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A modification to the Pressure Sensitive Paint (PSP) method was used to visualize 
streamlines on a Blended Wing Body (BU'B) model a t  full-scale flight Reynolds numbers. In 
order to achieve these conditions, the tests were carried out in the National Transonic 
Facility operating under cryogenic conditions in a nitrogen environment. Oxygen is required 
for conventional PSP measurements, and several tests have been successfully completed in 
nitrogen environments by injecting small amounts (typically < 3000 ppm) of oxygen into the 
flow. A similar technique was employed here, except that a i r  was purged through pressure 
tap orifices alreadj existent on the model surface, resulting in changes in the PSP w-herever 
oxygen was present. The results agree quite well with predicted results obtained through 
computational fluid dynamics analysis (CFD), which show this to be a viable technique for 
1-isualizing flows without resorting to more invasive procedures such as oil flow o r  minitufts. 

Nomenclature 
A,  B = PSP calibration coefficients with arbitrary pressure reference 
.I 1 = Machnumber 
P = Pressure 
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\+.here IREF is the reccnered luminescence intensit! at a reference pressure. PKL.F. .1 and B are temperature dependent 
constants for a gi\.en PSP formulation and are usually determined before hand using laboratop calibration 
procedures. 

PSP measurements are difiicult to make under cryogenic conditions for two reasons. First. the test gas is 
typically nitrogen. refrigerant. or some other medium which typically contains little or no oxygen. Second. the 
diffusion of oxygen into the paint binder is highly temperature dependent. and 31 low temperatures. is practicallv 
nonexistent. As such. i t  is not surprising that initial cryogenic testing with luminescent paints used TSP." Successful 
cryogenic PSP measurements have been conducted at The NAS.4 Langley 0.3-Meter Transonic Cryogenic Tunnelli 
as well as other facilities'-' using a PSP binder that has a \ - e n  large diffusion rate and bleeding in kno\vn amounts of 
oxygen into the flo\+. stream. 

For \kualization of the streamlines on the B\I'B model. a modification of this technique \+'as employed. similar 
to a method suggested by Peterson and FitLgerald.'" Instead of injecting known concentrations of oxygen into the 
wind stream, air was purged from existing pressure port orifices on the model surface, causing a decrease in the 
luminescence of the PSP. A s  the pressure ports are in distinct locations. and the ejected air interacts onl!. \ \ 4 h  areas 
closest to the ports. this will gi\-e an indication of floc\. in these regions. Tests bere carried out at the N-ASA h i e s  
Research Center before the BWB test in order to \.erifi the efficacy of this technique as \\-ell as to determine the 
magnitude of purging pressures required. These results as well as the results from the BWB model n i l 1  be 
discussed. 

11. Experimental 

A. PSP Formulations 
All PSP formulations used in the current study consisted of dissoh ing an oxygen sensitive luminophore. 

Pt(TfPP). in an oxygen-permeable binder. For the 1-erification tests at S,4SA .4mes. which was conducted at room 
temperature. the oxygen-permeable binder is a FIB co-polymer de\.eloped at the Lni\.ersit?; of \i"shington!'.'' and 
commercially a\,ailable from Innovative Scientific Solutions. Inc. I ISSI).. This binder w'as chosen due to Its high 
oxygen semi t idy  and low temperature sensitivit! .'-"' During the BM'B test at the STF. the oxygen permeable 
binder used \+.as PTMSP.'l.''.'v chosen because i t  is a glass) polymer \\ i th  a large free 1 olume and ha\ ing a lois 
diffusion barrier to oxygen. leading to high oxygen permeability even at cryogenic conditions. 

B. Verification Test at SASA ilmes 
Verification tests for this modified PSP technique ivere conducted in tu'o small tunnels at the NASA Ames 

Research Center. The PSP research wind tunnel"' is a small closed return wind tunnel. with the test section arranged 
vertically above the drive fan. The drive fan is powered by a 75 kW electric motor. which is located within the fan 
housing. The motor'fan unit rests on flexible mounts which isolate it  from the rest of the \vind tunnel structure to 
minimize vibration. The tunnel itself is built of fiberglass \vith a metal hame. A radiator installed upstream of the 
contraction section circulates refrigerated water to cool the flow. The PSP tunnel can be operated up to speeds of 
I20 m;s (M = 0.35). 

The test section measures 30.5 cm x 30.5 cm x 61 cm. The sidewalls are made of LV-transparent plexiglass. 
while the top and bottom \calls are aluminum. The top and bottom ivalls have cutouts for model-mounting hardlvare. 
All non-transparent parts of the test section are painted flat black to reduce extraneous reflections. 

The PSP tunnel is fairly well sealed while running. and as a result can be operated with nitrogen as the tunnel 
working fluid. The tunnel has two \-al\-es. one in the settling chamber upstream of the contraction section. and one in 
the diffuser upstream of the drive fan. which can be opened to mix in outside gasses. Xitrogen operation was 
accomplished by connecting the diffuser valve to a nitrogen gas cylinder. while opening the contraction section 
val1.e. The contraction section sees higher than atmospheric pressure. and so gas escapes from the tunnel. BL- 
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Figure 2. Resulting image from ratioing the purge-on 
image from Fig. 1 (a) to the purge-off image from Fig. 1 (b) 
showing the increased contrast of the streamlines caused 
by nitrogen interacting with the PSP on the model. 

of air purge the streaks are dimmer. (And the overall brightness of the model is higher since it is operating in a lower 
oxygen environment.) 

Initial testing at low speeds with nitrogen purge into air was carried out in the PSP tunnel. This was followed by 
tests using air purge into nitrogen. A comparison of images taken with the two techniques showed no difference in 
terms of the ability to visualize streamlines. Therefore all further testing was accomplished using nitrogen purge into 
air, since data at different speeds and different purge pressures could be obtained much more easily with this gas 
combination. Figure 1 depicts a typical image collected with nitrogen blowing through the ports and one without 
nitrogen at a = 5” and M = 0.55. While the streamlines can be visualized when the nitrogen is being purged out of 
the ports (lighter “streaks” on the surface), the contrast is very poor. This result was seen irregardless of tunnel speed 
(M = 0.1 to 0.55) or nitrogen purge pressure (27.6 kPa (gauge) to 276 kPa (gauge)). 

As detailed above, standard PSP measurements are conducted by ratioing a reference image with a run image 
(wind-offiwind-on). A slight modification of this procedure was applied to this data in order to increase the contrast 
for visualizing the effects of nitrogen on the surface. First, an image was taken without nitrogen purging through the 
ports (“purge-off’). Next, an image was taken with the nitrogen purge on (“purge-on”). The final step in data 
reduction is to ratio the purge-on image with the purge-off image, resulting in the image shown in Fig. 2. The 
contrast of the streamlines on the surface of the model is greatly improved, and it is readily apparent that the 
nitrogen remains attached to the surface over a large amount of chord. Several of the orifices on the model surface 
were clogged from previous testing; therefore nitrogen is only able to be purged out of relatively few ports 
(approximately 13). Furthermore, the manifold used in these experiments does not provide an even flow of nitrogen 
to the ports, resulting in some nitrogen traces that are more distinct than others. 

The verification test was also used to determine both the optimum pressure of the purge gas as well as the effects 
of tunnel speed on this pressure. The results, shown in Fig. 3, show that when the purging pressure is only slightly 
above the pressure in the tunnel (27.6 - 82.7 kPa (gauge)), there is little effect on the nitrogen interaction with the 
surface. Furthermore, tunnel speed shows very little effect on the optimal purge pressure as well. However, when 
large purge pressures are employed, a significant degradation in the ability to visualize surface flows becomes 
apparent. As seen in Fig. 4, when purge pressures of 138 and 276 kPa (gauge) are used, the streamlines appear much 
broader and less distinct, especially at larger distances from the orifice. This suggests that the nitrogen jets are strong 
enough to penetrate the boundary layer, where they are convected downstream without affecting the O2 
concentration at the surface. 

B. BWB Test at NTF 
In order to transition this technique to the NTF wind tunnel operating at cryogenic conditions in a nitrogen 

environment, a different PSP formulation needed to be employed. The formulation chosen was based on PTMSP, a 
polymer known to have high oxygen permeability, even at low temperatures. A typical response curve of 200 ppm 
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Figure 3. Effect of purge pressure and speed on the streamlines obsened when nitrogen is 
purged through the ports. AI1 images are ratios of purge-on to purge-off. a) 31 = 0.55,27.6 kPa 
(gauge) purge pressure; b) M = 0.55, 82.7 kPa (gauge) purge pressure: c) 31 = 0.3. 27.6 kPa 
(gauge) purge pressure: d) M = 0.3,82.7 kPa (gauge) purge pressure. 

Pt(TfPP) in PTMSP at -150 "C in an environment of 2000 ppm oxygen in nitrogen is shown in Fig. 5 .  These data 
show that even at low temperature, the PTMSP binder has sufficient oxygen permeability to allow small oxygen 
concentrations to significantly quench the Pt(TfPP). 

A data acquisition procedure similar to that used in the verification tests was also used to acquire flow 
1-isualization images on the BWB model in the NTF. However. since oxygen was purged into a nitrogen 
environment, the streamlines would appear as dark streaks instead of lighter streaks. Because of this, data analysis 
was accomplished by taking a ratio of the purge-off image to the purge-on image. 

Figure 6 shows image ratios collected at room temperature (before the cool-doan procedure began) at different 
tunnel speeds. These images were collected as a final verification of the technique as well as determining the 
expected change in signal with the introduction of air through the pressure ports. At the higher speeds (M = 0.85). a 
shock across the surface of the model is readily apparent. This is also illustrated by taking a plot of the pixel ~ a l u e s  
across the shock location. as shown in Fig. 7. This shock visualization is most likely not due to a change in pressure. 
as the oxygen ejected through the ports will not have had time to dissipate across the model as is shown in Fig. 6. It 
is belie\:ed that this is due to a refractive index change caused by the shock itself. similar to data collected using 
Schlieren techniques. 

These images show many interesting results. especially just fonvard and around the nacelle regions as shown in 
Figure 8. The nitrogen streamlines show that flow is very steady until just fonvard of the nacelles. In this region, the 
flow seems to choke (the streamlines become significantly shorter) just before it curves around the nacelle. 
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Figure6. Ratioed images of purge-off to purge-on for BWB model. Data was collected at room 
temperature (-24 "C) at a = 4". a) M = 03; b) M = 0.85. 
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Figure 7. Ratioed image showing the visualization of the shock location on the surface of the model. Data was 
collected at room temperature with M = 0.85 and a = 4". The inset shows the pixel intensity variation across 
the shock location defined by the line in the image. 

C. Comparison with CFD Results 
The experimental results were compared with computational fluid dynamics solutions. As described in Ref. 22, 

the USM3D flow solvei3 coupled with the CDISC design methodz4 was used in the analysis and design of the BWB 
model. The USM3D code solves the Reynolds-averaged Navier-Stokes equations using a Roe upwind scheme on 
unstructured meshes. For the BWB design, a wall fimction option with the Spalart-Allmaras turbulence model was 
used to reduce the number of grid points required to resolve the boundary layer. The semi-span grid for the BWB 
with boundary-layer ingestion (BLI) nacelles contained about 4 million tetrahedral cells. 

A sample comparison of the CFD results with the PSP flow visualization for the redesigned BLI configuration 
with the central flaperons deflected 5 degrees is shown in Fig. 11. Before addressing the results in the figure, two 
differences between the CFD and PSP cases should be noted. The first is that the flaperon deflection was modeled in 
the CFD by simply distorting the original wing grid, so that there are no gaps or vertical surfaces at the stream-wise 
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Figure 8. Enhanced view of streamline behavior near the nacelles. Image collected a t  room 
temperature, a = 4O, and M = 0.85. The streamlines appear shorter near the inlet of the nacelle due 
to choking of the flow, subsequently causing the flow to divert around the nacelle. 

edges of the control surfaces. Second, although flow visualization data were acquired at the CFD conditions of Mach 
number of 0.85, angle of attack of about 4', and Reynolds number of 75 x lo6 (based on the mean aerodynamic 
chord), the PSP images obtained at warmer temperatures were much clearer. Since they were still at a fairly high 
Reynolds numbers (20 x lo6) and the flow should thus be very similar to that at the CFD conditions, one of these 
images was selected for the figure. 

a, e), 
Figure 9. Air leakage as a function of purge pressure through an access panel on the top of the BWB model. 
All images acquired a t  M = 0.12. a) 179 kPa (absolute) purge pressure; b) 214 kPa (absolute) purge pressure; 
c) 275 kPa (absolute) purge pressure; d) 317 kPa (absolute) purge pressure; and e) 351 kPa (absolute) purge 
pressure. The access hatch is outlined in each image. 
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Shock location 

Paint damage 

Figure 10. 
b) a = 4"; and c) Q = 5". 

Even with these differences, the predicted flow patterns match the PSP results fairly well. accurately 
representing the span-wise components of the flow associated with boundary layer separation in front of the nacelles 
and near the trailing edge of the flaperons between the nacelles. The predicted inward turning of the flow near the 
leading edge for the outermost row on the right is also confirmed by the wind tunnel data. In addition to the flow 
direction information, the PSP picture also reveals the location of the wing shock, running span-wise across the 
figure about 1 nacelle length ahead of the outboard nacelles. The shock is slightly ahead of the location predicted by 
CFD (blue-green line), which is consistent with the higher Reynolds number used in the computations. 

Ratioed images showing streamlines as a function of a a t  -156 "C and M = 0.85. a) a = 3"; 

Shock Location 

a), 

Figure 11. Comparison of CFD solution with experimentally observed streamlines on the BWB 
model. a)  CFD solution computed a t  M = 0.85, a = 4", and Reynolds number of 75 x IO6 (based on 
mean aerodynamic chord; b) experimentally observed streamlines a t  M = 0.85, a = 4", and Reynolds 
number of 20 x IO6. 
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IV. Conclusions 
This work has demonstrated a viable approach to performing flow visualization on a surface using a modified 

PSP approach. A flow visualization technique that did not require seeding or introduction of any foreign components 
into the tunnel was required because of the pristine conditions needed to run at cryogenic conditions. To satisfy this, 
a BWB model was painted with a cryogenic PSP formulation and air was ejected through several dozen pressure 
port orifices already present on the model surface. Validation of this technique was accomplished using a small wind 
tunnel and purging pressure ports with nitrogen, showing that optimum purging pressure was several kPa ( G O )  
above tunnel operating pressure. Further experimentation showed that this did not significantly change with tunnel 
operating speed. 

Results on a BWB model at the NTF showed streamlines that were to be expected, including choking and even 
flow reversal near the nacelle inlets. Furthermore, this technique has demonstrated the ability to monitor shock 
locations by the slight changes in the refractive index over the model. At cryogenic conditions, it was determined 
that greater care in painting near model seams needs to be done to ensure that paint is not damaged or removed at 
cold temperatures. Even very small amounts of moisture can freeze in the purge air lines thereby blocking them. To 
prevent this, purge air should be provided only when the model is at test conditions. Also, care must be exercised to 
provide a uniform distribution of purge air to the pressure taps through appropriate manifold techniques. Finally, the 
results were compared with predictions and showed excellent agreement. 
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