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Section 1 

INTRODUCTION 

This final report describes R&D efforts on Air Force Contract F33615-96-C-2638 during the 

period 15 April 1996 -14 October 1996. Contributing to the program effort were Dr. Larry Goss 

of Innovative Scientific Solutions, Inc., and Prof. Mingking Chyu of Carnegie Mellon University 

(subcontractor). 

The purpose of this Phase ISBIR program was to address the instrumentation problems associated 

with studying unsteady supersonic and subsonic combustion flows by extending the Particle 

Imaging Velocimetry (PIV) technique and developing surface techniques capable of pressure, tem- 

perature, and heat-transfer measurements. Optical-based non-intrusive instrumentation was 

designed and demonstrated in the Supersonic Combustion Tunnel at Wright Laboratory. A sum- 

mary of progress made during this Phase I effort follows: 

1. Signficant improvements in PIV analysis software were made, including a new 2D-FFT corre- 

lator, a new graphic-user interface, increased capacity to read the Kodak color-camera files 

directly, and enhancement of the post-processing routines. This software was employed in 

subsequent analysis of data taken in a Mach 2.7 wind tunnel. 

2. New and improved pressure and temperature paints were developed, allowing-for the first 

time-measurements in diverse high temperature environments. The temperature range of the 

pressure paints was significantly increased to ~ 160 °C. These improvements allowed the 

extension of pressure paints to preheated flowfields. 

3. Application of the new pressure and temperature paints in the Supersonic Combustion Tunnel 

was undertaken for the study of fuel injectors. The performance of fuel injectors of various 

geometries was examined in a Mach 2 flowfield. 

4. The design of a lifetime-based pressure/temperature instrument was finalized and preliminary 

experiments conducted. 

5. An optical heat-flux sensor based on thermographic phosphors was developed. 

6. The optical sensor was evaluated in a backward-facing-step test apparatus. 



Section 2 

WORK ACCOMPLISHED 

Improvements in PIV Software 

Major modifications to the PIV analysis and post-processing software were made in attempts to 

read the compressed file directly, simplify the use of the software (better graphic-user interface), 

improve the speed of analysis, and add new features to the post-analysis software. 

Reading the Compressed Kodak File Directly 

The importance of reading the compressed Kodak camera file directly rather than expanding it 

with a graphics program such as Adobe Photoshop represents a tremendous savings in storage 

space for each image. The raw Kodak image is ~ 6 MBytes in size; however, this file cannot be 

read directly and used for PIV processing; expansion into a full (18-Mbytes) 32-bit RGB color 

TIFF image is required. For understanding why this operation is necessary, a discussion of the 

Kodak camera is in order. The Model DCS 460 camera utilizes a single CCD to record color 

images. This is accomplished by coating each camera element (pixel) with a red, a green, or a 

blue filter. Because the green color yields the best measure of brightness, the green pixels make 

up 50% of the camera sensor. The remaining 50% is equally divided between red and blue pix- 

els. Achieving a full RGB image requires a multi-step process in which red, green, and blue 

pixels are interpolated. First the 8-bit 3072 x 2048 image (see Fig. 1) is converted into a 12-bit 

image by scaling with a gray response curve. Next, a pattern correction of the camera image is 

undertaken to account for variation in pixel-to-pixel sensitivity. The pattern correction is unique 

for each individual camera. Interpolation of the compressed image into three 3072 x 2048 

images (red, green, and blue) is achieved using Kodak proprietary algorithms. Because green 

captures the luminance levels that can translate across to the red and blue planes, the green inter- 

polation is carried out first, followed by the red and blue. The RGB images are then processed 

through both a toe-shoulder and gamma look-up table. The result is a color-corrected full RGB 

image that can be used for PIV analysis. Software for the decompression of the Kodak camera 

image before processing has been successfully developed by ISSI. The software subdivides the 

image into strips corresponding to the image width and the interrogation region height. The strip 

is expanded, processed, and then discarded; this eliminates the need for large disk storage. 
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Figure 1. Color-Image Pixel Grid for DCS 460 Kodak Color Camera 

Once the PIV tiff image has been obtained, it must undergo cross-correlation analysis to convert 

the particle images to velocity vectors. This is accomplished by the use of two-dimensional fast- 

Fourier-transform (2D-FFT) routines.  The 2D-FFT is employed to construct the correlation 

map, the peak in which should correspond to the average velocity displacement in the interroga- 

tion volume of the image being processed. The interrogation volume is swept throughout the 

entire image and the velocity vectors determined. Once these vectors have been determined, fil- 

tering software can be used to correct for erroneous vectors resulting from poor seed levels, 

edges, or poor signal to noise.  Typically, a nearest-neighbor filter is applied in which each 

velocity vector is compared to its closest eight neighbors. If the velocity vector being compared 

deviates excessively from its neighbors, it is made invisible and flagged for elimination.  A 

manual filter can also be used which allows the user to hand select the vectors to be eliminated. 

Once vectors have been flagged for elimination, an interpolation routine can be used to replace 

them. The interpolation routine employs a weight average of the surrounding velocity vectors to 

determine the value of the new vectors. 

3 



Incorporation of Faster 2D-FFT 

The 2D-FFT routine incorporated into the analysis software was found to be 30% faster than the 

previous 2D-FFT routine. Since the 2D-FFT is the major workhorse of the PIV analysis, this 

change resulted in a substantial improvement in the processing speed of the software. 

Graphic-User-Interface Improvement 

The graphic user interface of the program was significantly improved, including reorganization 

of the menus, a large display of the PIV image, overlay of the velocity vectors and PIV image, 

and introduction of image and vector printing capabilities. 

Cross-Talk Improvements 

Experimentally it is difficult to remove all cross-talk between the two colors used to record the 

PIV image because several problems are inherent in both film and color CCD sensors. Cross- 

talk manifests itself as a self-correlation in the correlation map, resulting in a strong zero- 

displacement peak. If the cross-talk is sufficiently strong, the self-correlation peak will be the 

dominant peak in the map, resulting in an erroneous velocity vector. The PIV image is separated 

into its individual red, green, and blue components by the analysis software before processing. 

In the case of an image displaying cross-talk, one of these color components bleeds into another 

(for example, red bleeds into the green image). The analysis software was modified to allow the 

bleeding color to be subtracted from the other colors before cross-correlation analysis occurs. 

This process has resulted in significant improvements in the determination of velocity vectors- 

especially with color film. 

Addition of Correlation-Map Graphics 

For improving the diagnostic capabilities, the software was modified to allow display of indi- 

vidual cross-correlation maps. When this mode is selected, the cursor becomes a box which can 

be moved to an area in the image where the user wishes to examine the correlation map. Clicking 

the mouse button allows the two-color components corresponding to the selected area to be dis- 

played along with the resulting cross-correlation map. Superimposed on the map is the velocity 

vector determined from the map. This allows the user to pinpoint trouble areas as well as deter- 

mine precisely the parameters for the cancellation of cross-talk. In both film and color CCD 

images, this feature was found to be of great help in understanding and diagnosing problems. 

4 



Incorporation of Post-Processing Software 

To simplify the number of programs needed for analysis of the PIV images and for post- 

processing of the velocity vectors, the analysis and post-processing programs were combined. 

This combination allows the user to view the effects of various filters and interpolation on the 

velocity vectors. Also included was enhancment of the performance and usability of the post- 

processing software. 

Displaying the Velocity Vector 

Calibration of the PIV image can be directly entered, allowing the velocity vectors to be displaced 

in real units (meters/second). This requires that the pixels per millimeter and the time between 

laser pulses be measured (routinely accomplished for each experiment) and input into the pro- 

gram. The operator can then employ the mouse to examine the magnitude and direction of any 

velocity vector. 

Plotting the Instantaneous Velocity Along a Row or Column 

The ability to plot the velocity information obtained along a row or column of the PTV image was 

one of the features needed for the supersonic tests. Line plots along a user-selected row or col- 

umn were, thus, incorporated to allow the operator to evaluate rapidly the quality and perfor- 

mance of the PIV instrument. 

Plotting the Average Velocity Along a Row or Column 

The ability to plot the average velocities along a row or column is also a useful tool. The PIV 

software was modified to allow the user to select a region of interest over which the average row 

or column data would be displayed. 

The above modifications and improvements to the PIV analysis software represent a significant 

step forward in user-friendliness, performance, and diagnostic capabilities. This software 

greatly improved the identification of problems during experimental runs and allowed changes to 

be made in a timely manner. 

Application of the two-color PIV technique to a supersonic wind tunnel using the new PIV analysis 

software was completed during this program. In cooperation with Professor Rodney Bowersox of 



AFIT and Dr. Diana Glawe of WL/POPT, several PIV studies were conducted in a Mach-2.7 wind 

tunnel. Good agreement was obtained with velocity data taken previously with an LDV system. 

This cooperative effort led to five publications and presentations; these are included in the 

Appendix of this report. 

Development of Improved Pressure and Temperature Paints 

The design criteria for pressure-sensitive paints for aerodynamic applications are 1) high quantum 

efficiency, 2) good sensitivity to pressure changes (long lifetimes), 3) good photostability, 4) ease 

of application, 5) availability of excitation and detection sources, 6) insensitivity to temperature 

changes, and 7) rapid response to pressure changes. Understanding the origin of these goals 

requires a discussion of basic pressure-paint physics. Pressure paints respond to pressure changes 

through the quenching effect of molecular oxygen. The emission of luminescent molecules 

(fluorescent or phosphorescent) is quenched by collisional energy transfer with molecular oxygen. 

Because the oxygen partial concentration varies with pressure, the luminescent quenching is a mea- 

sure of total pressure. The dynamic quenching of pressure probe molecules (luminescent paints) is 

given by 

i = ^=l+KqQ (1) 

where Q is the concentration of quencher molecules (oxygen partial pressure), Kq the bimolecular 

quenching coefficient, and z0 the unquenched lifetime of the fluorophore. From this equation the 

basic nature of the paints can be identified. First, as the partial pressure of oxygen increases, the 

luminescent signal level decreases; thus, pressure measurements are the result of ratioing the signal 

strengths for an unknown and a known pressure condition. Second, the lifetime of the probe 

molecule directly affects the sensitivity of the paint to pressure, i.e., the longer the lifetime of the 

paint, the more likely the occurrence of a quenching collision with oxygen. Phosphorescent and 

long-lived fluorescent compounds are, thus, the optimum paint candidates. Third, Kq is a measure 

of the efficiency of quenching during a collision with oxygen; Kq is a function of temperature and 

viscosity and is given by 

Kq= 8RT/3000T1 (2) 

Kq contains effects due to the binder; thus, the behavior of pressure paints is affected not only by 

the fluorophore used for luminescence but also by the binder in which the fluorophore is sus- 

pended. 



Notice also that Eq. (2) predicts that pressure paints will be sensitive to temperature. Pressure 

paints are sensitive to temperature in another way-through the solubility of oxygen in the binder. 

The solubility of oxygen in a silicone binder is given by Henry's Law 

[02(T)] = [O2]o exp(- AH/RT) (3) 

where AH is the enthalpy of solution (- 3.0 kcal/mole for silicone). Because the oxygen solubility 

of the binder is a function of temperature, care must be taken in choosing the correct binder to 

minimize this effect. Figure 2 displays the effects of temperature on both the dynamic and the 

static quenching processes in solution. Note that as the temperature increases, the sensitivity of the 

luminescence to quencher concentration (oxygen, in the present case) increases. Thus, if the 

binder used in the paint displays a strong temperature sensitivity, then the temperature must be 

monitored simultaneously with pressure to ensure accurate measurements. 

The objective of this research was to determine the optimum paint formulation that can be applied 

to a wide range of supersonic flowfields. Because of the need to heat the inlet air to the Supersonic 

Combustion Tunnel (Bldg. 18), the tunnel walls are likely to experience a wide range of tempera- 

tures. Thus, paints that could withstand large temperature excursions were needed. High tempera- 

tures not only degrade the performance of pressure paints but also lead to their destruction. 

Fluorescence-based pressure paints are less sensitive to temperature changes but are subject to 

sublimation and eventual destruction. Phosphorescent paints are more sensitive to temperature 

changes and, thus, were not investigated further. 

At temperatures below 150°C, sublimation of the fluorophore of the pressure paint is the most 

significant problem. For circumventing this problem, the acid forms of the standard fluorescent 

fluorophore were evaluated for pressure sensitivity (see Figs. 3 - 6). All acid derivatives of the 

fluorophore, with the exception of the carboxylic-acid form, exhibited good pressure sensitivity. 

Because of the relatively short natural lifetime of the carboxylic-acid form of the fluorophore (15 

ns), its sensitivity to oxygen quenching is greatly reduced. The natural lifetime of the other fluo- 

rophores was ~ 300 ns. 
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For determining the effects of temperature on the new paint formulations, the acetic-acid form was 

chosen for long-term heating experiments. This form of the pressure-sensitive fluorophore has a 

melting point ~ 80 °C higher than that of the standard form. Because the wall temperatures of the 

supersonic tunnel are expected to reach 150°C, this temperature was chosen for testing the new 

paint formulation. The standard form of the pressure paint would be destroyed within seconds at 

this elevated temperature. The new paint formulation was subjected to a short-term (30-min.) and a 

long-term (13-hr.) exposure to the elevated temperature and then re-evaluated for pressure sensi- 

tivity. The results are shown in Figs. 7 - 8. The paint exhibited no adverse effects from the long- 

term heat exposure. The overall loss in sensitivity was ~ 10% for lifetime-based measurements and 

~ 20% for intensity-based measurements after 13 hr. Considering the extreme temperatures and 

time periods used in this study, the performance of the paint is quite remarkable. The acetic-acid 

form is a good candidate for pressure measurements in the supersonic facility discussed below. 

Supersonic Combustion Tunnel Tests 

Supersonic-fuel-injector pressure fields were measured in the Wright Laboratory Supersonic Com- 

bustion Tunnel. Several fuel injectors were studied during these tests. A nitrogen-gas laser was 

employed to excite the pressure-sensitive paint (PSP) surrounding the fuel injector. The fluores- 

cence emission from the paint was captured with an intensified CCD array (Photometries). Syn- 

chronization electronics were used to coordinate the firing of the laser and the capture of the 

fluorescence signal by the ICCD camera. During each tunnel run several different images were 

obtained. First a background image was taken to account for the thermal noise of the camera elec- 

tronics. Second, a wind-off image was acquired to facilitate the conversion to pressure. Third, 

images were obtained at different injection pressures for studying the interaction of the transverse 

jet injection and the Mach-2 crossflow. Multiple images were taken under each injection condition 

to allow the study of transient events. The temporal behavior of the pressure paint is determined 

by the 500-ps laser pulse and the 50 - 300 ns fluorescence of the pressure-probe molecule. Pres- 

sure response in excess of 2 kHz is possible with the fluorescence-based pressure paints. Three 

fuel injectors were studied using different pressure- and temperature-sensitive (TSP) paint formu- 

lations. These measurement results are discussed below. 

Circular Fuel Injector. Results of pressure measurements on the surface surrounding the circular 

injector are shown in Figs. 9(a), 9(b), 9(c), and 9(d). The injection air pressures were 23.8,47.6, 

71.3, and 95.2 psi, respectively. As can be seen in this figure, increasing the injection pressure 

results in an increase in jet spreading angle and strength of the bow shock. The pressure range 

13 



16 

^5 

* 

12 

8 

•    lifetime 
O    intensity 

50 100 

Pressure (kPa) 

150 200 

Lifetime 
b[0], 1.5431186485 
b[1L 0.0675499715 
r2. 0.9928722065 

Intensity 
b[0], 1.5682404531 
b[1]. 0.0206092021 
r2 0.9568010574 

Figure 7. Stern-Volmer Plot for Acetic-Acid Form of Standard Fluorophore in Silicone 
Binder After Heating at 150°C for 30 min. 

14 



^b 

5> 

100 150 

Pressure (kPa) 

Lifetime 
b[0] 1.5282683215 
b[1]t 0.0600485731 
r* 0.9930045287 

Intensity 
b[0], 1.3974264771 
b[1], 0.0240019775 
r* 0.9843666563 

Figure 8- Stern-Volmer Plot for Acetic-Acid Form of Standard Fluorophore in Silicone 
Binder After Heating at 150°C for 13 hr. 

15 



50 - 

100 

150 

200 

250 

300 

350 

ÄÄllltI 
^^^fe^rafe^S^! 

100 200 300 400 

T—r~—i 1 r 

0.0        2.5        5.0        7.5       10.0     12.5     15.0 
Pressure   (psi) 
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Figure 9(b).  Pressure Field Surrounding Circular Injector at 
Injection Pressure of 47.6 psi. 
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Figure 9(c).  Pressure Field Surrounding Circular Injector at 
Injection Pressure of 71.3 psi. 
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Figure 9(d).  Pressure Field Surrounding Circular Injector at 
Injection Pressure of 95.2 psi. 
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encountered in the tunnel was from 3 to 15 psi, with the lowest pressure occurring downstream of 

the fuel injector and the highest occurring upstream. The images shown in Fig. 9 are the average 

of 10 individual laser shots. The high signal-to-noise ratio of the experiment ensured the fidelity of 

the data. The pressure was determined from each image by subtracting a background and dividing 

by the wind-off image. The resulting ratioed image was converted to pressure using the calibration 

curve shown in Fig. 10. The large slope of this Stern-Volmer curve helped to ensure good pres- 

sure sensitivity over the entire pressure range of interest. 

Elliptical Fuel Injector. Results of the pressure measurements made with the elliptical fuel injector 

are shown in Figs. 1 l(a)-l 1(d). The injection pressures were the same as those used in the 

circular-injector study discussed above. The elliptical injector displays characteristics similar to 

those of the circular injector, including a wide jet-spread angle and high shock strength. The cali- 

bration curve for this study was the same as that shown in Fig. 10. The pressure field surrounding 

the fuel injector varied from 3 to 20 psi. 

0.0 

lo/l 

Figure 10. Stern-Volmer Calibration Curve for Pressure Paint Used in Tunnel Experiments. 
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Nine-Hole Injector. The nine-hole injector was designed to simulate the effects of a ramp injector 

while minimizing shock losses. As can be seen in Figs. 12(a)-12(c), the injector, in general, meets 

these design goals. The injector displays a wide coverage at high injection pressures while exhibit- 

ing only weak shocks. The interaction between the individual elliptical injectors, however, is 

complex and will require further study. Figure 13 shows an image taken with the tunnel off and 

under reduced pressure (2.9 psi). The agreement of the PSP-derived pressure and that from the 

pressure transducer lends confidence to the calibration procedure and the quantitative nature of the 

PSP results. 

Design of Lifetime-Based Instrumentation 

Based on the successful demonstrations of the Phase I program, a lifetime-based pressure, tem- 

perature, and heat-flux instrument was designed and preliminary measurements made for super- 

sonic wind-tunnel applications. The principal elements are shown in Fig. 14. The laser system to 

be employed in this instrument is a pulsed N2 gas laser with energies in excess of 1 mJ and a pulse 

width of ~ 500 ps. The short duration of the laser pulse is crucial to the lifetime approach for pres- 

sure and temperature measurements. The laser-induced emission from the pressure or temperature 

paint will be collected by two gatable intensified CCD cameras having 16-bit digital resolution. 

The gates of the intensified cameras will be positioned temporally in such a way that the fluores- 

cence decay of the pressure or temperature paint can be captured during a single laser excitation 

(see Fig. 15). The first camera will monitor the initial decay of the fluorescence with an integration 

time of ~ 50 ns. This camera will take into account the shot-to-shot variation of the fluorescence 

with laser excitation and paint degradation which may occur. The second camera will capture the 

fluorescence decay over a period of ~ 300 ns and will be more sensitive to changes in fluorescence 

lifetime caused by temperature or pressure variations. The ratio of the images from the two cam- 

eras allows a two-dimensional fluorescence lifetime to be determined from which the instantaneous 

pressure or temperature field can be obtained. 
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Figure 14. Schematic of Lifetime-Based Pressure, Temperature, and Heat-Flux Instrument. 

Figure 15(a) displays the fluorescence lifetime of a pressure-sensitive paint as a function of pres- 

sure. As the pressure increases, the oxygen quenching of the fluorescent probe molecule 

increases, resulting in reduced paint fluorescence and lifetime. Since the paint lifetime is very 

sensitive to pressure, it can be used as a quantitative measurement. Integrating under the fluores- 

cence decay curves shown in Fig. 15(a) with various gate widths results in the pressure functions 

shown in Fig. 15(b). 

The laser-induced fluorescence from a painted surface will be collected and split into two paths 

leading to the two ICCD cameras. Each camera will record the fluorescence image at different 

times. Ratioing the recorded images will result in an image which is uniquely dependent on pres- 

sure or temperature. The instrument will be capable of single- or multiple-shot operation, with the 

maximum operation rate being limited by the digitization speed of the two cameras. The cameras 

will be controlled by a Pentium computer which will communicate with the camera controllers 

through a PCI card and with the camera pulsers through RS232 interfaces. Synchronization of the 

camera electronics with experimental events will be accomplished with ISSI custom-built hardware 

and software. 
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Because of the single-shot jitter of the N2 laser and the inherent temporal delays of the electronics, 

a fiber-optic delivery system will be used both to delay the excitation pulse and to direct the laser 

excitation onto the painted surface. A 30-ft length of quartz fiber will delay the laser pulse ~ 40 ns 

and allow the ICCD gate pulser and the laser firing to be synchronized directly. The timing dia- 

gram for the synchronization electronics is shown in Fig. 16. The laser is fired on an external- 

event trigger. The laser light pulse is split between a delay line (optical fiber) and a pin diode. The 

output of the pin diode is used to trigger the first camera gate (50 ns) and, subsequently, the sec- 

ond (300 ns). 

Development of Optical Heat-Flux Sensor 

The research effort during this program was also focused on the design and fabrication of an opti- 

cal heat-flux sensor based on a thermographic phosphor. The sensor is based on the concept of a 

three-layer structure, with phosphor coated on both sides of a UV-transparent layer. A potential 

approach was to use a commercially available PMT sheet and apply different phosphors coated on 

both sides of the PMT sheet. Because PMT sheets melt around 400°C, such a design may be 

unsuitable for high-temperature combustion applications. The design of choice would employ 

quartz glass or a similar material as the substrate, with a hardened-glass resin binder for the phos- 

phor coating. A quartz substrate provides sufficient UV transmittance for phosphor excitation. 

The particular binder being tested is an organic compound produced by Owens Illinois. With the 

proper curing process, the binder transforms into quartz that can sustain temperatures up to 

1200°C. 

External Sync 

Not Scan Cam B J 
Laser Trigger 

Laser Discharge 

Intensifier Gate A 

13 fis 

30 ns 

50 ns 

Intensifier Gate B 300 ns 

Figure 16. Timing Diagram of Synchronization Electronics for Optical Instrument. 
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Application of phosphor coating on a substrate was achieved by spraying phosphor particles mixed 

with resin binder. Instead of using two different phosphors on each side of the substrate, the pres- 

ent design permits use of the same phosphor but different coating patterns. The established fluo- 

rescence-imaging system is capable of discerning these patterns and resolving the temperature 

distributions on both sides of the substrate. The heat flux can thus be inferred by applying 

Fourier's law. Producing an effective heat-flux gauge requires great manufacturing precision in 

laying out the desirable patterns on a glass substrate. Two approaches were explored during this 

program, and both techniques were found to be quite promising. 

The first approach is to prepare a glass photomask using photolithography techniques currently in 

use at Carnegie Mellon University. The pattern is made on rubylith paper and the remaining parts 

cut at forty times the desired size. After this step, the pattern is photographed onto a 2.5-in.-square 

piece of Kodak glass film. The glass film is developed using standard dark-room procedures. The 

next step in the fabrication process involves surface micromachining. A positive organic photore- 

sist layer (AZ4210) of 0.7-mm thickness is spin-coated onto the glass substrate. Then the pho- 

tomask and glass substrate are placed in a mask aligner and exposed to ultraviolet light, which 

causes the regions of the photoresist layer unprotected by the mask to degrade; the regions pro- 

tected by the opaque portions of the mask are unaffected. Hydrofluoric acid is used to etch away 

the now-exposed portions of the glass substrate for ~ 80 min. Since the etching rate of hydrofluo- 

ric acid on glass is ~ 100 nm/min., this process etches the pattern on the glass substrate to a depth 

of ~ 8 jxm. The remaining photoresist is eliminated by immersing the glass substrate in acetone. 

The second side of the substrate is processed in the same manner, but the pattern is offset by one- 

half a cell width in both the horizontal and the vertical directions. Finally, the alcohol solution of 

phosphor and binder is sprayed on both sides of the substrate; the substrate is baked, and both 

sides are then flushed. Thus, the phosphor remains in the etched cavity of the pattern. 

The second approach is to prepare a patterned substrate by mechanically pressing a pre-patterned 

"die" onto a nearly softened glass layer. The particular glass used here is Corning 7059 glass 

substrate which has a thickness of 0.5 mm and ~ 90% transmittance in the range 340 - 2500 nm. 

The glass shop at Carnegie Mellon University is capable of heating the substrate uniformly, 

exceeding its softening temperatures (~ 850°C) and producing a patterned cavity on the glass layer 
with a depth accuracy of 1 |im. Through the use of a spray technique similar to that of pho- 

tolithography, the phosphor can be deposited in these cavities on both sides of the glass substrate. 

A comparison of the two prototype gauges described above has shown that the one developed by 

coating a phosphor pattern on a Corning 7059 glass substrate yields stronger fluorescence signals. 
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The gauge is manufactured by pressing a pre-patterned "die" onto one of the surfaces of a 0.5-mm- 

thick, nearly softened glass substrate. The other side of the substrate is processed in the same 

manner, but the pattern is offset by one-half a cell width in both horizontal and vertical directions. 

This process produces a number of diamond-shaped cavities on both sides of the substrate. A 

standard spin-coating process is then used to fill these cavities with thermographic phosphor in 

preparation for heat-flux measurements. Shown in Fig. 17 is a gauge prototype ~ 0.5 mm thick; 

the phosphor-filled cavities are ~ 0.1 mm deep. Note that the diamonds on each surface are stag- 

gered to allow viewing of the upper and lower surfaces at the same time. Such a feature provides 

the present fluorescence-imaging system with a guideline for distinguishing the temperature on 

each side of the substrate. 

Evaluation of Optical Heat-Flux Sensor in Backward-Facine-Step Apparatus 

As part of the development effort to evaluate the performance of the gauge, the gauge was used to 

measure convective heat transfer over a backward-facing step-one of the most fundamental prob- 

lems involving flow separation and reattachment. This gauge also has a wide range of engineering 

applications, particularly for combustors and heat exchangers. In addition, flow and heat-transfer 

characteristics downstream of a backward-facing step have become benchmarks for calibration 

standards and CFD-code validation. 

Fabrication of the test section that houses a backward-facing step was completed. As shown in 

Fig. 18, the test channel is a square duct, 33 mm on a side, made of 12.7-mm-thick Plexiglas. A 

circular heat-flux sensor, 25.4 mm in diameter, is mounted flush with the floor of the test channel. 

For covering the entire measurement domain of interest, the sensor is moved progressively down- 

stream to approximately ten times the step height. The backward-facing step has a height of 

A-A View 
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Figure 17. Schematic Diagram of Prototype of Optical Heat-Flux Gauge. 
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Figure 18. Schematic Diagram of Backward-Facing-Step Test Apparatus. 

11 mm, which leads to a step-to-duct ratio s/D = 1/3. Compressed air is routed through a flow 

regulator and a tubular heater, where the flow is heated to 70°C before entering the test section. 

Downstream of the test section, the flow eventually discharges to the ambient. The turbulence 

intensity measured at one step-height upstream to the separation edge and directly above the edge is 

~ 1% and 3%, respectively. 

In an actual test the heated flow is directed into the test channel. A PC-based data-acquisition sys- 

tem is initiated simultaneously to record the temperature history of the heated flow. For improving 

the signal-to-noise ratio, each image frame represents the integrated fluorescent signal accumulation 

over 11 laser pulses-or 1 s-with the signal-integration period following each pulse being 40 us. 

After the the raw fluorescence image data has been acquired, an image-processing program to 

compute the temperatures on both sides of the sensor is executed in the PC. Because of the offset 

coating pattern, the local heat flux is evaluated using the temperature signified by a diamond- 

shaped phosphor in conjunction with the average temperature of the four surrounding diamonds of 

phosphor on the other side of the sensor. With the values of sensor thickness and thermal conduc- 

tivity being known, the magnitude of the local heat flux is determined using the one-dimensional 

conduction model and Fourier's Law. Furthermore, the local heat-transfer coefficient can be calcu- 

lated directly since the local surface temperature has already been measured by the heat-flux sensor. 

As discussed above, a prototype optical sensor which is fabricated by the glass-pressure technique 

was tested for its overall performance in a convective heat-transfer model with separated flow over 

a backward-facing step. The backward-facing step was chosen for two reasons. First, it is one of 

the most fundamental problems involving flow separation and reattachment. Second, it also has a 

viable application as a flame holder in a combustion system. The geometry of the test section and 

the fabrication procedure were described previously. The test section has a square cross section 
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with 33 mm on a side. A circular heat-flux sensor, 25.4 mm in diameter, is mounted flush with 

the floor of the test channel. To cover the entire measurement domain behind the step, the sensor 

is moved progressively downstream to a location approximately ten times the step height. The 

step-to-duct size ratio is ~ 1/3. 

Figure 19 shows the streamwise distribution of the dimensionless local heat-transfer coefficient 

Nusselt number (Nu), normalized by its flat-plate counterpart (Nu0) along the centerline of the test 

channel behind a backward-facing step. The actual value of Nu0 is evaluated from an empirical 

correlation for fully developed flow in a flat duct. The figure shows that heat transfer is at a mini- 

mum near the corner of the step, where the value of Nu/Nu0 is ~ 1. Because of strong recircula- 

tion behind the step, the flow in the region immediately adjacent to the step is relatively stagnant. 

The value of Nu then increases progressively in the downstream direction as the recirculation 

region becomes thinner. Due mainly to shear-layer reattachment, the heat transfer eventually 

reaches a local maximum (Nu/Nu0 ~ 3/4) around six step-heights downstream of the step. The 

value of the heat-transfer coefficient then decreases as the boundary layer grows thicker in the 

downstream direction. Also included in the figure for comparison purposes is the benchmark data 

of the backward-facing step acquired by Sebaninl964. The data were obtained by performing 

detailed-while somewhat tedious-thermal measurements using discrete thermocouples. With 

advanced fluorescence imaging, the corresponding data obtained with the present optical heat-flux 

sensor show excellent agreement with the benchmark data. The estimated uncertainties of the pres- 

ent Nusselt number, based on single-sample error analysis, are less than ± 4%. 
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Figure 19. Nu/Nu0 Distribution at a Backward-Facing Step. 
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Section 3 

POTENTIAL APPLICATIONS 

The proposed Phase II program will directly benefit the Federal Government. Specifically, the 

Air Force Wright Laboratory will receive a state-of-the-art diagnostic system and paints which 

have been especially designed and tested for application in their major test facilities. More gen- 

erally, the technology that has been advanced in the prototype-development program will be 

widely applicable to government-operated test facilities throughout the Department of Defense and 

NASA Laboratories. Since the research and development on advanced aircraft in the aerospace 

industry is directly supported by the government, the proposed program will also benefit the Fed- 

eral Government by increasing the productivity of industrial test facilities and, thereby, reducing 

development costs. 

The proposed pressure, temperature, and heat-flux instrument and paint formulations are expected 

to have a significant impact on the aerospace testing and evaluation community by providing the 

first practical demonstrated application to realistic test tunnel environments. ISSI plans to use the 

engineering data gathered during the prototype testing and demonstrations at Wright Laboratory to 

enhance its marketing position in the aerospace, automotive, industrial-processing, and architec- 

tural industries. Throughout the Phase II program, this application-oriented approach will be 

maintained. Commercial sales will be pursued by providing complete diagnostic support to com- 

mercial customers, including on-site support of existing diagnostic capability, design and delivery 

of custom instrumentation and paints, and continued in-house development of new diagnostic 

capabilities. 
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Abstract 

A digital two-color particle-image velocimetry (DC2PIV) system is used to make instantaneous planar- 
velocity measurements in a Mach-2.8 boundary layer. Results from DC2PIV measurements of mean streamwise 
velocity are in agreement with LDV data. As compared with the LDV data, the larger fluctuation in the measured- 
velocity values can likely be attributed to a relatively small sample and a relatively large interrogation volume, both 
of which can be resolved in future experiments. 

Introduction 

In the area of aerodynamics, the velocity 
field is arguably the most important physical 
parameter. For incompressible flows a number of 
established techniques can be used for accurate and 
direct measurement of velocity; e.g., pitot-static 
pressure probes, hot-wire anemometry, laser Doppler 
velocimetry (LDV), and particle-image velocimetry 
(PIV). On the other hand, in supersonic flows 
inherent compressibility effects make the direct 
measurement of velocity somewhat more difficult. 
For example, the pitot-static probe is ineffective in 
supersonic flow because of the inherent wave 
structure created by the probe and the additional 
requirement for temperature or density measurements. 
Likewise, the hot-wire probe becomes sensitive to the 
local mass-flux and total temperature. Hence, data- 
acquisition and -reduction procedures are subsequently 
more complicated, and velocity cannot be measured 
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directly. However, non-intrusive techniques such as 
LDV and PIV do provide direct measurement of the 
velocity in supersonic compressible flows. LDV has 
been used extensively in high-speed flows and is 
considered to be the scientific standard.  However, 
PIV has the added obvious benefit of providing an 
instantaneous measurement of the entire velocity field 
along a given plane, which is especially useful in 
unsteady flows.   Thus, PIV has been the focus of 
recent development efforts for turbulent and high- 

1 2 speed flows. ' 
The PIV technique allows measurement of 

the complete velocity field in a plane of the flow in a 
nanosecond time frame. This not only provides 
otherwise unobtainable instantaneous information 
about unsteady flow fields, but also saves operational 
time in the wind tunnel. For accurate PIV 
measurements, optimization of several parameters is 
required. As with all particle imaging techniques for 
flow diagnostics, the seed particles must be 
sufficiently small to track the large velocity gradients 
in the flow but sufficiently large to scatter ample 

light for detection. Sub-micron particles are 
required to track turbulent supersonic flows such as 
the one addressed in this paper. Equally critical factors 

5 paper is declared a work of the U.S. Government and 
ot subject to copyright protection in the United States. 
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in optimization of PIV image analysis are spatial 
resolution of the recording media, temporal delay 
between laser pulses, density of seed particles in the 
measurement volume, interrogation spot size and 
correlation algorithms. 

Until recently, the use of PIV measurements 
was limited to reasonably well-behaved subsonic and 
transonic flows. Two recent developments have 
greatly expanded the realm of application for PIV 
measurement techniques. The first involves the use 
of two different-wavelength (color) laser pulses and a 

color-sensitive recording medium. This resolves 
the problem of directional ambiguity encountered in 
double-exposure black-and-white images without the 
complexities associated with the image shifting 
techniques. In the second a high-resolution color 

CCD camera is used. This eliminates the tedious 
and time-consuming data-reduction process required 
with color film and significantly increases the image 
signal-to-noise ratio. Both of these developments are 
incorporated into the PIV system used in this study. 
A detailed discussion of PIV theory can be found in 

publication by Adrian et al. 

Experimental   Setup 

Facility 
All tests were performed at the Air Force 

Institute of Technology at Wright-Patterson Air Force 
Base. A blow down supersonic wind tunnel (Fig. 1) 
provided 25 seconds of Mach-2.8 air flow at the test 
section before losing vacuum. The settling-chamber 
pressure and temperature were maintained at 2.0 ± 
0.03 atm and at 297 ± 2K, respectively, resulting in a 
Reynolds number per meter value of - 18 x 10° in 
the freestream. Previously recorded data reveal a 
variation in Mach number of ± 0.02 across the test 

section, confirming a two-dimensional flow. The 
cross-sectional area of the test section is constant and 
measures 6.35 x 6.35 cm. A pair of Vicor windows 
mounted in the top and bottom walls of the wind 
tunnel provide access for the laser sheet light, and a 
quartz window mounted in one sidewall provides a 
view port for the camera. The other sidewall, which 
acts as a backdrop for the images, is painted black to 
reduce spurious light scatter. The coordinate system 
is defined such that x is positive in the streamwise 
direction, with its origin located at the nozzle throat. 
The streamwise center of the images is located at - x 
= 73. Since the boundary layer of interest is located 
on the top wall of the wind tunnel, y is defined 
normal to the top wall of the test section, with its 
origin at the surface of the wall. Z is the dimension 

spanning the wind tunnel. Previously recorded LDV 
data show the normalized turbulence properties to 
remain constant over a 30-cm span including the 
measurement region and the boundary-layer growth to 

be undetectable within the field of view. 

Two-Color  PIV  System 
The two-color PIV system uses color for 

temporal marking of the seed particles in the flow 
field. The green (532-nm) laser output is obtained 
directly from a frequency-doubled Nd:YAG laser. The 
red (607 nm) laser output is obtained by passing the 
output from an Nd:YAG laser through a nitrogen- 
filled Raman cell. The red and green beams are 
combined by a dichroic beam splitter and directed 
through a series of sheet-forming optics to generate a 
sheet with a thickness of < 1mm at the test section 
(Fig. 2).  Details of the optical setup and proposed 

future developments are published elsewhere. The 
lasers are pulsed at 10 Hz with a 10-ns pulse width. 
The laser-sheet energies are typically 2-3 mJ/pulse 
from the green and red beams. The temporal delay 
between the two lasers is controlled by a pulse 
generator and is set as a function of gas velocity, 
desired interrogation spot size, and optical 
magnification (m) which is defined as 

m = - 
objtcr 

(1) 

where dimage is the dimension of the projection of an 
object onto the image plane (the 3060 x 2036 pixel 
array in this case) and d0bject is the true physical 
dimension of the object. In the present experiments, 
two magnifications and, thus, two different time 
delays were selected and monitored by a photodiode. 
For a magnification of 0.69, a 400-ns time delay was 
selected, while a 100-ns time delay was chosen for a 
magnification of 1.92. 

The Mach 2.8 flow is seeded with fog 
particles formed from a mixture of polypropylene 
glycol and water (fog fluid # 8207 by Rosco) and 
vaporized by a Dantec 2927 UL fog generator. The 
fog particles are thought to be sub-micron in size, 
with a nominal diameter of - 0.5 u.m. This will be 
verified in the future. The smoke generator is 
designed to operate at atmospheric pressure. 
However, by enclosing the generator in a pressurized 
vessel, smoke can be injected into environments 
having a pressure equal to or less than the pressure of 
the vessel. In the present study, smoke was injected 
into the settling chamber of the wind tunnel through 
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a perforated injection strut mounted just upstream of 
the flow conditioners. This injection strut was 
designed to disperse smoke only in the upper half of 
the tunnel along the spanwise centerline. This 
provided sufficient seeding for PIV measurements in 
the boundary layer on the top wall. 

The Mie scattering from the seed particles is 
recorded on a Kodak DCS 460 CCD array. This 
CCD sensor has a resolution of 3060 x 2036 pixels, 
and each pixel is 9-u.m square. The CCD camera has 
a built-in 12-bit analog-to-digital converter for 
increased dynamic range and a frame rate of 1 
frame/sec. It also features a PC-MCIA storage drive 
that delivers - 26 exposures, with each PIV image 
occupying 18 Mbytes. Only three to four images 
were obtained during each 25 seconds of tunnel 
operation because of the time required for the camera 
to reset after the first two images. A 105-mm micro 
lens with an f-number of 5.6 is used to record the 
0.69-magnification images. A 2x extension ring is 
added to the lens to achieve the 1.92 magnification. 
A recent study has proven that the proprietary 
interpolation software developed by Kodak is effective 
in maintaining the equal red, green, and blue pixel 
spatial resolution required for accurate PIV 
measurements, despite unequal pixel color 

8 distribution. 

Data   Analysis 

Once the PIV image has been captured and 
digitized, the velocity field is obtained using a cross- 
correlation technique. To improve the analysis of the 
seeded flowfield, the output of the linear camera was 
convolved with a logarithm-like function prior to 
cross-correlation analysis. The two-dimensional 
cross-correlation technique used in the present study is 
based on intensity maps of the red and green images 

of scattered light. Innovative Scientific Solutions, 
Inc. developed the image-processing software used to 
analyze the data presented in this paper. 

The correlation function is calculated over 
small segments of the PIV image. Thus, prior to 
processing the digitized PIV image, it is dissected 
into small sub-regions called interrogation spots. 
The dimensions of each interrogation spot depend on 
the particle seed density, estimated local velocity 
gradients, particle image size, and desired spatial 
resolution. The maximum displacement of each 
particle must be less than half the interrogation spot 
size. In the present experiments, the interrogation 
domain measured 128 x 128 pixels, corresponding to 
1.66 xl.66 mm with 0.69 magnification and 0.60 x 
0.60 mm with 1.92 magnification in the measured 

flow. For enhancing the overall resolution, the 
interrogation domains are overlapped by one-half the 
domain size. The peak of the correlation map 
corresponds to the average velocity displacement 
within the interrogation spot. An intensity-weighted 
peak-searching routine is used to determine the exact 
location of the peak to sub-pixel accuracy. The 
number of particle pairs that are normally necessary 
to ensure a desirable signal-to-noise ratio is reduced to 
four or five pairs when the cross-correlation analysis 
is employed. 

Uncertainty   Analysis 

The experimental uncertainties are calculated 
based on knowledge of the instrumentation used and a 

9 
simple root-mean-square error analysis       This 
method   assumes   that   the   contributions   to 
uncertainties arise mainly from unbiased and random 
sources.   Uncertainty in the velocity measurement 
arises from the time required to keep the large out-of- 
plane velocity and fluctuating components within the 
laser sheet during both pulses. The resulting number 
of pixels of displacement, typically > 10, and the 
sub-pixel resolution of 0.1 pixels then dictate the 
uncertainty of < 1%.   The data are acquired at 
resolutions of 1.66 and 0.6 mm, using 77 and 213 
pixels/mm, respectively. 

Results   and   Discussion 

The Mach-2.8 boundary-layer flow was 
seeded with presumably sub-micron fog particles 
generated from a propylene glycol and water mixture. 
Twenty-nine PIV images were recorded with a 
magnification of 0.69, while five images were 
acquired with a magnification of 1.92. PIV system 
properties for the two image groups are displayed in 
Table 1. 

Figures 3a and 3b show typical double- 
pulsed two-color images for m = 0.69 and 1.92, 
respectively. The field of view for both images is 
centered at - x = 73 cm. The LDV data presented in 
this paper were recorded at - x = 72cm. Boundary- 
layer structures are evident in the top portion of Fig. 
3a. The streaks in the middle of the m = 0.69 image 
are due to partial blockage of the holes in the 
injection strut. The red-green particle pairs are clearly 
visible in the m = 1.92 image. The typical 
separation between red and green images in the 
particle pairs is 13 - 15 pixels in the freestream flow 
for both magnifications, based on the time delay and 
pixel resolution. The red beam was pulsed first. 
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Inspection of the red-green particle pairs in Fig. 3b 
shows the flow velocity to be from right to left. 

Corresponding vector plots are shown in 
Figs. 4a and 4b. Invalid vectors omitted from the 
velocity maps account for the blank spots. It is 
evident that system optimization made it possible to 
obtain a high percentage of valid vectors. The invalid 
vectors were due to an insufficient number of particle 
pairs within the interrogation spots. An increase in 
the density of seed particles in the flow is proposed 
for future experiments to alleviate this problem. 
Several fog generators are commercially available and 
warrant investigation for use with PIV, and possibly 
LDV, systems. 

A consistent transverse velocity v - 20 m/s 
in the freestream flow indicates that the camera was 
slightly tilted relative to the top wall of the tunnel. 
This introduces a negligible error (< 0.06%) in the 
streamwise velocity values. A large tilt would require 
corrective calculations for both the frame of reference 
and the measured velocity values. 

A ±10 ns jitter in the time delay caused the 
overall velocity measurements to shift a different 
amount for each image with a maximum deviation of 
5%. Normalizing the velocity vectors with the 
freestream or boundary "edge" velocity for each m = 
0.69 image would resolves this deviation.. A similar 
normalization for the m = 1.92 images would yield 
similar results. Once the valid velocity vectors have 
been determined the statistical analysis can be 
performed. 

Mean velocity, turbulence intensity and 
shear stress values are calculated over the image 
ensemble for each interrogation spot. Figure 5 shows 
the normalized mean streamwise velocity values for 
each interrogation spot as a function of y/5, where y 
is the distance from the wall and 5 is the boundary- 
layer thickness determined to be 9.9 mm in an earlier 

LDV study. The series of PIV data points shown at 
each y/5 location corresponds to the interrogation 
spots across the image in the x-direction. Contrary to 
the LDV data, which show the boundary-layer 

thickness to vary less than ± 0.34% in this region, 
suggesting axial homogeneity, measurement results 
in the current study show variation in the streamwise 
velocity along the axial direction. The mean 
freestream velocity appears to increase as much as 10 
m/s across the 18-mm flow region captured in the 
PIV image (Fig. 6). This suggests that the boundary 
layer is not fully developed at the measurement 
location - x = 73 cm downstream of the nozzle 
throat. 

Figure 7 shows the fluctuation of velocity 
values  for each interrogation  spot in  terms of 

normalized RMS values. Again, each data point 
represents the average value through the 29 images, 
and the series of points at each y/8 corresponds to the 
series of interrogation spots across the image in the 
x-direction. A portion of the velocity fluctuation is 
due to the ± 10 ns jitter in the time delay between 
laser pulses, as previously discussed. The RMS 
values for the PIV measurements are equal to the 
RMS values near the wall and are nearly twice as 
large as the RMS values for the LDV measurements 
away from the wall. The number of samples in the 
sample set used for these calculations greatly 
influences the RMS values. For PIV, the number of 
samples remains constant at - 29 per interrogation 
volume, whereas the LDV measurement sample size 
for each measurement volume varies from - 5000 
near the wall to - 30,000 in the freestream. All other 
factors being constant, an increase in sample size of 
this magnitude would cause the RMS values to 
decrease from the wall to the freestream. The 
calculated shear stress values are even more sensitive 
to the number of samples in a sample set. As 
expected, the shear stress values calculated from the 
limited sample of PIV measurements are notably 
scattered (Fig.8). In addition to sample size, 
interrogation volume influences the resulting velocity 
distribution. The interrogation spot size, similar to 
the LDV measurement volume, allows for a finite 
velocity distribution within the interrogation spot 
itself which is most significant near the wall where 
the largest velocity gradients are present. The 
velocity value at each 1.66 x 1.66 mm interrogation 
spot is the spatial average for that spot. 

Slight deviation in contour shape could be 
attributed to compressibility-related velocity biasing 
which can occur in LDV measurements. If the seed is 
uniform in the stagnation region of the flow, then as 
the flow compresses, the regions of highly 
compressed flow will contain more seed particles than 
the regions of highly expanded flow. Thus, burst- 
mode-type LDV processors will "see" more seed in 
the compressed regions of the flow. Thus, the results 
may be biased toward the velocity of the highly 
compressed region. Generally, this density-bias error 
is most significant for flows with large density- 
variations (e.g., combusting flow). 

A rather simple solution to this potential- 
bias problem is uniform LDV sampling of the flow; 
hence, the time of the sample is decoupled (i.e., 
uncorrelated) from the flow. However, this generally 
results in far fewer valid Doppler bursts for a given 
amount of test time, which for blow-down-type 
facilities can be a serious limitation. 
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In theory, PIV is also susceptible to the 
density-bias error. However, since the PIV technique 
does not utilize a Doppler burst, accurate velocity 
measurements are attainable with minimal 
compressibility effects. 

Conclusions 

The high spatial resolution and high signal 
to noise ratio inherent in the D2CPIV system allow 
effective measurements of two-dimensional flow 
velocity in supersonic flows. The PIV results are 
sufficiently promising to warrant further studies in a 
well documented supersonic flow with more images 
per sample set, smaller interrogation size, and 
increased seeding. 
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TABLE 1: PIV system parameters 

Magnification Resolution 

(pixels/mm) 

Time delay 

(ns) 

Interrogation spot dimension 

(pixels) (mm) 
0.69 77 400 ±20 128 x 128 1.66 x 1.66 
1.92 213 100 ± 20 128 x128 0.60 x 0.60 
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To be presented at the 49th Annual Meeting of the American Physical Society, 
Division of Fluid Dynamics, 24-26 November 1996, Syracuse, NY. 

Development of High-Resolution Digital Two-Color PIV (D2CPrV) for 
Supersonic Turbulent Flows  D. Glawe (Wright Lab, WPAFB, OH); 
R. Bowersox (AF Inst. of Technol., WPAFB, OH); S. Gogineni, 
L. Goss (ISSI, Dayton, OH) 

Supersonic turbulent wall boundary layers subjected to a pressure 
gradient occur in many practical situations. Since these 

flows are typically intractable from an analytical standpoint, 
experimental diagnositc techniques are needed. For this purpose a 
high-resolution (3060 x 2030 pixel) D2CPIV system was developed 
for making instantaneous velocity measurements. The measurements 
were made in a Mach-2.9 wind runnel, and curved walls were used 
to produce the pressure-gradient and streamline-curvature 
effects.  Several flow-visualization studies were also conducted 
to explore the qualitative flow features. Results from D2CPIV 
measurements of mean streamwise velocity and LDV data were 
compared and found to be in good agreement. The D2CPIV 
system was calibrated using solid-body translation and rotation 
data, and the uncertainties and errors were estimated. 
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To be presented at the 49th Annual Meeting of the American Physical Society, 
Division of Fluid Dynamics, 24-26 November 1996, Syracuse, NY. 

Experimental Investigation of Distorted Supersonic Turbulent Boundary Layers      Weir, 
R., Bowersox, R. (Air Force Inst. of Tech., WPAFB, OH); D. Glawe (Wright Lab, 
WPAFB, OH); S. Gogineni; L. Goss (ISSI, Dayton, OH) 
Distorted supersonic turbulent boundary layers occur in practical situations 
such as exterior curved surfaces of high-speed flight vehicles and missiles, 
supersonic-aircraft engine inlets, and flow within high-performance 
compressors and turbofans. These flows are typically intractable from 
an analytical standpoint and challenging from both experimental and 
numerical perspectives. To understand complex flow features, 
experimental investigations were conducted using cross-film anemometry 
and laser diagnostic techniques in a Mach-2.9 wind tunnel. It was found 
that the magnitude and distribution of turbulent shear stress are strongly 
affected by pressure gradients and the favorable pressure gradient 
significantly reduces the shear-stress magnitude when compared to 
zero-pressure-gradient results. The studies also provided information 
on effects of streamline curvature and pressure gradients on large-scale 
structures. 
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To be presented at the ASME Fluids Engineering Division Summer Meeting, 
22-26 June 1997, Vancouver, BC, Canada. 

Digital Two-Color PIV and Flow-Visualization Studies 
for Complex Supersonic Flows 

S. Gogineni and   L. Goss 
Innovative Scientific Solutions, Inc. 

Beavercreek, OH 45430 

D. Glawe 
Aero Propulsion and Power Directorate 

Wright-Patterson AFB, OH 45430 

R. Bowersox and R. Wier 
Air Force Institute of Technology 

Wright-Patterson AFB, OH 45430 

ABSTRACT 
Complex supersonic flows such as supersonic turbulent 
boundary layers subjected to a pressure gradient and 
supersonic gaseous injection into a supersonic cross flow 
were investigated using Mie scattering and Digital Two- 
Color PIV techniques. Instantaneous Mie-scattering 
visualizations of the jet (M = 1.6) in a cross flow (M = 
2.9) provided valuable qualitative information concerning 
the large-scale turbulent structures. The time-averaged 
visualizations revealed the penetration and plume-dispersion 
effects. Flow visualizations of the supersonic turbulent- 
boundary-layer flows showed that a rather mildly curved 
wall dramatically alters the overall structure of the 
boundary-layer flow. For example, the boundary-layer 
thickness for the adverse-pressure-gradient model decreased 
by about 50%. Several instantaneous digital PIV images 
were acquired to obtain the mean-velocity and turbulence- 
intensity components. A relatively small number of 
images (25) adequately resolved the mean flow quantities. 
These results were compared with corresponding LDV data, 
and good agreement was found. The turbulence-intensity 
results from PIV samples and the LDV data in the near-wall 
region of the boundary layer showed good agreement for the 
zero-pressure-gradient and favorable-pressure-gradient 
conditions. However, the signal-to-noise ratio of the 
present PIV setup was insufficient to resolve the low- 
freestream-turbulence levels. Of the three pressure gradients 
considered, the PIV results and the LDV data showed the 
least agreement for the adverse-pressure-gradient condition. 
This discrepancy is attributed to the decreased signal-to- 
noise ratio that resulted from the smaller boundary layer. 

NOMENCLATURE 

ZPG      = 
APG     = 
FPG      = 
B 
H 
k 
M 
Re 
U, V, w   = 

ß 
5 
5* 
e 
T = 
Subscript 
e = 
t 
w = 
Superscript 
o = 
( )'       = 

n 

zero pressure gradient 
adverse pressure gradient 
favorable pressure gradient 
pressure-gradient parameter 
570 
turbulent kinetic energy 
Mach number 
Reynolds number 
velocity components 
S7twdp/dx 
boundary-layer thickness 
kinematic displacement thickness 
kinematic momentum thickness 
shear stress 

boundary-layer edge 
total condition 
wall 

Inflow condition 
Reynolds fluctuating component 

Reynolds mean component 

1.  INTRODUCTION 
A number of new key technologies have allowed the 
development of advanced laser-based optical flow-diagnostic 
techniques; the technologies include, but are not limited to, 
high-resolution digital photography (3060 x 2036 pixels), 
high-speed computers, mass storage capacity (~ 10 Gbyte), 
and high-energy (~ 200 mJ) pulsed lasers.   The ability to 
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provide both qualitative and quantitative global 
experimental flow-field information has the potential to be 
as significant a breakthrough toward the understanding 
complex-geometry flows as computational fluid dynamics. 
The focus of the present work is to further develop and 
evaluate the performance of flow-diagnostic techniques for 
two complex high-speed (supersonic) flows. First, a two- 
dimensional, two-color, digital Particle Image Velocimetry 
(PIV) technique was further developed and evaluated for 
quantitative planar-velocity and turbulence-intensity data for 
supersonic flow (M = 2.9) over three wall shapes (flat, 
convex, and concave). Second, qualitative flow 
visualizations were obtained for a complex, three- 
dimensional flow; namely, an angled supersonic jet (M = 
1.6) into a supersonic cross flow (M = 2.9). The practical 
implications and salient flow feature for both of these flow 
fields are described in Sections 1.2 and 1.3; first, however, 
a brief review of PIV is in order. 

1.1 Particle Image Velocimetry (PIV) 
The PIV technique has been used for a number of 

years to measure velocity distributions in planar cross sec- 
tions of aerodynamic flowfields (Adrian 1991). In early 
experimental approaches involving the PIV technique, the 
particle images were recorded on photographic film. 
However, this type of recording is time-consuming because 
of the need to develop the film before digitization and 
subsequent computer processing. This disadvantage can be 
overcome by recording the particle images directly onto a 
two-dimensional CCD array. This approach has been 
recognized by several investigators, and the appropriate 
references have been given by Gogineni et al. (1996). The 
extension of the two-color PIV technique to include CCD 
cameras has been hampered in the past' by the lack of 
commercially available high-resolution color CCD camera 
systems. Because of recent developments in these systems, 
the difficulty in their use for two-color PIV has 
significantly decreased. Gogineni et al. (1996) developed a 
high-resolution digital two-color PIV system and 
successfully implemented it to simulate turbine-film- 
cooling flows involving high-freestream-turbulence levels. 
A similar system was used in the present investigation 

1.2 Supersonic  Flow with Streamline  Curvature 
Supersonic flow over curved surfaces has many 

practical applications, for example, exterior aerodynamic 
lifting surfaces, supersonic aircraft-engine inlet 
compression ramps, supersonic turbofans, and supersonic 
nozzles flows. Because of the large number of practical 
uses, these flows have been the subject of much 
investigation [for a comprehensive listing, see Spina et al. 
(1994) and Luker et al. (1997)]. However, as discussed by 
Bradshaw (1974) and Spina et al. (1994), the fundamental 
physical processes are not well understood. Hence, 
investigations of these flows have important theoretical 

implications. The primary reason for the lack of 
understanding of supersonic flows with pressure-gradient 
effects has been attributed to the scarcity of accurate 
experimental data. As indicated by Spina et al., acquiring 
quality data in these flows is very difficult. A recent 
survey by Settles and Dodson(1994) exemplifies the current 
state of affairs. After a review of over one hundred 
shock/boundary-layer interaction studies with a freestream 
Mach number greater than 3.0, nineteen passed a criterion 
that they deemed necessary for turbulence model 
development. A second factor contributing to the lack of 
understanding of these flows is the inability of current and 
foreseeable-near-future computational techniques to perform 
direct numerical simulation of the turbulence for high- 
Reynolds-number flows. Many of the terms (e.g., the 
static pressure-velocity fluctuation correlations) that arise 
in the equations governing the transport of the second-order 
turbulent correlations cannot be measured. Hence, this 
coupling of experimental and computational limitations 
makes the study of high-speed high-Reynolds-number 
turbulence particularly arduous and highly empirical. 

Although the flow physics associated with a 
supersonic turbulent boundary layer subjected to a pressure 
gradient are not currently fully understood, many of the 
flow features have been well characterized. For example, 
many of the observed differences between distorted 
supersonic and subsonic boundary layers can be explained 
in terms of the fluid-property changes across the boundary 
layer (Spina et al., 1994 and Smith and Smits, 1994). 
However, supersonic flows possess phenomena that have 
no incompressible counterparts. For example, wave 
(expansion or compression) boundary-layer interactions, 
where the longitudinal pressure gradients can lead to 
compression or dilatation which, in turn affects the 
velocity pressure and density fluctuations, are not present 
in subsonic flow. An extensive literature review of 
supersonic flow over curved surfaces is not presented here 
because of page limitations; instead, a brief synopsis of the 
salient flow physics is given. As indicated above, a 
comprehensive review of the literature can found in Spina 
et al. (1994) and Luker et al. (1997). 

A pressure gradient in a supersonic flow can be 
generated basically in two ways - wave-boundary layer 
interaction and streamline curvature. For the case of a 
curved wall, separation of the effects of streamline 
curvature and pressure gradient on the turbulent flow 
properties is difficult; however, for an imposed wave, the 
streamline deflection angle is usually very small; hence, 
the effects of pressure gradient can be isolated (Smith and 
Smits, 1994). The differences between the two methods 
make characterization of the strength of the perturbation 
tenuous. A number of characteristics have been proposed 
to classify the distortion strength caused by wall curvature 
[see Luker et al. (1997) for a brief listing].    Luker et al. 
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capitalized on a number of those definitions to establish the 
"global" parameter: 

B = 
lT        !(/,+/,) 

(V5,)r     Z(V*0> 
(1) 

where Ip = ln(p2/p,)/Y , \ = A<|>, L, = length of the 
distortion, and 80 = undisturbed boundary-layer thickness. 
The global parameter has the form of a nondimensional 
pressure gradient and makes use of data that are usually 
readily available to characterize the strength of the pressure 
gradient. It is important to note that B is not intended to 
be a true representation of the physics; rather, it is simply 
meant to be a useful way of classifying the overall strength 
of the distortion. For IB I < 0.2, the peak amplification of 
the Reynolds shear stress measured for the present wind- 
tunnel models as well as a number of other studies 
collapses onto a single curve given by 

{TI -T° )/ T°, - 105  (Luker et al., 1997). 

The effects of the combined streamline curvature 
and pressure gradients on the turbulent flow features can be 
gleaned from the above correlation. For an adverse pressure 
gradient/concave curvature (i.e., B > 0), the turbulent shear 
stress is amplified. Thus, concave curvature and adverse 
pressure gradients have been deemed destabilizing, where 
the turbulence levels, wall shear stress, and heat transfer all 
increase. On the other hand, for favorable pressure 
gradients/convex curvature, the opposite trend is apparent. 
The effects of the present rather mild wall curvature (wall 
contours are given in the Facilities Section) on the 
turbulent flow features are rather pronounced, where the 
peak shear stress levels vary by approximately ± 100%. 

Also, as indicated in Luker et al., practically all of 
the available data for this type of flow were obtained with 
hot-wire anemometry and, for a few cases, with Laser 
Doppier velocimetry (LDV). Hence, the spatial resolution 
for those studies was limited. Therefore, because of the 
dramatic effects on the turbulent flow and the importance of 
global information, the curved-wall experiments are well 
suited as a benchmark test case for developing and evaluating 
the digital, two-color, planar PIV technique. 

1.3     Injection  into a Supersonic  Flow 

Injection into a supersonic cross flow also has a 
number of practical applications; for example, thrust vector 
control, supersonic-combustion ramjet fuel injection, and 
boundary-layer control. The overall structure of the mean- 
flow field associated with injection into a supersonic cross 
flow has been the subject of much investigation. As a 
result of the large number of studies, the mean-flow physics 
of supersonic injection into a supersonic cross flow are 
reasonably well understood. As was the case for the curved- 

wall background, an extensive literature review is not given 
here [see Bowersox (1997) for a reasonably comprehensive 
background]. A brief synopsis of the flow features is 
presented here. 

First, injection into a supersonic freestream creates 
what is usually termed the interaction-shock, which 
generally separates the incoming boundary layer. Thus, the 
familiar lambda-shock boundary-layer interaction structure is 
generated. Because of the unsteady nature of the shock 
boundary layer interaction, the interaction shock position is 
also unsteady. As the jet emerges, it is turned downstream 
by the incoming high-momentum freestream. Also, as the 
underexpanded jet emerges, it expands to conditions requiring 
termination at a normal shock called the Mach disk (Schetz 
et al., 1967). Directly behind the injector, the flow is 
separated, followed by a reattachment of the flow and a 
recompression shock. Again because of the unsteady 
separation regions, the recompression shock position is also 
unsteady. A relatively strong counter-rotating vortex pair is 
present within the plume, which creates a distorted cartioid 
shaped plume. A smaller, weaker horseshoe vortex, similar 
to that generated by a wing-body junction, occurs at the 
injection-cross flow junction. It has also been documented 
that a vortex street results from the flow separation just 
downstream of the jet (Fric and Roshko, 1994). Finally, a 
fourth, near-field, exit ring-like vortex system has also been 
reported for low-speed flows (Perry et al., 1993). 

The complicated nature and the important 
applications yield the supersonic jet into a supersonic cross 
flow an attractive Mie-scattering flow-visualization test case 
for both instantaneous images (pulse duration of 10 ns) and 
time-averaged exposures. Further, because of the inherent 
integration along the optical axis, the more conventional 
index-of-refraction-based flow-visualization techniques (e.g., 
shadowgraph, schlieren, and interferometry) are not well 
suited for three-dimensional jet flows. Hence, the present 
flow-visualization technique has the potential to illuminate 
important flow features that would not be discernible on 
refractive flow visualizations. 

1.4  Research   Goals 

The main goal of the present research was to further 
develop and evaluate the performance of the digital, two- 
color, planar PIV technique for both flow visualization and 
quantitative mean and turbulent properties measurements. In 
particular, detailed planar PIV data were acquired for the 
curved-wall models described in Luker et al. (1997). The 
mean velocity and turbulence intensities obtained with the 
PrV technique were compared with the LDV data obtained by 
Luker et al. Hence, the potential benefits and limitations of 
the current technique were assessed. Secondly, the inherent 
flow-visualization aspects of the measurement apparatus was 
used for qualitative assessment of a very complex three- 
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dimensional flow  by  providing  instantaneous  and time- 
averaged flow visualizations. 

2.    FACILITIES 

All tests were performed in the Air Force Institute of 
Technology pressure-vacuum supersonic wind tunnel (see 
Fig. 1). The freestream Mach number was 2.9, with a ± 
0.02 variation across the test section. The settling-chamber 
pressure and temperature were maintained at 2.0 ± 0.03 atm, 
and 294 ± 2K, for all tests. The freestream Re/m was 15 x 
106. The freestream turbulent kinetic energy was 0.016% of 
the mean specific kinetic energy. The test section was 6.35 
x 6.35 cm in cross-section. 

2.1 Curved-Wall Models 

The curved-wall sections were built into the tunnel 
ceiling as shown in Fig. 1. The coordinate system was 
defined such that x was positive in the streamwise 
direction, and the origin was located at the nozzle throat. 
Since all measurements were made normal to the tunnel 
ceiling, y was defined as positive down and was zero at the 
test section ceiling; z completed the right-hand system. 
The contours started at x = 65.08 cm. The curved-wall 
contours were generated to match a cubic polynomial 
Ah = a0 + aiAx+a2Ax2+a3Ax3, where Ah(cm) was 
relative to the tunnel ceiling and Ax(cm) = x - 60.0. The 
coefficients for each model are given in Table 1, and the 
wall contours (i.e., tunnel heights above the lower floor) 
are shown in Fig. 2. The favorable-pressure-gradient (FPG) 
model is given by the dashed line. For this model, the 
measurements were acquired normal to the curved wall at x 
= 71.5 cm. The adverse-pressure-gradient (APG) flow 
model is indicated by the solid line, where the 
measurements normal to the curved wall were acquired at x 
= 68.0 cm. The zero-pressure-gradient (ZPG) data were 
also taken at x = 71.5 cm downstream of the nozzle throat. 
These measurement locations were nominally 3500 
momentum thickness heights downstream of the nozzle 
exit, where the boundary layer has been documented to be 
in a state of equilibrium (Bowersox and Buter, 1997). The 
boundary-layer and pressure-gradient parameters for the 
present flow are summarized in Table 2 (Luker et al., 
1997). 

2.2 Injector Wind-Tunnel Model 

The injector model was built into the ceiling of 
the tunnel, as shown in Fig. 3; also shown is the 
coordinate system. The injectant gas was air at a Mach 
number of 1.8. The throat and exit diameters of the conical 
nozzle were 3.22 and 3.86 mm, respectively.   The injector- 

nozzle divergence angle was 0.83 deg. The injection angle 
was 25 deg. relative to the freestream. Since the injector 
was at an angle, the exit port was elliptical, with 3.86 and 
9.14 mm minor and major axis lengths, respectively. The 
injectant total pressure and temperature were 3.8+0.03 atm 
and 294 ± 2K, respectively. Table 3 summarizes the 
injection parameters. 

3.  PIV  PROCEDURES 

The two-color PrV system employs color for temporal 
marking of the seed particles in the flow field. The green 
(532-nm) laser output from a frequency-doubled 
Nd:YAG laser and the red (640-nm) laser output from a 
Nd:YAG-pumped dye laser (DCM dye) were combined by a 
dichroic beam splitter and directed through sheet-forming 
optics. The laser-sheet energy was typically 20 mJ/pulse, 
with a thickness of < 1 mm at the test section. The 
temporal delay between the two lasers is a function of gas 
velocity, optical magnification, and interrogation spot 
size. In the present experiments, the time delay between the 
two color lasers was set at 300 nsec. 

The flow was seeded with sub-micron size particles, 
and the Mie scattering from the seed particles was recorded 
on a Kodak DCS 460 CCD array. This CCD sensor has a 
resolution of 3060 x 2036 pixels, and each pixel is 9-|im 
square. A 105-mm micro lens with an f-number of 5.6 is 
used to record the images. 

The Kodak DCS 460 sensor utilizes a single CCD 
to record color images. This is accomplished by coating 
each camera element (pixel) with a red, a green, or a blue 
filter. Because the green color yields the best measure of 
brightness, the green pixels make up 50% of the camera 
sensor. The remaining 50% is equally divided between red 
and blue pixels. Achieving a full RGB image requires a 
multi-step process in which red, green, and blue pixels are 
interpolated. First the 8-bit 3072 x 2048 image is 
converted into a 12-bit image by scaling with a gray 
response curve. Next, a pattern correction of the camera 
image is undertaken to account for variation in pixel-to- 
pixel sensitivity. The pattern correction is unique for each 
individual camera. Interpolation of the compressed image 
into three 3072 x 2048 red, green, and blue images is 
achieved using Kodak proprietary algorithms. Because 
green captures the luminance levels that can translate across 
to the red and blue planes, the green interpolation is carried 
out first, followed by the red and blue. The RGB images 
are then processed through both a toe-shoulder and gamma 
look-up table. The result is a color-corrected full RGB 
image that is used for PIV analysis. Software for the 
decompression of the Kodak camera image before 
processing has been developed by ISSI, and this software 
subdivides the image into strips corresponding to the image 
width and the interrogation region height.    The strip is 
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expanded, processed, and then discarded to eliminate the 
need for large disk storage. 

The velocity field from the digital PIV images was 
obtained using a cross-correlation technique. The 
correlation function was calculated over small segments 
(interrogation domains) of the PIV image. The dimensions 
of each interrogation domain are dependent on particle 
density, estimated local velocity gradients, particle-image 
size, and desired spatial resolution. The maximum 
displacement of each particle must be less than one-half the 
interrogation spot size. In the present experiments, the 
interrogation domain measured 128 x 128 pixels, corre- 
sponding to 1.76 x 1.76 mm in the measured flow. For 
enhancing the overall resolution, the interrogation domains 
were overlapped by one-half the domain size. The peak of 
the correlation map corresponds to the average velocity dis- 
placement within the interrogation spot. An intensity- 
weighted peak-searching routine was used to determine the 
exact location of the peak to sub-pixel accuracy. The num- 
ber of particle pairs normally necessary to ensure a desirable 
signal-to-noise ratio was reduced to four or five pairs when 
the cross-correlation analysis was employed. 

The calibration of the CCD system was 
investigated using solid-body translation and rotation, and 
the details were given by Gogineni et al. (1996). The 
uncertainty in the velocity measurements was estimated to 
be±l%. 

4.     RESULTS  AND DISCUSSION 

4.1 Jet in a Cross Flow 
Both instantaneous and time-averaged Mie- 

scattering visualizations of the supersonic jet into a 
supersonic cross flow are shown in Fig. 4. As indicated 
by the instantaneous image in Fig. 4(a), the present flow- 
visualization technique provides valuable qualitative 
information concerning the large-scale structures. The 
time-averaged image is useful for defining penetration and 
plume dispersion. 

4.2 Boundary Layer Flows 
For demonstrating the applicability of PrV for 

measuring supersonic flow quantities particularly under the 
influence of pressure gradients, three pressure gradients were 
examined - a flat-plate (ZPG), an FPG and an APG. The 
flow field from these models has been studied extensively 
(Bowersox and Buter, 1996; Luker et al., 1997) by LDV. 
These LDV data formed the basis for validating the PIV 
results. 

The CCD images were processed through the data- 
reduction procedure discussed earlier and ensemble averaged 
to create a single image. The only difference between the 
three models was the number of images averaged. The 
number of images used to create the averaged image was 25 

for the ZPG, 30 for the APG, and 25 and 93 for the FPG. 
Two samples sizes were used for the FPG data to examine 
the effect of sample size on result convergence. Flow 
visualizations of supersonic turbulent boundary layers with 
pressure gradients are shown in Fig. 5. Figures 5(a) and 
5(b) cover the top and bottom walls of the wind tunnel and 
display the boundary-layer structure under pressure gradients 
compared to the no gradient (bottom wall). As can be 
inferred from these visualizations, these rather mildly 
curved walls dramatically affect the overall structure of the 
boundary layer. For example, the boundary-layer thickness 
for the APG model decreased by about 50%. The magnified 
view of the boundary-layer structure near the top wall can 
be seen in Fig. 5(c) for the ZPG condition, which shows 
that the present technique provided detailed and clear images 
of the turbulent-boundary-layer structures. 

The contours from the ensemble-averaging are 
presented in Figs. 6, 7, and 8 for the ZPG, FPG and APG, 
respectively. The ordinate axis of these figures has been 
non-dimensionalized by the boundary-layer thickness 
normal to the location indicated by 'LDV measurement 
location.' Contours of constant velocity and turbulence 
intensity have been plotted on these figures. Locations 
where data were insufficient for proper computation of 
velocity or turbulence intensity are indicated by diamond 
shapes with locally high velocity or turbulence intensity 
gradients. All PIV profiles were extracted from a line 
normal to the wall starting at the location labeled 'LDV 
measurement location.' 

The ZPG results are plotted in Figs. 6a and 6b. 
The velocity gradient shown in Fig. 6(a) is uniform and 
smooth throughout the boundary layer. This shows that 
even a relatively small number of images can adequately 
resolve mean flow quantities. The turbulence intensity for 
the ZPG is plotted in Fig. 6b. As is the case with the 
velocity contours, the turbulence-intensity contours are 
smooth and uniform. 

The FPG results are plotted in Figs. 7(a) and 7(b). 
Fig. 7(a) shows the effect of the favorable pressure gradient 
on the velocity profile. Both the boundary-layer height and 
freestream velocity are large compared to the corresponding 
ZPG values. For example, a large area of velocity > 600 
m/sec that is evident downstream of the LDV measurement 
location did not appear in the ZPG data. The effect of the 
FPG on turbulence intensity is shown in Fig. 7(b). The 
overall FPG turbulence intensity decreased relative to that 
of the ZPG. The near-wall value is - 8%. This is a 
reduction of - 20% from the ZPG result. 

The APG results are plotted in Figs. 8(a) and 8(b). 
Fig. 8(a) shows the effect of the adverse pressure gradient 
on the velocity profile. The APG boundary layer is not so 
thick as the ZPG and FPG boundary layers. This is an 
expected result of the compression that occurs in an APG 
flow. The effect of the APG on turbulence intensity is 
shown in Fig. 8(b). The near-wall turbulence intensity is 
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higher than that of either the ZPG or FPG, with a peak 
value on the order of 24%. 

Since LDV acquires data at only one point and 
PIV provides data along an entire plane, a line of data was 
extracted from the PIV images to enable comparison with 
the LDV results from Luker et al. (1997). The PIV data 
points were extracted along a line normal to the tunnel wall 
with the origin of the lines as indicated in Figs. 6 - 8. The 
profile comparisons of the PIV and LDV results are 
presented as Figs. 9-11. In the velocity comparison 
plots, the x-axis is normalized by the freestream velocity. 

Figures 9(a) and 9(b) present ZPG comparisons for 
mean velocity and turbulence intensity, respectively. As 
shown in Fig. 9(a), the PIV and LDV results agree 
favorably for the velocity profile in the freestream and inner 
region of the boundary layer. However, PIV slightly 
underpredicts the velocity profile in the upper region of the 
boundary layer. 

The turbulence intensity comparison is presented 
in Fig. 9(b). The PIV and LDV results agree favorably in 
the boundary layer but diverge for y/5 > 1.0. For y/8 > 1, 
the LDV predicts a turbulence intensity of 1%, while PIV 
predicts 3%. This discrepancy is repeatable as it appeared 
in each pressure gradient case and was most likely due to 
the different signal-to-noise ratios in the measurement 
techniques. 

Figures 10(a) and 10(b) show velocity and 
turbulence-intensity comparisons for the FPG case. The 
data from the two different sample group sizes were reduced 
to gauge the effect of sample size on the results. The 
sample sizes chosen were 25 (comparable to the ZPG and 
APG data) and 93 (the total number of FPG images 
acquired). As shown in Fig. 10(a), the mean-velocity 
results generated from the 25 images, the 93 images, and 
the LDV data are in close agreement. Again this 
demonstrates that only a few images are necessary for 
accurate measurement of mean-flow quantities. 

As shown in Fig. 10(b), the values of turbulence 
intensity are similar for the 25 and 93 image sample 
groups. The PIV turbulence intensity matches the LDV 
data in the near-wall region of the boundary layer. 
However, as indicated above, the signal-to-noise ratio of the 
present PIV setup was insufficient to resolve the low 
freestream turbulence levels. The spikes at y/8 = 1.5 most 
likely resulted from a scratch in the window or some 
reflection. 

Figures 11(a) and 11(b) present PIV and LDV 
comparisons for APG. As with the FPG and ZPG, the 
mean-velocity contour derived from PIV results matches 
with the LDV data throughout the boundary layer. Of 
interest is the fact that PIV was able to resolve the velocity 
closer to the wall than the LDV. 

Of the three pressure-gradient cases discussed, the 
comparisons of PIV and LDV is the poorest for APG 
turbulence intensity.    The APG turbulence-intensity data 

are presented in Fig. 11(b). PIV consistently predicts a 
higher turbulence intensity throughout the boundary layer. 
This is possibly the result of decreased signal-to-noise ratio 
that resulted from the smaller boundary layer; increasing 
the magnification may have improved the agreement here. 
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a) Instantaneous 

b) Averaged 

Figure 4. Mie scattering visualization of supersonic jet (M = 1.6) 
injection into a supersonic cross flow (M = 2.9) 
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Figure 8a: APG U Velocity Contours - 30 Samples 
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Figure 6b: ZPG U Turbulence Intensity Contours (%) - 25 Samples 
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Figure 10: FPG Mean Velocity and Turbulence Intensity Profile 
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Figure 11: APG Mean Velocity and Turbulence Intensity Profile 
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