrete points. Moreover, the integration of a sufficient number of pressure taps/transducers on a 

surface can be time and labor intensive and expensive. 

 

This is especially true in rotorcraft research, where the examination of pressure distributions on the 

blade is vital to advance analytical prediction methods for rotorcraft aerodynamics, acoustics, and 

interactional effects. There has been considerable research involving pressure measurements on rotor 

blades. [1-4] However, these measurements typically lack the spatial resolution necessary to capture 

phenomena such as the nascent tip vortex, blade-vortex interaction, or dynamic stall. Instrumenting the 

blades with additional transducers to increase spatial resolution can quickly become prohibitive due to the 

cost and practicality of fitting a large number of sensors into a small area. In addition, the added centrifugal 

loads of the pressure transducers can rapidly become unmanageable. 

 

The Pressure Sensitive Paint (PSP) technique may provide a means to non-intrusively measure the 

global surface pressures on these types of surfaces. PSP has previously been used to investigate rotating 

turbomachinery in both point mode [5,6] and imaging mode. [7-9] There have been several reports of using 

the PSP technique to investigate film-cooling effectiveness on gas turbine blades. These have involved 

investigating stationary blades [10-14] and rotating gas turbine blades. [15-17] Over the last several years, 

the U.S. Army Aeroflightdynamics Directorate, Joint Research Program Office, and the NASA Rotary 

Wing Project have partnered to develop the PSP measurement technique for use on rotor blades. This work 

included an initial proof of concept in 2003 [18] which resulted in the development of instrumented pressure 

blades for more extended testing beginning in 2007. [19] From these results, a new PSP system based on 

the previously described system was developed with several modifications for use with rotating test articles 

and successfully demonstrated for a rotorcraft in hover [20] and on blade tips [21] and the entire upper 

surface [22] in simulated forward flight. This paper will detail further expansion of this system to measure 

the surface pressures on both the upper and lower blade surface and use these results to calculate the normal 

force (FZ) exerted on the blade. To date this the first documented evidence of the PSP technique being 

employed to make these types of measurements on a rotor blade, especially at these scales.  
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2.0 Pressure Sensitive Paint

 2.1 Introduction to PSP 

The PSP technique [23-27] exploits the oxygen sensitivity of luminescent probe molecules suspended 

in gas-permeable binder materials. When a luminescent molecule absorbs a photon, it transitions to an 

excited singlet energy state. The molecule can then recover to the ground state by the emission of a photon 

of a longer wavelength, known as a radiative process. However, certain of these luminescent materials can 

also interact with an oxygen molecule such that the transition back to the ground state is non-radiative in a 

process known as collisional quenching. The rate at which these two process (radiative vs. non-radiative) 

compete is dependent on the concentration of oxygen present and can be described by the Stern-Volmer 

relationship [28] 

 

 2
)(1/0 OSV PTKII 

 (1) 

where I0 is the luminescence intensity in the absence of O2 (i.e. vacuum), I is the luminescence intensity at 

some partial pressure of oxygen (PO2), and KSV is the Stern-Volmer constant, which is dependent on 

temperature (T). 

There are several issues with this relationship, especially in regards to wind-tunnel applications; first, 

it is a practical impossibility to measure I0 in a wind tunnel application. Second, the luminescent signal 

from the paint is not only a function of pressure; it also varies with factors such as illumination intensity, 

probe molecule concentration, and paint layer thickness. These spatial variations typically result in a non-

uniform luminescence signal from the painted surface. The spatial variations are usually eliminated by 

taking a ratio of the luminescent intensity of the paint at the test condition with the luminescent intensity of 

the paint at a known reference condition (IREF and PREF) – usually at wind-off. Thus Eq. (1) can be cast into 

a more suitable form 

 

 )P/P()*T(B)T(AI/I REFREF   (2) 

where IREF is the recovered luminescence intensity at a reference pressure, PREF. The coefficients A(T) and 

B(T) are for a given PSP formulation and are usually determined beforehand using laboratory calibration 

procedures. 

 

2.2 PSP Measurements on Rotor Blades 

In the previous imaging experiments on rotating turbomachinery blades, a more traditional method of 

acquiring the data using “wind-off” and “wind-on” images was employed. To freeze the motion of the 

blade, either a strobed light source, [7,9] a camera with an electronic shutter capable of short exposure 

times, [16] or a combination of both [8,17] have been used. Because of the relative stiffness of 

turbomachinery blades, there is little if any change in shape between the “wind-off” image and the “wind-

on” image. Additionally, the stiffness of the blades and rigid mounting ensure that with adequate position 

encoder data, the blade can be imaged at the same position in the rotation regardless of rotation speed. 

 

However, this is not the case with rotor blades. Previous testing has shown that using a lifetime-based 

approach [29-33] is essential due to blade bending and coning when the blades are spinning. [18,19] These 

previous tests employed LED-based arrays and interline transfer cameras that had been modified to function 

with an “on-chip” accumulation of multiple rotations to build the necessary data. Thus, it could take 

hundreds or thousands of LED flashes (with one flash per rotation) to generate one gate image with 
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sufficient signal-to-noise ratio. This was shown 

to suffer from excessive blurring due to flapping 

and lead-lag of the blade (i.e. the blade motion 

and timing are subtly changing with every 

rotation). Therefore, a method to acquire the data 

in one single rotation was needed. Using a high 

powered laser provides sufficient illumination 

and using a traditional interline transfer CCD 

(like those used in many particle imaging 

velocimetry (PIV) experiments) operating in 

double exposure mode allows the accumulation 

of two gate images from one laser pulse. The first 

image is a short exposure that occurs during the 

pressure-insensitive initial portion of the 

excited-state decay, while the second image is a 

longer exposure capturing the remainder of the 

excited-state decay (which has large pressure 

sensitivity). The general process of the technique 

is shown in Figure 1, where Gate 1 is analogous 

to the “wind-off” image (and used as a reference image), and Gate 2 is analogous to the “wind-on” image. 

The single-shot lifetime approach has been more fully described by Gregory et al. [34] and Juliano et al. 

[35]  

 

Ideally, analysis of the data would generally proceed as described by Eq. (2). However, the PSP 

formulation itself displays a significant change in performance that is tied to the application process. This 

phenomenon has been observed previously in many PSP formulations [36-38]. Essentially, the excited-

state lifetime of the luminescent dye shows heterogeneity with application, where the lifetime can change 

dramatically due to variations in local dye concentration. To solve this, a single wind-off image set can be 

acquired and used as a correction. If this is the case, then the IREF/I term in Eq. (2) can be expressed as 

 

 
   1212 G/G/G/GI/I

REFREF 
 (3) 

where G1 and G2 are the intensities of Gate 1 and Gate 2. This “ratio-of-ratios” (ROR) technique can correct 

for the spatial variations that occur in the paint. 

 

3.0 Experimental Methods 

3.1 Paint Formulation and Calibration 

For making PSP measurements, the blades were coated with a porous polymer formulation described 

previously by Gregory, et al. [42] Similar formulations have been used for unsteady pressure measurements 

on a turbocharger compressor blade, [9] model airplane and propeller blades, [35] rotorcraft blades, [20-

22,40] and unsteady flow fields around a cylinder at transonic conditions. [41] The response time of the 

porous polymer formulation is several orders of magnitude faster than that of more traditional PSP 

formulations that have been used previously and was chosen for this work because there are several 

phenomena that occur in rotorcraft aerodynamics that can occur at much greater frequencies. Moreover, 

these frequencies are often governed by the rotational frequency of the blades, as well as the structural 

makeup of the blades themselves (and their natural frequency). Examples of these phenomena include blade 

flapping (which is generally at or near the rotational frequency), blade bending and torsion, and lead-lag 

 
Figure 1. Single-shot lifetime technique. Please note 

that the width of the gate images are not drawn to 

scale. 
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(which is a combination of rotational frequency and the lag hinge offset). Other effects such as dynamic 

stall and blade-vortex interactions are highly transient events occurring over a small window of azimuth. 

These interactions often cause dynamic pressure fluctuations on the blade that can require measurement 

response up to 1000 Hz or higher. 

 

The oxygen sensitive luminophore chosen was platinum meso-tetrakis(pentafluorophenyl) porphine 

(abbreviated Pt(TfPP)), which is a common luminophore for PSP applications. A typical application of the 

PSP involved initially applying the porous polymer binder to a basecoat (usually white to maximize 

intensity collection efficiency) using conventional spraying techniques. After the binder dries, a solution of 

the luminophore is then typically over-sprayed onto the binder. This helps to ensure that the luminophore 

is resting on the surface for maximum interaction with oxygen (thus increasing the frequency response). 

The disadvantage of this is that the luminophore can degrade fairly quickly. However, this can be alleviated 

by simply over-spraying with additional luminophore solution. For this work, it was found that over-

spraying once a day before running was sufficient to minimize photodegredation. 

 

Calibration of the paint formulation was performed separate from the wind tunnel in a laboratory 

calibration chamber. This chamber is only capable of measuring pressure and temperature sensitivities; no 

determination of the frequency response of this paint was attempted. However, as mentioned above, 

previous testing has shown that this formulation can respond to 5 kHz, well above the frequency range 

needed for this test (which is anticipated to be less than 1 kHz, based on a rotation frequency of 20 Hz, and 

including several harmonics of the rotation frequency). For calibrations, the PSP was applied to 2-inch 

diameter aluminum coupons that were then placed in the calibration chamber. Illumination of the PSP and 

acquisition of the luminescent intensity was accomplished using the same system as used in the tunnel. 

 

The PSP formulation was calibrated over a pressure range of 41 to 101 kPa (6 to 14.7 psia) at 

temperatures ranging from 15 to 40 oC (59 to 104 oF). A calibration model for the coating was derived by 

solving Eq. (2) for normalized pressure in terms of the normalized temperature and the intensity ratios (as 

defined by Eq. (3)) acquired from the images as described in the previous section. The calibration data 

showed a multi-dimensional dependence on both pressure and temperature, which can be attributed to the 

complex nature of oxygen diffusion into the paint binder. [25-27] A linear least squares algorithm was used 

to fit the data to a modified and expanded version of Eq. (2) assuming a second order relationship in both 

temperature and pressure 
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 (4) 

where P and PREF are the pressures, T and TREF are the temperatures, G1 and G2 are the intensities in the 

respective gates (analogous to IREF [G1] and I [G2]), and axy are the calibration coefficients. Since a wind-

off image pair is also used for correction, the IREF/I term is further defined by Eq. (3). For this work, in the 

range of 41-101 kPa, the PSP sensitivity was found to be approximately 0.6%/kPa to 0.8%/kPa, depending 

on temperature. 

 

3.2 Model and Facilities 

The rotor blades that were tested have been constructed from carbon fiber, fiberglass, and aromatic 

nylon fiber honeycomb trailing-edge core. Each blade has been painted with a white basecoat to enhance 

the PSP luminescence output (by scattering the luminescence away from the surface and back to the camera) 
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as well as to seal the blade to protect the blade structure from the solvents used in the painting process. The 

blades are constant chord with a swept-tapered tip and a 14 degree linear twist distribution, using the RC 

family of airfoils. [42,43]  Of the four blades, two are pressure instrumented using Kulite pressure sensors. 

The first instrumented blade has two rows of chord-wise transducers, with rows located at the 93% and 

99% radial stations. The second has one chord-wise row at 93% radius. Each row has 10 pressure 

transducers located on the upper surface. The airfoil distribution, layout of the instrumentation, and 

dimension of the blades (in meters) are shown in Figure 2. It should be noted that only the outer ~80% of 

the blade was painted with PSP. This was due to the presence of the blade glove as well as other sensors 

that could not be painted over. This will affect the overall value of the calculated force, but the portion of 

the blade that was unpainted is in near ambient conditions, and should have little effect on the overall force. 

 

All testing was performed in the RTC in the 14x22 Complex at the NASA Langley Research Center. 

The RTC is a highbay area 20.7 m (68 ft) long, 12.2 m (40 ft) wide and 13.1 m (43 ft) tall. Louvers at the 

top and bottom of the west and half of the north wall reduce recirculation in the RTC. A chain link fence at 

the perimeter of the room contains debris in the event of a model failure. The RTC is frequently used to 

support model build up operations for wind tunnel tests, but can also be used as a standalone facility for 

hover testing. 

 

The rotor blades were mounted to the General Rotor Model System (GRMS) and a modified ROtor 

Body INteraction (ROBIN) fuselage. GRMS is a generic rotor drive system that allows testing of different 

rotor and fuselage configurations. GRMS is powered by two 55.9 kW (75 hp) water-cooled electric motors 

that drive a 5.47:1 transmission. Two six component strain gage force and moment balances are contained 

within GRMS to enable separate measurement of rotor and fuselage loads. The rotor hub is a four bladed 

fully articulated hub. One blade cuff is instrumented to measure cuff pitch, lead lag, and flapping. 

Additional instrumentation on GRMS includes an encoder to provide 1/rev and 1024/rev timing signals and 

accelerometers to monitor machine health. The fuselage is similar to the original ROBIN fuselage with the 

exception of a rear ramp section. The ROBIN fuselage is an analytically defined representative generic 

helicopter fuselage that has been used in previous work. [20-22] The modified ROBIN fuselage used in this 

test uses the same family of super-ellipse equations as the original ROBIN fuselage while employing a 

modified set of coefficients to generate the ramp section. 

 

 
Figure 2. Rotor blades for use with PSP, showing the airfoil distribution and layout of the instrumentation. The 

dimensions are in meters. 
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3.3 Measurement Equipment Setup 

This test required several distinct pieces 

of equipment, which will be described in the 

next sections. 

 

3.3.1 Illumination 

 For illumination, 4 frequency doubled 

Nd:YAG lasers (532 nm) were employed to 

acquire the PSP images in one single laser 

pulse. This would provide instantaneous 

pressure data on the blade while alleviating 

issues with the dynamic nature of rotorcraft 

flight. The lasers employed were based on a 

rugged, compact dual laser head system 

originally designed for PIV applications. Because of this, the laser heads have been pre-aligned so that a 

maximum collinearity of the two beams can be achieved and the timing can be manipulated so that both 

heads fire at nearly the same time (though a slight delay of ~20 ns between the firing of each head is needed 

to achieve maximum power [44].). The lasers employed had a nominal power of 200 mJ per pulse per head. 

 

The lasers were placed on a specially designed structure that could be affixed to the RTC floor, as 

shown in Figure 3. This allowed the lasers to be operated with the confines of the RTC, which was equipped 

with suitable safety precautions (such as interlocks). The lasers were aligned so that two lasers illuminated 

the upper surface of the blade and two lasers illuminated the lower surface. This alignment was performed 

using laser mirrors placed near the output of each laser as shown in Figure 4.   Once the laser beams where 

directed to either the top or bottom of the 

facility, the beams were further steered to the 

blade surface and expanded using additional 

mirrors and spherical lenses and diffusers. The 

spot sizes produced were capable of 

encompassing the entire blade and destroyed 

the structure of the beam, eliminating artifacts 

such as Newton rings and fringes. 

 

3.3.2 PSP Image Acquisition 

PSP images were acquired using interline 

transfer cameras operating in a double 

exposure mode, as described previously. These 

cameras employ 12-bit digitization and operate 

using a Gig-E interface (capable of transferring 

data up to 1GB/s) and thus can frame at over 

30 fps streaming data directly to a hard drive. 

Focus of the cameras was achieved using a 

Canon 100 mm lens and was controlled 

remotely. Separation of the laser excitation 

light from the luminescent emission of the 

paint was achieved using a longpass filter 

(Schott Glass RG610). These cameras 

 
Figure 3. Doubled Nd:YAG lasers on cart in the RTC. 

 

 
Figure 4. Mirrors used to steer the laser beams. 
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performed the majority of the work and were placed so that two cameras would image the upper surface 

and two cameras the lower surface. The mounting of the cameras (as well as the laser beam spreading 

optics) for the upper blade surface is shown in Figure 5 and for the lower blade surface is shown in Figure 

6. The IR camera shown in Figure 6 is for a separate experiment. [45] 

 

There was also a second pair of cameras employed on the upper surface to investigate an alternative 

way to acquire the data. These two cameras were placed close together and each employed a 100 mm Canon 

lens. These are labelled as Dual-Camera Multi-Lifetime cameras. Results from this work will be detailed 

in a later section. 

 

3.3.3 Stereophotogrammetry 

In order to get an independent measurement of blade-bending, a stereophotogrammetric measurement 

capability was implemented. This employed a pair of cameras placed on the RTC floor and imaging the 

 
Figure 5. Mounting of camera systems and beam steering/spreading optics for imaging upper surface of the 

rotor blade. 

 

 
Figure 6. Mounting of camera systems and beam steering/spreading optics for imaging lower surface of the 

rotor blade. The IR camera was employed for a separate experiment. 
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lower surface of the blade. These cameras were 

placed off-axis such that the angle between the line 

of sight of the cameras and the direction of the 

rotation vector of the blade was approximately 15o. 

For simplicity, the cameras employed were the same 

as those used for PSP measurements. However, the 

lens used was of significantly smaller focal length 

(35 mm) to ensure that the entire blade was imaged. 

The placement of one of the cameras is shown in 

Figure 7. 

 

3.4 Data Acquisition 

As described previously, the single-shot 

lifetime method was used to acquire all PSP data. In 

addition, there was a requirement to synchronize the 

actual PSP data acquisition with the wind tunnel 

dynamic data acquisition system. Timing for the 

acquisition was accomplished using a custom 

designed and built system based on a configurable 

counting board and software interface (Rotor 

Azimuth Synchronization Program, or RASP [46]) 

and the signals from the 1/rev and 1024/rev encoders 

on the GRMS. The RASP allowed for accurate and 

reproducible alignment of the blades with a specific 

azimuth location in the rotor disk. Programmable 

delay generators were also used to synch the camera 

acquisition with the flash lamp and Q-switch firing 

of each laser head. The overall control of the data 

acquisition was accomplished via an external signal 

sent from the wind tunnel dynamic data acquisition 

system. Each individual firing of the Q-switch was 

also recorded by the dynamic data acquisition 

system to enable time correlation of the PSP data. A simplified diagram of the timing setup is shown in 

Figure 8. 

 

For this testing, the ROBIN fuselage was maintained at a constant angle of attack (~3.5o) and the rotor 

speed was 1150 rpm. The testing conditions are listed in Table 1. 

 

3.5 Data Analysis 

Data analysis for this work followed the general procedures for the analysis of PSP data acquired using 

the lifetime-based technique. As opposed to previous work [22], more care was taken to ensure that the 

wind-off images had less mismatch with the wind-on images. This allowed for some simplification of the 

analysis procedures and less work that had to be done on the surface mesh. The basic data analysis used the 

following protocol: 

 

1) Background correction of all images. 

2) Registration of all wind-on images to Gate 1 of the wind-off image. 

      
Figure 7. One of the stereophotogrammetry 

cameras. 

 

 
Figure 8. Timing schematic for multiple lasers and 

cameras systems. LC880: Programmable logic gate 

controller; DAQ: Laser/camera system; DDAS: 

Dynamic Data Acquisition System. 
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3) Creating a wind-on ratio (by dividing the 

two gate images from the wind-on run) 

and a wind-off ratio (by dividing the two 

gate images from the wind-off 

acquisition). 

4) Creating a “ratio of ratios” using Eq. (3). 

5) Mapping the resultant ratio of ratios images 

to the surface grid using the previously 

determined three dimensional coordinates 

of registration marks added to the blade 

surface. A more detailed explanation of 

mapping these images to the surface grid 

is provided in [47]. 

6) Calibration of the ratio of ratios data to 

pressure using a temperature correction 

step as described in Ref. [22] and 

summarized below. 

7) Integrating the surface data to calculate the 

FZ exerted on the blade. 

4.0 Results and Discussion 

4.1 Temperature Correction of PSP 

The temperature sensitivity of PSP formulations has long been a major source of errors in these types 

of measurements. Temperature sensitivity can be minimized and compensated for using a variety of tools 

such as isothermal models and in-situ transducer corrections. These tools are of limited value for the 

rotorcraft measurement as transducers are difficult to install and blade composition is driven by other issues. 

Uncertainty in the temperature of the blade is one of the most significant remaining errors in the fast PSP 

system. There are at least two major temperature variations to be dealt with, 1) a change in the blade bulk 

temperature between wind-off and wind-on as the tunnel heats up, and 2) a radial temperature gradient on 

the blade due to the local dynamic temperature. In this test, the second factor is the major source of error in 

these measurements. This can be visualized by simply examining the ROR values recovered on the lower 

surface, as shown in Figure 9 (upper). The pressure distribution on the lower surface should be fairly 

constant, but there is a definite parabolic rise in the values from the hub to the wing tip (Figure 9 (lower)). 

This is due to the increase in temperature due to the increased velocity of the blade in the spanwise direction.  

 

Previous work [22] has shown that in this case, directly measuring the temperature on a second blade 

using TSP is not an ideal solution as it is difficult to perfectly align the images on the surface grid. However, 

an alternative approach can be used to determine the approximate temperature, and has be described by 

Disotell et al. [40]. The expected temperature field can be approximated using the adiabatic wall recovery 

temperature calculated as 

 

Table 1. Test Conditions 

Point CT/σ 

1080 0.030 

1082 0.038 

1084 0.046 

1086 0.054 

1088 0.062 

1090 0.070 

1092 0.078 

1094 0.086 

1096 0.090 

1098 0.034 

1100 0.042 

1102 0.050 

1104 0.058 

1108 0.066 

1110 0.074 

1112 0.082 

1114 0.090 

1116 0.088 

1118 0.080 

1120 0.072 

1122 0.064 

1124 0.056 

1126 0.048 

1128 0.040 

1130 0.032 
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where TW is the adiabatic wall temperature, T∞ is the ambient temperature, r(Pr) is the recovery factor as a 

function of Prandtl number (assumed to be 0.85 for a laminar boundary layer), k is the isentropic exponent 

(assumed to be 1.4 for air at standard conditions), and M is the Mach number. Note that the temperature 

increases with the square of the Mach number, so that the blade temperature should increase quadratically 

from the hub to the tip. This method has been verified for these blades in forward flight in previous testing 

by comparing the calculated values using Eq. (5) with those measured using a TSP blade [22] and showed 

excellent agreement. 

 

In the previous work described above, the 

T∞ value was assumed constant. However, in 

the current work the temperature increased 

from ~29 oC (84 oF) to ~33.5 oC (92 oF) over 

the course of the run. The comparison of the 

measured RTC temperature with the thrust 

coefficient (CT/σ) condition is shown in Figure 

10. The run took approximately 2 hours to 

complete. This included 2 downtimes (due to 

laser malfunctions that required facility 

access) which manifest as slight decreases in 

temperature after restart. For the data analysis, 

the last 30 seconds of temperature data for 

each point was used as this was the time in 

which PSP data was acquired. For all of the 

data points collected, the temperature varied 

    

 
Figure 9. (Upper) ROR values for the lower blade surface; (Lower) slice taken from the image showing 

parabolic increase in values in the spanwise direction. Point 1096, CT/σ = 0.09. 

 

 
Figure 10. Temperature measured in the RTC during the 

data collection. The CT/σ is shown for reference. 
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by less than 0.2 oC throughout the PSP data acquisition. The general trend of the temperature increase over 

the blade as calculated from Eq. (5) is shown in Figure 11. This is calculated for point 1080 (CT/σ = 0.03), 

but the only difference for the other conditions would be the magnitude of the temperature change over the 

surface; the parabolic trend remains consistent. This “temperature image” was calculated on the surface 

mesh and provided a point-by-point correction of the PSP data using Eq. (4). 

 

4.2 PSP Results 

The purpose of this test was to expand on previous work so that instead of measuring only pressure on 

the blade tip [18-21] or the upper blade surface [22], measurements were collected from both the upper and 

lower surface. This allows for the determination of various aerodynamic forces, and this was demonstrated 

by calculating FZ, which can be thought of as analogous to the lift generated by the blade. These calculations 

were performed in TecPlot 360 (EX 2017 R2) as it is a relatively simple procedure to integrate the pressure 

over both the upper and lower surface. These two forces were then added to calculate the FZ value. Another 

reason TecPlot was chosen is that the macro language could be utilized to perform all of these calculations 

(as there are 1600 total measurements acquired in this data set). While this report discusses only the normal 

force, it is readily apparent that other forces (such as FX and FY) and moments (MX, MY, and MZ) could be 

calculated. 

 

For each data point, consisting of 64 acquired points at a single CT/σ, each ROR image was mapped 

to the mesh and converted to pressure (as described above). An example from Point 1080 (CT/σ = 0.03) is 

shown in Figure 12. This figure shows four different points in the run, and slight variations in the pressure 

field can be seen. In addition, the individual FZ values are shown along with the average and standard 

deviation of the values. Similar figures showing all of the points are contained in the Appendix. Again, it 

should be noted that only the outer ~80% of the blade was painted, so the FZ measurements are most likely 

lower than the actual normal force.  

 

The relationship between the FZ calculated and CT/σ is shown in Figure 13. As can be seen, the 

relationship is essentially linear with a maximum force of ~ 150 lbs. at the highest thrust condition, CT/σ = 

 
Figure 11. Adiabatic wall temperature on the blade as calculated by Equation (5). Point 1080, CT/σ = 0.03. 
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0.09. The error bars in the graph represent the standard deviation of the calculated FZ values for each image 

 

 
Figure 12. (Upper) Four pressure images acquired from PSP measurements on the upper and lower surface 

of the blade; (Lower) calculated FZ for all 64 images of the data point. The solid line is the average and the 

dashed lines represent the standard deviation. Point 1080, CT/σ = 0.03. 
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pair acquired in a point. It should be noted again, 

that these conditions were not acquired 

sequentially and show very little hysteresis. In 

addition to comparing the FZ with the thrust 

condition, a similar analysis can be performed 

using the blade pitch, flap, and lag sensors. These 

are shown in Figure 14. As expected, there is a 

general linear relationship between the FZ values 

and the readings from each of these sensors, 

though there is more noise in the data. In addition, 

the overall trends of these data are what should be 

expected. The normal force increases with 

increased angle of attack (as inferred with blade 

pitch), increasing the normal force on the blade 

increases the amount of flapping, and increasing 

the normal force also causes an increase in the 

blade lag. 

 

4.3 Uncertainty 

As shown in Eq. (2) above, all PSP measurements essentially require two images; a “reference” image 

and an image at “condition.” While there are several approaches to acquiring this data, each suffer from the 

same sources of error, which have been investigated and modeled by Liu and Sullivan. [48] These error 

sources include temperature, illumination, model displacement/deformation, sedimentation of dust and oils 

on the paint, photo-degradation of the luminophore, stray light, and camera shot noise. However, in the 

single-shot lifetime approach, since all of the data (other than the required wind-off image for lifetime 

heterogeneity compensation) is acquired from a single pulse of laser light, errors such as nonuniformities 

in illumination and photodegredation can be eliminated. For this work, the major sources of error are the 

uncompensated temperature increase on the blade and the camera shot noise (which will be the limiting 

case). 

 

With regards to the temperature, results from the previous section indicate that there is a significant 

increase in temperature spanwise across the blade surface. The insulating properties of the blade itself also 

ensure that this temperature increase remains on the blade surface. From previous work [22] the temperature 

of the blade can be estimated as the adiabatic wall recovery temperature. However, the TSP results in this 

work also show that there can be as much as 2 oC difference between the TSP measurement and this 

calculated temperature. With this difference, the measured pressure can display an error of up to 8%, 

depending on the temperature. The larger error occurs when the temperature of the blade is close to TW 

which is toward the root of the blade. This error decreases to approximately 2% as the temperature increases 

toward the blade tip. Optimization of the temperature measurement on the blade should be able to reduce 

these errors, especially in cases where the adiabatic wall recovery temperature cannot be used to estimate 

the surface temperature. 

 

Even with perfect temperature compensation, the major uncertainty in the pulsed lifetime-based data 

acquisition method used in this work is the photon shot noise of the camera itself. The pressure uncertainty 

in the limiting case of photon-shot noise for the gated lifetime approach (which the single-shot lifetime 

approach essentially is) can be determined as suggested in Refs. [41,49]. Using some basic assumptions of 

the total number of photoelectrons collected in the first gate as well as the nominal excited state lifetime of 

the paint, the limiting uncertainty will range from approximately 1.5% to 3%. The variation in this 

uncertainty is due to the temperature dependence on KSV as well as the measured pressure P. Propagating 

 
Figure 13. Calculated FZ as a function of CT/σ. The 

dashed line represents a linear fit of the data. The error 

bars are the standard deviation of all the data collected 

in a point. 
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this error through the FZ calculations leads to 

similar errors. As an assumption, if the PSP error 

approaches 8% (which is close to the largest error 

expected from temperature), then this would 

result in ~8% error in the FZ measurements as 

well, as modeled in TecPlot with the original 

data. 

 

4.4 Future Improvements 

This work has shown that the PSP technique 

can collect both qualitative and quantitative data 

from rotor blades and integrate those data into 

aerodynamic forces and moments. However, 

there are still several areas that can be explored to 

further improve this technique. Several are 

ongoing projects to generally improve PSP, most 

notably in the temperature sensitivity as well as 

temperature compensation techniques. Ideally 

this would be applied to the same blade as the 

PSP. Development of these improvements are in 

its infancy and are beyond the scope of this 

report. Still, two improvements were designed 

and initial testing of their performance was 

completed on this test. While the results of these 

techniques have not been fully implemented, they 

do show promise. These techniques were the 

simultaneous measurement of blade displacement 

using a stereophotogrammetry system, and a new 

data acquisition technique employing two 

cameras to acquire the gates as opposed to one 

(the Dual-Camera Multi-Gate Lifetime 

technique). More information on these systems 

will be provided below. 

 

4.4.1 Stereophotogrammetry 

One issue that has been identified during the 

previous testing is the impact that the blade 

geometry has on the PSP data. The blade 

geometry that is used to create the surface mesh 

of the blades assumes that there is no bending or 

twisting of the blade, i.e. the blade is straight and 

flat. Obviously, this is not the case at the wind-off 

or wind-on conditions. In fact, the blade bends 

downward several inches at wind-off, and up 

several inches at wind-on. The result is that there is significant blade movement between the wind-off and 

wind-on conditions as can be seen in Figure 15. The wide variation in the image of the blade, with changes 

in field of view, and zoom, make image alignment on the bitmap difficult. High quality processing requires 

that the wind-off and wind-on data be mapped to the surface mesh, and then processed on the mesh. 

 

 

 
Figure 14. Calculated FZ compared with rotor parameters 

blade pitch (upper), flapping (middle), and lag (lower). 

The dashed lines represents a linear fit of the data. The 

error bars are the standard deviation of all the data 

collected in a point.  
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Computing an accurate 

photogrammetric resection for the wind-

off and wind-on images requires that the 

3D object space coordinates of the target 

position on bitmap be known. 

Unfortunately, the flat blade assumption 

does not produce the correct blade 

information for either test condition, and 

therefore, the mapping is compromised. 

Improved data processing will require that 

the blade position be monitored, and then 

the blade mesh be warped before the 

bitmap data is mapped to the surface mesh. 

This will require the addition of a stereo 

photogrammetry measurement capability 

to the system. 

 

Photogrammetry based on Video 

Model Deformation (VMD) requires 

many of the same pieces of hardware 

already in use for PSP measurements. 

These include cameras and a model with 

targets. With this data, a camera 

calibration can be used with image 

processing to generate a photogrammetric 

reconstruction of the target markers. 

Photogrammetry based on VMD has been 

used for over 15 years as a means of 

monitoring model position and geometry 

in wind tunnels. VMD performs well in 

situations where large displacements and 

deformations are expected as is the case 

for the rotorcraft model. VMD is 

accomplished by comparing wind-off to 

wind-on spatial data from targets placed 

on a model (Figure 16). Digitized video images from a camera are recorded and processed to automatically 

determine target locations in the image plane. This information is combined with a pre-defined set of 

calibration images to convert image plane data to spatial coordinates. Useful quantities, such as the position, 

attitude, deformation, and motion of a surface can be determined. This approach is straightforward as long 

as the targets can be identified and the point correspondence between images taken by different cameras in 

a time sequence can be established. For example, measurements of pressure and geometry in large-scale 

production wind tunnels using Pressure-Sensitive Paint and Photogrammetry have been demonstrated by 

Crafton and Fonov [51] as well as Ruyten and Sellers. [51]  

 

VMD-based photogrammetry has been demonstrated for a variety of applications in wind tunnel 

testing. Both single and two-camera videogrammetric systems have been developed for measurements of 

aeroelastic wing deformations in wind tunnel and flight-testing based on distributed targets by Liu et al., 

[52] and Burner and Liu. [53] Newer versions of these systems have the real-time target tracking and 

computing capability at 5-140 frames per second. The same systems have been used to measure the static 

 
Figure 15. Wind-off Ratio and Wind-on Ratio showing impact 

of blade bending. 

 

      
Figure 16. Targets on a model used for VMD 

measurements. 
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and dynamic load as an alternative to force balances in aerodynamic testing, and a high-speed version has 

been used to measure the unsteady aeroelastic deformation and aerodynamic force of a plate in flow by Roy 

et al. [54] The photogrammetric technique has been used to determine the aircraft position and attitude for 

vision-based autonomous landing by Liu and Fleming. [55] The uncertainty analysis of VMD 

measurements is given by Burner et al., [56] and a general framework of unified measurements of VMD, 

PSP and other image-based aerodynamic techniques is addressed by Liu. [57] 

 

To demonstrate the ability of a two camera PSP system to monitor a rotorcraft blade position, a thin 

piece of metal was used to simulate a bending rotorcraft blade. The stereo system was calibrated using a 

series of images of a “chess board” located at the object plane. An example image is shown in the top left 

corner of Figure 17. The dimensions of the features in the chess board are known and are used to determine 

an appropriate scalar to convert disparity maps to height maps. The algorithm locates the corners of each 

square on the array, and hence, the image plane coordinates at these points are known. The object space 

coordinates of the corners are also known since the dimensions of the chess board are known. The exterior, 

interior, and optical distortion parameters are determined. The accuracy of the calibration is gauged by 

computing the average error and RMS. Typical values are between 0.2 to 0.3 pixels; an acceptable 

calibration is achieved when these parameters are less than 1 pixel (for the 2 Mpix cameras used with pixel 

size 7.40 μm). The average error and RMS mean that, on average, each of the projected points is 0.2 to 0.3 

pixels away from its actual position. 

 

Once calibrated, images of the blade in an undistorted, and distorted position are acquired (right side 

of Figure 17). The position of the blade along the span was measured at two loading conditions and this 

data is presented at the bottom of Figure 17. The spanwise bending profile of the blade will be used to warp 

the flat blade mesh, and associated markers, of the rotorcraft blade at the wind-off and wind-on conditions. 

Data from the bitmaps will then be mapped to the warped mesh, and the data will then be transferred to the 

flat mesh. Data can then be processed over the full blade. 

 

As described in Section 3.3.3, the stereophotogrammetry system was setup underneath the rotor model 

where the angle between the line of sight of the cameras and the direction of the rotation vector of the blade 

was approximately 15o. Maintaining a small angle results in good overlap between image pairs. The stereo 

           
Figure 17. Demonstration of the stereophotogrammetry system. 
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photogrammetry system was calibrated using a checkerboard pattern mounted onto a pole and positioned 

at different orientations within the entire field of view. The calibration pattern was positioned throughout 

the depth of field corresponding to the anticipated blade displacement at the maximum load coefficient. 

The accuracy of the calibration was on the order of 0.2 pixels. The spatial resolution of the stereo cameras 

was 0.048 inch per pixel which corresponds to 0.001-inch resolution. In practice, the resolution is more 

likely on the order of 0.01 inch.  

 

Raw images from the stereo cameras are shown below in Figure 18. The blade shown corresponds to 

the blade used for infrared thermography measurements. As shown, the blade features a black coating with 

known emissivity and white fiducial marks which are easily discerned. Preliminary stereo results for this 

blade have been better than the PSP blade due to the contrast of the white fiducial markers. The 

reconstructed blade is shown in Figure 19. The fiducial marks are numbered accordingly. As shown, the 

fiducial marks 13, 14, and 17 – 21 are hard to recognize but can be identified. The distance between points 

12 and 13 is indicated. The unit of the distance measurement is in mm. The distances between each adjacent 

pair of points determined using stereo photogrammetry is shown in Table 2. The distance obtained using 

stereo photogrammetry are compared to the values measured by hand on the blade. In general, the 

comparison is favorable with an average deviation of 0.036 inches. The comparison is more favorable than 

         
Figure 18. (left) Raw images collected with the left stereo camera; (Right) raw image collected with the 

right stereo camera. 

 

 
Figure 19. Results shown on a rotating blade. 
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indicated because the location of the fiducial markers from the reconstructed blade was not determined 

accurately. 

 

The blade was reconstructed for thrust coefficients 0, 0.03, 0.04, 0.06, and 0.0. A side view is shown 

in Figure 20 containing preliminary results of the rotor blade deflection. The thrust coefficients are indicated 

in the figure. The tip deflection determined from the reconstructed profiles of the blade at rest and at a thrust 

coefficient of 0.8 is 9.1 inches (indicated in the figure). This estimate is not very accurate because the 

reconstructed blade profiles at the various thrust coefficients have not been referenced to an appropriate 

body-fixed origin. Efforts are underway to properly reference each profile to a consistent, body-fixed origin. 

 

4.4.2 Dual-Camera Multi-Gate Lifetime 

During the several tests that have been done using the single-shot lifetime approach with rotorcraft 

one issue has always been present, namely the data near the leading and trailing edges is often compromised 

 
Figure 20. Preliminary results of the rotor blade deflection. The CT/σ is indicated in the figure. 

 

Table 2. Summary of stereophotogrammetry results. 

Point Pair Reported Distance (in) Stereo Distance (in) Difference (in) 

(1, 2) 4.106 4.101 0.005 

(2, 3) 3.941 3.947 0.005 

(3, 4) 3.981 4.032 0.051 

(4, 5) 3.978 4.025 0.047 

(5, 6) 4.010 4.030 0.020 

(6, 7) 4.075 4.133 0.058 

(7, 8) 3.919 3.991 0.073 

(8, 9) 4.023 4.081 0.058 

(9, 10) 3.933 3.928 0.005 

(10, 11) 2.626 2.696 0.070 

(11, 12) 3.877 3.846 0.031 

(12, 13) 4.012 3.962 0.050 

(13, 14) 3.970 NA NA 

(14, 15) 3.978 NA NA 

(15, 16) 3.997 3.978 0.019 

(16, 17) 3.980 3.994 0.014 

(17, 18) 4.041 3.998 0.042 

(18, 19) 4.022 4.054 0.032 

(19, 20) 3.982 3.993 0.012 

(20, 21) 4.040 3.993 0.047 
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by a motion blur that is present in the second gate. 

This blurring is the result of the inability of a 

standard frame-transfer camera to control the 

exposure time of the second gate. Traditionally, 

in a frame-transfer camera, the width of the first 

gate is easily controllable (via software or 

hardware triggering). However, the width of the 

second gate is usually the readout time for the 

camera. With the cameras that were used in this 

test, the width of the second gate was ~21 ms. 

While there has been development of numerical 

methods to try and correct for this effect during 

data analysis [58,59], this tends to produce a “ringing” near the leading and trailing edges. Correcting this 

in the data acquisition phase would be the ideal solution. Having a frame-transfer camera with 

independently controllable gates would produce much crisper images (especially in the second gate) and 

would eliminate the motion blur problems. Recently, Geisler [60,61] demonstrated a new readout mode 

framing-optimized exposure (FOX) for off-the-shelf CCD imaging sensors. In this method, three readouts 

are available instead of two. Thus, both the first and second gates would be controllable. This technology 

has been demonstrated by Weiss et al on a rotor blade and showed very little blurring with appropriate gate 

selections. [62] 

 

While this technique would solve the blurring issues, it would require modification of the existing 

cameras (the complexity of this would depend on the model of camera but would most likely only be a 

firmware modification as opposed to a physical modification) and would necessarily sacrifice half of the 

spatial resolution. [62] In addition, it does not solve a second issue that is present in these single-pulse 

lifetime based techniques. 

 

With the short exposure times (for Gate 1) in these types of experiments, there is often a “banding” 

effect seen in the ratio images, as shown in Figure 21, which is simply a ratio image of a Gate 1 and Gate 

2. This banding is fixed pattern noise that is associated with the frame transfer process itself. It is essentially 

the masked area that is used to transfer the charge on the CCD so that the second image can be acquired. 

The FOX modification described above does not alleviate this issue as it still depends on the frame transfer 

process. Unfortunately, while this may be a fixed pattern, the intensity of the artifact is not constant. It is 

camera dependent but can also vary across the chip of a single camera. Thus, there is no good way to filter 

out this type of noise. Ideally, being able to acquire the two gate images without the need for the frame 

transfer step would be ideal. One possible way to do this is to use a second camera that has the same field 

of view to acquire the second gate. This was tested and is known as the Dual-Camera Multi-Gate Lifetime 

technique. 

 

This approach uses two standard frame-transfer cameras. Each camera is operating in a mode identical 

to that for the single-pulse lifetime technique. However, the length of Gate 1 is different for each camera. 

In this test, Camera 1 has a short Gate 1 exposure of 3 µs, similar to that used for the standard data 

acquisition approach. Camera 2 has a longer Gate 1 exposure, closer to 10 µs. The 10 µs exposure time is 

still sufficiently short to freeze the blade motion (helping to account for motion blur), but long enough to 

integrate substantial pressure sensitivity into the Gate 1 signal. For data analysis, the data is processed using 

only the Gate 1 signals from each camera. Thus, the frame transfer step is removed, which should remove 

the banding that is seen. A graphical representation of the Dual-Camera Multi-Gate Lifetime technique is 

shown in Figure 22. 

 

 
Figure 21. Standard Gate 1/ Gate 2 showing the 

banding. 
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The key to the multi-camera single-shot lifetime 

approach is that it is possible to explicitly control each 

gate, and therefore, mitigate motion blur on the rotating 

blade. Practical implementation of the multi-camera 

single-shot lifetime approach requires that variations in 

gain across the two camera arrays be characterized and 

corrected. Other issues include image alignment and 

stable timing between the cameras. To demonstrate the 

potential of the Dual-Camera Multi-Gate Lifetime 

technique, two PSP cameras were positioned over the 

top of the blade near the tip of the blade in the Langley 

hover facility. These cameras included 100-mm Canon 

lenses to zoom the blade as much as possible and 

enhance the motion blur issue. 

 

An example of this type of acquisition is shown in 

Figure 23. These are the raw Gate 1 images for each camera, with timing similar to that listed above. Due 

to space limitations, the cameras were not in the ideal orientation, but the focus and zoom are similar. In 

addition, very little rotational blur is evident in either image. Even though the initial orientation is poor, it 

is possible to align the images using the registration marks on the surface, as shown in Figure 24. The 

images overlap quite well (one of the images had color applied to highlight any differences). 

 

Using the two cameras, a similar image to the traditional single-pulse lifetime technique can be 

constructed using only these Gate 1 images. In this case, the image is constructed using the following 

equation: 

 𝐷𝐶𝑀𝐿 =  𝐺1𝐴 (𝐺1𝐵 − 𝐺1𝐴)⁄  (6) 
 

where DCML is the Dual-Camera Multi-Lifetime Ratio, G1A is the Gate 1 image from Camera A (the 3 µs 

exposure), and G1B is the Gate 1 image from Camera B.  This image is shown in Figure 25. 

 

While this is a straightforward technique conceptually, there is the complication that two different 

cameras are required. One of the potential sources of error that is not introduced is the variation in gain 

over the images in each camera. In the traditional one camera technique, this is not an issue as the gain is 

 
Figure 23. Montage showing the raw Gate 1 images from Camera A (right) and camera B (left). Camera A has 

the shorter Gate 1 width. 

 

 
Figure 22. Graphical representation of the Dual-

Camera Multi-lifetime data acquisition technique. 
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compensated through the ratioing process. In the two 

camera technique, a normalization procedure will be 

needed. For this initial work, some simple 

assumptions are made. It is assumed that the 

integrated signal across Gate 1 and Gate 2 in each 

camera will be the same for a given laser pulse. If this 

is true, then the normalizing information is already 

present and can be inferred by simply taking a ratio of 

the sum of Gates 1 and 2 for each of the cameras. This 

is shown in Figure 26. As can be seen, there is a 

difference between the two cameras. This 

“correction” image is then used to normalize the data 

shown in Figure 25, and these results are shown in 

Figure 27 (lower). This can be directly compared with 

a standard single camera ratio as shown in Figure 27 

(upper). It is readily apparent the banding effect is 

essentially eliminated. More work on this technique is 

ongoing, with development of a specialized camera 

containing two sensors with a beam splitter. This 

would reduce the number of cameras to one, and 

ensure that all of the images had the same field of 

view without the added need for registration. 

 

5.0 Conclusions 

This report details the results from a PSP test on 

a rotor blade operated in hover. In this test, a porous 

PSP formulation tested previously was applied to both 

the upper and lower surface of the blade (~80% of the 

blade was painted). The data was acquired using the 

single-pulse lifetime technique that has been 

demonstrated many times in this facility as well as 

others. However, contrary to the other tests, data was 

acquired from both the upper and lower surfaces 

simultaneously to provide a complete picture of the 

pressure distribution over the blade. This allows for 

the integration of the pressure to acquire aerodynamic 

measurements such as forces and moments. 

 

To demonstrate this, the normal force (FZ) was 

calculated from the pressures and compared with a 

variety of different measurements from the rotor. As 

expected, there was a linear relationship of the FZ with 

the applied thrust, implying greater lift as the 

collective was increased. The FZ values were also 

compared with blade pitch, flapping, and lag, showing 

the expected qualitative trends. To date, this is the first 

time that PSP has been used to collect these types of 

aerodynamic measurements from a larger rotor blade 

in a flight condition. 

 
Figure 25. Image constructed by applying Eq. (6). 

 

 
Figure 26. Correction image calculated by (Camera 

A Gate 1 + Camera A Gate 2) / (Camera B Gate 1 + 

Camera B Gate 2) 

 

 
Figure 24. Overlay of the two Gate 1 images from 

Figure 23 after alignment using the registration 

marks. 
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In addition to the standard PSP testing, 

additional systems were developed and tested for 

inclusion into an optimized system. First, a 

stereophotogrammetry  system was developed and 

employed to provide blade displacement 

measurements. This is needed as the shape of the 

blade changes due to aeroelastic effects (most notably 

blade bending). The preliminary results from this 

system are included and results show that it has 

determined blade position accurately and can be 

employed without any interference to the PSP results. 

Second, a new data acquisition technique (the Dual-

Camera Multi-Gate Lifetime technique) was tested. 

In this technique, a second camera is used to acquire 

a longer Gate 1 image. Combining this with the 

standard Gate 1 image from the first camera allows 

for a controllable Gate 2 image to be inferred. This 

has several advantages. First, this greatly reduces the 

motion blur that occurs from using only a single 

camera (as the width of Gate 2 is not controllable). 

Second, it removes the interline transfer step, which 

in turn eliminated the “banding” in the images that 

occurs with using only a single camera. This 

technique has shown a lot of promise and steps are 

currently being undertaken to optimize its 

performance. 

  

 

 
Figure 27. (Upper) Standard Gate 1/ Gate 2 ratio 

(from Figure 21); (Lower) image from Figure 25 

corrected with Figure 26. 
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Appendix: PSP Results from Each Point 

This appendix contains results from each point collected using PSP. The format for the data 

presentation is similar to Figure 12 above, with one figure per page. 
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Figure A1. PSP results from Point 1080, CT/σ = 0.03. 
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Figure A2. PSP results from Point 1082, CT/σ = 0.038. 

 

  



 

30 

 

 

 
Figure A3. PSP results from Point 1084, CT/σ = 0.046. 
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Figure A4. PSP results from Point 1086, CT/σ = 0.054. 
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Figure A5. PSP results from Point 1088, CT/σ = 0.062. 
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Figure A6. PSP results from Point 1090, CT/σ = 0.07. 
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Figure A7. PSP results from Point 1092, CT/σ = 0.078. 
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Figure A8. PSP results from Point 1094, CT/σ = 0.086. 
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Figure A9. PSP results from Point 1096, CT/σ = 0.09. 

 

  



 

37 

 

 

 
Figure A10. PSP results from Point 1098, CT/σ = 0.034. 
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Figure A11. PSP results from Point 1100, CT/σ = 0.042. 
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Figure A12. PSP results from Point 1102, CT/σ = 0.05. 
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Figure A13. PSP results from Point 1104, CT/σ = 0.058. 
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Figure A14. PSP results from Point 1108, CT/σ = 0.066. 
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Figure A15. PSP results from Point 1110, CT/σ = 0.074. 
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Figure A16. PSP results from Point 1112, CT/σ = 0.082. 
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Figure A17. PSP results from Point 1114, CT/σ = 0.09. 
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Figure A18. PSP results from Point 1116, CT/σ = 0.088. 
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Figure A19. PSP results from Point 1118, CT/σ = 0.08. 
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Figure A20. PSP results from Point 1120, CT/σ = 0.072. 
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Figure A21. PSP results from Point 1122, CT/σ = 0.064. 
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Figure A22. PSP results from Point 1124, CT/σ = 0.056. 
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Figure A23. PSP results from Point 1126, CT/σ = 0.048. 
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Figure A24. PSP results from Point 1128, CT/σ = 0.04. 
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Figure A25. PSP results from Point 1130, CT/σ = 0.032. 
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