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Abstract

Laser-based Rayleigh light scattering (RLS) was performed in the National
Transonic Facility (NTF) at NASA Langley Research Center. The goal was to determine
if the free-stream flow undergoes clustering (early stage of condensation from gas to
liquid) or remains in a pure diatomic molecular phase. Data indicate that clusters are not
observable down to levels of 10% of the total light scatter for a variety of total pressures
at one N> cryogenic-mode total temperature (T; = -50 °F =227 K) and one air-mode
temperature (T¢=+130 °F = 327 K). Thus RLS appears viable as a qualitative or
quantitative diagnostic for flow density in NTF in the future.

Particles are distinguished from optically unresolvable clusters because they are
much larger and individually resolvable in the laser beam image with Mie scattering.
The same RLS apparatus was also used, without modification, to visualize naturally
occurring particles entrained in the flow for both cryogenic and air-modes. Estimates of
the free-stream particle flux are presented, which may be important for interpretation of
laminar-to-turbulent boundary-layer transition studies.



List of Acronyms and Symbols

AoA Angle of attack

CCD Charge coupled device

ETW European Transonic Wind Tunnel

FOV Field of view

LN2 Liquid Nitrogen

LaRC Langley Research Center

NPR Nozzle pressure ratio

NTF National Transonic Facility

rpm revolutions per minute

PMT Photomultiplier tube (a type of optical detector)

RLS Rayleigh light scattering

SNR Signal-to-noise ratio

TCT Transonic Cryogenic Tunnel

UPWT Unitary Plan Wind Tunnel

dm/dt total mass flow down the test section (kg/s)

D Molecule, cluster, or particle diameter (m)

Ebeam Energy transmitted through laser beam cross section during a fixed
observation time (J)

Lyvert Distance along laser beam that is imaged onto one camera pixel (m)

M Mach number = flow speed / sound speed

N Number density of molecules, clusters, or particles (1/m?)

Nisig Number of photoelectrons generated on detector cathode

P: Total pressure (Pa or psi)

Ps Free-stream static pressure (Pa or psi)

Q Ratio of measured to calculated Rayleigh scattering signal

R Reynolds number per unit distance (1/m or 1/ft)

Tsig Fractional transmission of RLS signal light from the sample volume (near
the focus of the laser beam) to the photocathode of the detector

Theam Fractional transmission of light from the laser output to the sample volume

Tiransit Time for a particle to transit the laser beam diameter (s)

Ty Total temperature (K or °F or °R)

Ts Free-stream static temperature (K or °F or °R)

NQE Quantum efficiency of optical detector photocathode

pioc P/ Ty Total density (kg/m?)

psoc Ps/ Ts  Free-stream static density (kg/m?)

A Wavelength of incident light that is scattered (m)

Q Detection solid angle for optical detector (sr)

(do/dQY) Differential scattering cross section per molecule [or cluster] (m?/sr)

(do/d2)90 Differential cross section at 90 deg to beam direction (m?/sr)



I. Introduction
Background

Rayleigh light scattering (RLS) is a nonintrusive technique [1] for wind tunnel
diagnostics for either quantitative or qualitative flow density, since the signal is
proportional to the product of fluid density and source brightness. This diagnostic
became more practical after invention of the laser due to the brightness of laser beams.
For measurements at a single spatial point, RLS was limited by Mie scatter of impurity
particles that was not easily distinguished from the Rayleigh scatter of the molecular
constituent. The advent of the modern digital camera further simplified RLS by allowing
convenient imaging of a finite portion of the flow field. In addition to providing
significantly more information, the ability to observe a planar image of the flow density
with the Rayleigh signal allowed the easy identification and rejection of particles that had
plagued the earlier point studies. The imaging version has become common practice.
After a subsonic demonstration [2] of planar density measurement, the method was
applied often for combustion and non-reacting flows [see citations in Refs. 1 and 3].

Less often an alternative version of RLS was used for simultaneous measurements [4, 5]
of flow density, temperature and velocity derived from the spectral line shape of the
Rayleigh scatter. Only the planar density version of RLS is discussed here.

To better approach flight conditions with large Reynolds numbers, transonic and
supersonic wind tunnels are designed to run at thermodynamic conditions near the
condensation curve of the gas medium. One potential problem with the RLS diagnostic
occurs when significant cooling of the flow medium in the nozzle expansion results in the
onset of clustering [6], i.e. the beginning stages of condensation from gas to liquid. Here
the term clustering is loosely used to mean that a small fraction (<~ 0.1 %) of the gas
molecules has condensed into small clusters (~ tens to millions of atoms per cluster), with
the vast majority of the flow remaining in the diatomic molecule form. The clusters are
small enough that they are not individually resolvable with visible light, and the
scattering is in the Rayleigh regime (laser wavelength A >> cluster diameter D). Clusters
are distinguished from particles that are bigger, are individually resolvable with visible
light, and scatter light in the Mie regime (A << particle diameter D).

Although a tiny mole fraction of clusters may not change the bulk properties of
the flow, they are uniformly distributed and can be considered a minor component of the
fluid, similar to Argon in air. In the Rayleigh regime, a single scattering center has a
differential scattering cross section do/dQ that increases with size to the sixth power:

do/dQ oc DS (1)

This strong increase in scattering with size means that a small fraction of clusters in the
sample volume can increase the strength of the total light scattering beyond the pure
molecular Rayleigh level. Since clusters are not typically resolvable in visible-light
images, the extra scattered light from the clusters cannot be distinguished from the



molecular scattering and constitutes an error in quantitative measurements of the fluid
density by RLS. This effect was apparent in early studies in supersonic flow [3, 7-9],
where the elastic light-scattering from clusters provided a strong signal; thus the data
could be used for only qualitative flow visualization (i.e. relative flow density maps).
Absolute quantitative density measurements from a molecular signal of RLS were not
possible in these early works because of the presence of the clusters.

At NASA Langley Research Center (LaRC), laser-based RLS has been used in
several flow facilities, including hypersonic tunnels [10]. Although recently no
clustering was observed for typical run conditions in one particular Mach-10 facility [11],
this is a rare occurrence. References 8-10 indicate that most hypersonic facilities
investigated at LaRC exhibit significant clustering in the free-stream flow for most run
conditions. Clustering has also been observed in non-LaRC hypersonic facilities that
utilize pure N> instead of air [12] as the flow medium.

At lower speeds, RLS has also been demonstrated [13, 14] at the LaRC 1/3-meter
transonic cryogenic facility (TCT), where no clustering was found for all run conditions
tested. TCT was built as a prototype for the National Transonic Facility (NTF), which is
a large-scale cryogenic facility that is used to test at uniquely large Reynolds numbers —
closer to flight-Reynolds number than other typical non-cryogenic wind tunnels. Due to
the importance of NTF and the desire for additional flow diagnostics, it is a natural to ask
if the flow at NTF is also clustered as in hypersonic tunnels, or not clustered as in the 1/3-
meter facility. The answer impacts the diagnostic potential of RLS at NTF.

RLS can also help with characterization of the wind tunnel flow, in particular with
the particle component. Particle flux is important because boundary layer transition from
laminar to turbulent flow is influenced by entrained free-stream particles. Impinging
particles on leading edges may pit or adhere to otherwise smooth surfaces [15-17],
inducing early boundary layer transition. From low-speed liquid-water [18] to
hypersonic air [19] and by-pass transition studies [20], the particle influence on transition
is an important area of study [16, 21]. Characterization of particulates was recently
reported [22] in another large-scale cryogenic facility, the European transonic wind
tunnel (ETW).

Present Work

An exploratory experiment was performed to test the feasibility of RLS as an off-
body flow density diagnostic for cryogenic N> (cryo-mode) and heated-air runs (air-
mode) in NTF. Both side-scattering and back-scattering Rayleigh results are used to
determine if the flow exhibits clustering or remains in the purely diatomic molecular
phase. Lack of clustering implies that RLS remains viable as a quantitative flow
diagnostic. The focus here is on whether or not RLS can be used for a quantitative flow
density mapping.

The RLS apparatus automatically detects Mie scattering, without modification,
and was used to directly visualize the naturally-occurring particles that are present in the



flow. Estimates of the free-stream particle flux are presented for both cryogenic and non-
cryogenic flow conditions. These particle flux measurements may be useful for
boundary-layer transition studies (e.g. [23]) and providing particle-content information as
a part of a general effort to assess the NTF free-stream flow quality [24-30].

The light scattering work was conducted in a piggy-backed effort, where all
optical measurements were acquired in the free-stream, about 30 cm in front of the model
of a regularly-scheduled test. Propagation of the laser beam through the free-stream flow
was unobtrusive to the flow and aeronautics test in progress. After preparation of the
optical setup beforehand, there was no intrusion or interruption to the primary portion of
the test; real-time test decisions were made by the primary user. The optical testing was
essentially independent of the main test. This document describes only the optical RLS
work and data and reports on a novel measurement in NTF that promotes diagnostic
development and sheds light on the nature of the NTF free-stream flow.

Il. Experimental Setup for Light Scattering
wind tunnel

The present work was performed in NTF at LaRC. NTF is a closed circuit, fan-
driven, cryogenic wind tunnel that generates transonic flow from Mach number M = 0.1
to M = 1.2. The tunnel uses air or pure N as the working fluid. In air-mode, the air flow
medium is modestly heated in the stagnation region, and in cryo-mode, liquid N> is
regularly injected into the flow circuit. After purging of the air, this provides a pure N»
flow fluid with total temperatures T; down to as low as -250 deg F = 116 K. The present
work was performed in both cryo-mode (T = -50 °F = 237 K) and air-mode (T = +130
°F =327 K). Total pressure P; was varied between 20 and 55 psi. M varied mostly
between 0.5 and 0.9, with some limited time at M = 0.1. Additional information on NTF
can be found in References 24 and 31.

Model

The nature of the test, model, and results are proprietary. Here, descriptions of
the experiment and model are intentionally vague or omitted to maintain confidentiality
of the user. This report describes only optical results, mainly independent of the primary
test. However, the model contained blowing ports for high pressure gas. This blowing
slightly influenced the light scattering results, and optical results with blowing from two
of these ports, hereafter called port 1 and port 2, are discussed.

Optical Arrangement

The optical arrangement and some of the equipment used in the present work was
left over from a previous effort to develop a seeded-velocimetry diagnostic [32] at NTF
using near-backward scattering. After the velocimetry work ended, part of the equipment
was left installed in the wind tunnel. Due to the limited resources available for the
current RLS effort, the leftover equipment from the velocimetry project was slightly



modified and adapted for the present work. Thus some geometry and some of the
experimental parameters of the present RLS work were partially determined by the earlier
velocimetry work and may not be optimum for RLS. In general, the limited optical
access to the test section is a challenging obstacle for optical diagnostics in this facility.

The optical setup is summarized in the schematic of Figure 1. NTF has a double-
walled test section, with the outer wall (16-ft diameter) acting as the pressure vessel and
the inner slotted-wall defining the test section. Only the inner wall is depicted in Figure
1. The test section is square, about 8.2 ft (2.5 m) by 8.2 ft. A 532-nm wavelength
continuous-wave laser is located in a laboratory near the test section. The laser beam is
injected into an optical fiber (orange) that is used to bring the beam through the outer-
wall pressure shell, through the high-pressure plenum, and to the test section inner wall.
The beam is directed through a 4-ft (1.2 m) focal-length lens mounted on the ceiling of
the inner wall. Located about 30 cm in front of the leading edge of the model, the beam
propagates vertically downward through the test section (vertical dashed blue line) and
focuses roughly on the centerline of the test section where the minimum beam size is
about 500 um in diameter. The beam continues downward and hits the floor of the test
section where it scatters significant stray light all throughout the test section. With the
laser producing 8 W, about 3.5 W is delivered into the test section.

A second lens (50-mm diameter), immediately next to the lens that focusses the
incoming laser beam, is used to collect light scatter in the near-backward direction as
shown in the Figure 1 (slanted dashed blue line to the left of the laser beam). The
scattering angle is about 178 degrees with respect to the laser beam propagation. This
collected back-scattered light is directed through a second fiber (red) to a detector, which
is a photomultiplier tube (PMT) that is located in the same room as where the laser is
located. The bare PMT with a 50-ohm load resistor would normally have a time response
of about 10 ns, but in this case the response was artificially slowed with a 20 kHz low-
pass filter with an RC time constant of about 50 ps. The signal voltage is digitized every
5 us (200 kHz) and recorded on a storage oscilloscope to provide 20-ms-long temporal
histories (4096 points) of backward light scattering. The PMT, two optical fibers, and
side-by-side lens pair mounted on inside wall of the test section are the equipment
leftover from the velocimetry project.

A second detector, a cooled charge coupled device (CCD) camera, is placed in an
environmentally controlled box in the plenum, in front of window on the side of the inner
wall. The height of the camera off of the floor is 4 ft (1.2 m), allowing observation of the
laser beam near the tunnel centerline region. A 50-mm diameter camera lens is used to
image approximately 50 cm of vertical extent of the laser beam onto the 20 mm CCD
chip with a magnification of about 24 (shown by two approximately horizontal blue
dashed lines in Figure 1). This camera detects side-scatter Rayleigh at a scattering angle
of 90 deg with respect to the propagation direction of the input laser beam. Whenever
optical data is desired, near simultaneous data acquisition for both camera images and
PMT time traces is manually triggered from the control room. Most of the data presented
here are from side-scatter images from the CCD camera, but some back-scatter temporal
waveforms from the PMT are also discussed.



I11. Results and Discussion

Section III contains two results: the first in part A is a measurement of the
strength of the Rayleigh scattering to distinguish molecules and clusters, and the second
in part B is a Mie-scattering measurement from the naturally-occurring particle flux.

11 A. Is Clustering Observable in the Free-Stream Flow?
Side-Scatter

Figure 2 shows two examples of typical images of the laser beam in the wind
tunnel test section. Two circular features (one bright and one dim) in each image are
windows in the sidewall of the test section, while the leading edge of the model appears
on the right side of the images. The bright thin vertical line is the laser beam. The right-
side image is cryo-mode with the flow on (T; = -50 °F, P, =54 psi = 3.7 atm, and M =
0.81) and illustrates five particles (arrows) passing through the beam in the 20 ms
exposure. Except for the five particles that generate Mie scatter, the rest of the beam is
particle free and is visible by Rayleigh scattering. The left-side image shows the beam
with flow off, a few minutes after the fan has been shut off. When the fan is turned off, it
typically remains turning at a very slow speed (3 rpm) to maintain some minimal
circulation of the fluid inside the tunnel, but the flow can be assumed to be essentially
zero. In contrast to the right-side image, the left-side image shows a myriad of particles
in the beam (too many to count or even distinguish) and these particles are always
observed to diffuse into the beam within a minute after the fan is shut off. The
concentration of these particles is similar to the large concentration of dust particles in
typical room air. Mie scattering from particles in the left-side image dominates and
precludes a confident measure of the Rayleigh scattering from diatomic molecules,
however the right-side image with flow on is usable. When the flow is established, the
particle density quickly decreases to the typical example shown in the right-side image.

The expected Rayleigh light scattering signal Nsig from a known diatomic
molecular density is well known. The number of photoelectrons generated by the
detector photocathode, during a single exposure, Ni;g, 1S given by

Nsig = Mee Tsig Tbeam Ebeam N 2 (dG/dQ)% Lyert, (2)

where nqe is the quantum efficiency of the photo cathode on the camera, Tsg is the
fractional transmission of the scattered signal light from the beam to the camera cathode,
Theam 15 the fractional transmission of the laser beam from the internal power meter of the
laser to the sample volume in the test section, Epeam 1S the energy of the beam transmitted
through the test section during the exposure, N is the number density of the scattering
molecules in the sample volume, Q2 is the collection solid angle defined by the focusing
lens that images the beam onto the camera, and Lyert 1s the extent (along the beam
propagation direction) of the beam that is imaged onto the detector, accounting for the
optical magnification. With the camera observing at a right angle to the beam, the
diatomic Nitrogen differential cross section at 90 deg (do/dQ)qo is used. All of the



parameters on the left side of Equation 2 can be estimated and the expected Rayleigh
signal can be calculated with an uncertainty estimated to be about a factor of two. The
free-stream density N is determined from the standard traditional pressure and
temperature wind tunnel instrumentation. This calculation is then compared to the
measured RLS signals to look for the presence of clusters. Close agreement indicates no
clusters, while a measurement larger than the calculation indicates the presence of
clusters with increased scattering cross sections.

Images like that of the right-side of Figure 2 are used to measure the actual
strength of the light scattering of the laser beam, since the few particles in the beam can
be easily avoided. Figure 3a shows a schematic of the focusing of the beam onto the
camera CCD active area. About 430 um of beam vertical extent is imaged onto a single
18 um pixel on the camera (this camera actually has 9 um by 9 um pixels, but 2 by 2
binning was used throughout this work, so in this analysis the pixel size is taken as 18
pm). After selecting a vertical location on the beam without particles, an 80 pixel
horizontal window, centered on the beam is summed to determine the integrated light
scatter (i.e. the integrated photoelectrons deposited on line of pixels spanning the beam)
across the beam at that location. The beam is typically 20 pixels wide, so the 80-pixel
window provides plenty of background for subtraction. This measurement is limited by
various uncertainties and the total is estimated to be about a factor of 1.5. Last, the
measurement is compared to the expected molecular signal from Equation 2 to decide if
the light scatter is close to the Rayleigh level. Comparing measured to calculated
molecular signals with the simple ratio Q = measurement / calculation, then Q has a total
uncertainty of about a factor of three. With these large uncertainties, values of Q of = 0.3
— 3 are consistent with pure molecular scattering, while Q > 3 indicates probable clusters
and Q < 0.3 is very unlikely and indicates an error in the data or analysis.

In principle it would be better to partially evacuate the test section to series of
known densities (w/o particles) and calibrate the RLS instrument in situ. This is typically
done in other facilities [ 10] and can provide the absolute sensitivity of the Rayleigh
instrument to about a few per cent, better than the factor of three quoted above using
Equation 2 and the comparison method. However, NTF is an unusual situation.
Although the test section cannot be partially evacuated, it can be pressurized. More
importantly, as soon as the fan is turned off for a no-flow condition, a large number of
particles immediately starts to diffuse through the laser beam and will contaminate a pure
Rayleigh signal with Mie scatter. This occurs in both air and cryo-modes. Because of
this problem, it is convenient to use the rough comparison method (although it is much
less accurate) instead of a calibrated instrument approach, which appears difficult in
NTF. The calibrated detector approach was used previously [13, 14] in TCT where
particles were essentially absent and not a problem.

The result of a single measurement of the absolute level of the light scattering is
given in Figure 3a. For this single 20-ms image, Q =700 / 310 = 2.3 for run conditions
Ti=-60 °F, Py=50 psi = 3.4 atm, and M = 0.11. This data point is the left-most point in
Figure 3b, where five single-image results are plotted for two cryo-mode and two air-
mode conditions. The two left-most points are for the same cryo-mode condition and



illustrates the typical reproducibility for single-image data. Finally Figure 3¢ shows 27
test points for seven different run conditions (four cryo-mode and three air-mode), where
each data point is now the average of 10 different images taken over several seconds of
constant run condition. The four different averaged points within each constant run
condition (i.e. single color) also show good reproducibility. Six runs give ratio Q
between approximately 0.5 and 2, well within the uncertainty (a factor of three) stated
above. One air-mode run shows Q = 4 and may indicate either clustering or an unknown
error in data acquisition or analysis. But the general conclusion is that clustering cannot
clearly be detected with the present data — the fluid is essentially diatomic.

Back-Scatter

The above side-scatter results can be checked using backscatter results that were
acquired nearly simultaneous with the side-scatter data. By nearly simultaneous it is
meant that the backscatter and side-scatter data acquisition were always taken within
several seconds of each other during constant run conditions, but not simultaneous to
within 20 ms, which was the data acquisition window length for both detectors.

Examples of three backscatter data acquisitions at three different run conditions
(two cryo-mode and one air-mode) are shown in Figure 4. Each trace shows the
backscatter signal on the PMT detector of Figure 1 for 20 ms. The green trace shows one
cryo-mode acquisition that shows two different particles transiting the beam as two short
spikes (3-5 data points wide = 20 us) in scattering intensity that spike upward on top of
the average long-term scattering level. The transit time of a typical particle through the
laser beam is estimated to be about

Ttransit ® beam diameter + flow velocity ~ 500 um + 200 m/s = 2.5 ps. 3)

The observed transit times of ~ 20 us are closer to the slow time constant of 50 us for the
PMT than to the faster flow transit time estimate of 2.5 ps of Equation 3. The vertical
scale in Figure 4, including zero that represents approximately no light scattering, is for
only the green trace. Electronic and optical backgrounds are negligible on the scale of
Figure 4. Thus the green arrow on the right-hand side of the figure illustrates the level of
Rayleigh scattering for the green run. The other two traces had roughly the same
continuous scattering level as the green trace, but have been arbitrarily shifted vertically
(purple down and red up) to make all three traces clearly visible by minimizing overlap.
The air-mode purple trace shows one particle, and the red trace shows no particles
present for that particular 20-ms observation.

To further test if the RLS signal is proportional to the diatomic molecular density
(i.e. the absence of clusters), the relative fractional signal change is plotted versus the
relative fractional density change in Figure 5. A large fraction of the runs for this
particular test were made at nearly the same static densities that would not allow a
reasonable test of this nature. However a small fraction of the total test data was acquired
as the flow density was changed significantly over a short period of time. This small
portion of the data is shown in Figure 5 for both backscatter and side-scatter.



Five data points (each averaged over 20 ms) of backscatter are shown, along with
eight nearly-simultaneous side-scatter points (each averaged over ten 20-ms images).
The dashed line represents a linear one-to-one fractional increase of signal with fractional
density, which is expected without any clustering. Both data sets (using independent
detectors) show scattering signals that increase roughly linearly with density. An
estimate of the statistical error is + 10% which is based on a simple visual inspection of
the differences between the dashed line and individual data. Neither data set appears to
systematically deviate from the dashed line by more than several per-cent, and provides
an estimate for the upper limit of clustering. One expects an increase greater than the
linear dashed line if clustering was just beginning, and expects a nonlinear signal increase
if clustering was occurring to a significant degree. The Figure 5 result implies that
clustering is probably not contributing more than a few per-cent of the total signal and is
consistent with the result of the side-scatter-only result of Figure 3c. Again, as in the
previous section, the conclusion is that the fluid is mostly diatomic in nature.

Summarizing the cluster portion of this report, the result of Figure 3c shows that
the measured Rayleigh signal is approximately equal to the calculated (i.e. expected)
Rayleigh signal from Figure 3a. The uncertainty in the calculation is about a factor of
two and the uncertainty in the measurement is about a factor of 1.5. Thus the
measurements mostly agree with the calculation, well within the estimated combined
uncertainty of a factor of three. The result of Figure 5 shows that the observed relative
change in measured Rayleigh signal is linearly proportional to the flow density to within
an uncertainty of + 10%. Based on Figures 3 and 5, the conclusion is that there is little
clustering — not more than that equivalent to 10% of observed scattering signal and
probably even less. Additional measurements with increased precision are required to
rule out clustering at levels of smaller than a few per cent of the total scattering signal.
The absence of clusters in NTF is consistent with earlier results [13, 14] of no clustering
in TCT, which also uses cryogenic flow at similar pressures and temperatures.

This conclusion of no observable clustering in NTF is the primary result
contained in this study. A future experiment, with larger signal-to-noise ratio (SNR) and
some limited wind tunnel runtime priority is required to rule out clustering to a level
closer to zero than is possible with the modest SNR of the present piggy-backed effort.
The next section contains the secondary result of this report: direct visualization of the
particles in the free-stream.

111 B. Observation of Naturally-Occurring Particles in the Free-Stream

Back-Scatter

Figure 6 shows more sequences of near-backward scattering into the PMT
detector for cryo-mode. The green trace in Figure 6 is identical to the green trace of
Figure 4, corresponds to the vertical number scale (including zero) as shown, and is

included for comparison purposes. Black, red and blue traces show three additional
examples of 20-ms snapshots and are arbitrarily offset vertically to minimize overlap of

10



the different traces. While the examples of Figure 4 showed only ~ one particle per 20-
ms trace, the black and red traces of Figure 6 show about 20-30 particles per 20 ms.
Assuming that the length of laser beam (with average width ~ 1 mm) contributing to
these signals is about 50 mm, runs like those of Figure 4 correspond to ~ 1 particle / (sec
mm?), while the black and red traces of Figure 6 correspond to ~ 30 particles / (sec mm?).
In the next section, particle flux versus several flow and model parameters is displayed to
convey a sense of how strongly they may affect the particle environment.

Side-Scatter

Figure 7 shows another example of direct imaging of the beam from the side
direction, with three particles transiting the laser beam in this 20 ms exposure at cryo-
mode of -50 °F. This right-hand side of this example is at M = 0.7 while the previous
example of Figure 2 was at M = 0.8. Again, with the flow off (fan ~ 3 rpm), the particles
visible in the beam immediately increase as shown in the left-hand image.

Figure 8 shows a third example of direct imaging of particles, this time at the air-
mode condition of +120 °F. The right hand image shows no particles in this image (note
the factor of two decreased field of view for the right-side image), although particles are
often present in air-mode. The left-hand image of no flow again shows an increase (less
than the two previous cryo-mode examples, but still significantly above nonzero) in
particles as soon as the fan is turned off. This argues that the increase in clusters for fan-
off status is not necessarily due completely to thermodynamic-related clustering, even in
the previous cryo-mode conditions.

After manually counting (visually inspecting the images, spending several
seconds per image) the particles in a few thousand images spread out over a variety of
run conditions, a computerized method based on commercially available software
packages was put together to automatically count the particles in the laser beam images.
This routine worked well for cryo-mode, where the particles are typically larger and
brighter than air-mode, but did not work for the smaller and dimer particles in air-mode.
One benefit of the time-consuming manual counting is that a good feeling for the raw
data is obtained. Relying 100% on automated counting may increase the possibility of
missing important features of the data set.

For this particular test, generally one or two test points were recorded for each
new run condition, which corresponded to a given M, Ty, Py, AoA, and blowing
condition. Blowing ports for gas injection from the LaRC bottle-field, were located at
two locations (port 1 and port 2) on the model to fulfill certain test objectives. In this test
a full run (i.e. 5-15 test points) is defined by varying the angle-of-attack (AoA) over the
range of interest and taking one or two test points at each AoA, which normally took
about 5-10 minutes. For the RLS experiment, for each test point, a few sets of ten 20-ms
side-scatter images were recorded, where each set of ten images was obtained over an
interval of several seconds. Particle flux estimates for each test point were made by
averaging over the ten successive images for at least one full set of ten images. Since the
observation region for the side-scatter images is ~ 1 by 50 mm = 50 mm?, only a very
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small fraction of the total cross sectional area of the test section, (about 8 ft by 8 ft = 4 x
10% mm?) is interrogated. These absolute values of particle flux should be taken as an
order-of-magnitude estimate due to the uncertainty in the sample volume size and the
very small fraction of cross sectional area probed.

Typical examples of particle flux estimates made by manual counting are shown
in Figure 9 for seven different air-mode runs (+130 °F) and seven different cryo-mode
runs (-50 °F), where there is one run per symbol type (air-mode open boxes and cryo-
mode filled triangles). Each point is an average over ten successive 20-ms images and
the various runs correspond to a variety of total pressures. The horizontal axis, labeled as
data point number, does not correspond to any physical run parameter and serves only to
distinguish different data points in no particular order. The large variation in amplitude
for a typical cryo-mode run is not noise, but corresponds to varying AoA that will be
shown in detail in later figures. The purpose of Figure 9 is to show that a much greater
particle flux is typically observed in cryo-mode than in air-mode.

The AoA dependence for the cryo-data is better seen in Figure 10, which shows
four results of averaging some of the data from Figure 9 over a few runs and plotting
versus AoA on the abscissa. The filled blue boxes show an average of four air-mode runs
with no AoA variation. The filled red triangles show a short scan over AoA with an
average of four cryo-mode runs, while the filled green diamonds show another average
over just two cryo-mode runs — both with a clear AoA variation. But the open black
triangles show a third average over two different cryo-runs with only a weak AoA
variation. Again the difference between air-mode and cryo-mode particle characteristics
is illustrated. Cryo-mode runs generally show more particles, often with a clear AoA
dependence, while air-mode runs show less particles with approximately little or no AoA
dependence.

Manual counting of particles contains systematic errors related to the individual
characteristics of the human observer. Many of the rest of the results given here were
obtained in a more subjective manner with a computer-based automated counting of the
particles. Before proceeding on to show these results for a variety of flow conditions, a
quick comparison of manual and automated counting is given in the next two figures.
Figure 11 show a comparison of manual counting between two observers denoted by
GCH and MPV, where reasonable agreement (run 260) was typically found between the
two observers. When there was disagreement (e.g. run 280), MPV counts were typically a
little larger than those of GCH. Comparison of techniques of the two observers revealed
that MPV spent more time per image, consistent with MPV finding more particles. On
one occasion when GCH recounted run 260, spending more time per image, the counts of
GCH increased to approximately those of MPV.

In Figure 12, which shows a comparison of manual counting by GCH versus the
computer program, the automated method found about three times the number of
particles as GCH did. This figure shows AoA scans for four blowing conditions, denoted
by nozzle pressure ratio (NPR) at port 1 on the model. Note difference of vertical scales
on the two plots. Automated counts typically find two to three times the number of
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particles as from manual counting and are considered to more correct, in terms of the
absolute number of particles found. Although the automated routine occasionally finds a
particle when there is none, this type of error was found to be small (by spending much
more time than a several seconds per image and carefully manually inspecting a few
images) compared to missing particles by manual counting.

The uncertainty in these particle flux measurements is large. Among other lesser
contributions to the total uncertainty, the primary systematic error is due to the fact that
only ~ 1/1000 of the test-section cross-sectional area is being interrogated. From a
statistical point of view, a factor of 10 variation (or more) is often observed for image-to-
image fluctuations in the particle flux. The uncertainty for particle flux data reported
here is very roughly estimated to be about a factor of 10.

Variation of Particle Flux with AoA and NPR

Figure 13 shows the results of automated particle counting for about 50 scans
over AoA. All scans are cryo-mode at -50 °F, but for a variety of P; ranging from about
20 to 55 psi (i.e. 1.4 to 3.7 atm). Each point is an average over 10 successive images.
Many scans show little or no AoA dependence. Many other scans show a clear “u”
shaped dependence on AoA with the minimum particle flux occurring near +3 deg AoA.
The scans with the obvious “u” shaped dependence on AoA are one of the only a few
times a clear particle flux dependence was found in this work. Increased gas densities
often lead to increased condensation processes and the AoA dependence of Figure 13
might be related to the flow density. To decide if this AoA dependence is related to the
flow density, each curve of Figure 13 is fit to a simple quadratic function

y=Ax’>+Bx +C, (4)

where A, B, and C are constants, y is the particle flux, and x is the independent variable =
AoA. The size of A indicates the degree to which there is a strong nonlinear AoA
dependence. Using A values determined from the fits of Figure 13, A is plotted in Figure
14 as a function of R, the Reynolds number per foot, and hence as a function of mass
flow rate or total gas density since R oc dm/dt. Although the correlation of Figure 14 is
suggestive, it is not strong and confidence inspiring. Thus it is not clear if the degree of
AoA dependence observed in Figure 13 is a really dependent or not on R and its related
parameters such as mass flow. But clearly in Figure 13, some runs show a strong AoA
dependence for one reason or another.

All data points in Figure 14 have been averaged over an AoA range of -5 to +15
deg. To show that averaging is not the reason for producing the poor correlation, Figure
15b shows results averaged over only +5 to +10 deg AoA, while Figure 15a shows data at
only 3 deg (approximately the AoA of minimum particle flux) without any averaging.
Particle flux data of Figure 15 are plotted versus free-stream flow mass flux, but the plot
is equivalent to Figure 14 since Reynolds number is proportional to mass flux. Results of
the two figures are similar. Thus the inconclusive (i.e., suggestive but not convincing)
correlation of Figure 14 is independent of the degree of averaging over AoA.
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The model AoA dependence of most data in Figures 10, 12 and 13 is the first of
two occasions when a moderate dependence for particle flux was found. The second
instance of a correlation between particle flux and a flow parameter is with the blowing
rate from port 1 (and no blowing from port 2). This is shown in Figure 16, where the
same exact data set is plotted versus AoA in the plot of part (a) and verses nozzle
pressure ratio (NPR) in part (b). Part (a) shows the aforementioned AoA dependence for
six different NPR, while part (b) shows a clear NPR dependence for the seven AoA
conditions. NPR = 0 corresponds to no blowing from the port. Although the NPR
dependence is not strong, it may be real due to additional cooling in the model wake.

Summarizing, the only two cases of moderate (i.e. probably real, but not
impressive) correlation between free-stream particle flux and another flow parameter is
first with AoA as shown in Figures 12, 13, and 16 and second with blowing NPR as
shown in Figure 16. One might have anticipated that a correlation between flow density,
pressure and/or temperature would have been found because lower temperatures and
higher pressures generally enhance condensation. But these potential correlations are
even weaker than the two modest correlations with AoA and NPR. To illustrate the
sometimes suggestive, but not convincing, correlations, the next 11 figures show the
particle flux dependence versus a variety of flow conditions (including P and Ty).

Variation of Particle Flux with Ptand Tt in Cryo-Mode

Figure 17 is the first of these and shows the free-stream particle flux versus the
injection rate of liquid N> into the tunnel. As the tunnel runs under constant cryogenic
flow conditions, it is constantly losing heat to the outside environment, and additional
liquid Nz is periodically injected into the fluid stream to maintain the desired set point.
Each point in the figure is an average over a scan over one complete run (i.e. one scan
over AoA, or an average over about 200 single images). Figure 17 shows the suggestive,
but not convincing, trend of observed particles with increasing injection rate. Note the
run condition for these many points varies with the injection rate.

Figure 18 shows how the free-stream particle flux varies with Mach number for
cryogenic conditions. Each point is an average over 10 successive images, and the wide
variation over each run (i.e. each type of symbol) in the Mach 0.7-0.8 region is due to the
Ao0A changing from point to point, while total temperature Tt = -50 °F. The variation
over of the two runs at Mach 0.1 is because the temperature is decreasing from point to
point (i.e. the tunnel is being cooled down and AoA is constant at near zero). Again, the
very weak correlation is suggestive but not convincing.

Figure 19 shows cryogenic free-stream particle flux as a function of total density
(part a) and total temperature (part b). Each part show two runs, where for the first run
(red squares) total temperature is varied and for the second run (blue diamonds) nothing
is varied except for a few points with reduced total pressure, which is obvious from
where they are plotted on the abscissa. Thus for the blue diamonds, nothing much
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changes and the particle flux varies from zero to about 0.4 particles / (mm? sec). There is
no obvious dependence of particle flux in either plot.

Figure 20 shows two plots of the same data set, the cryogenic free-stream particle
flux dependence on either static Ps (green diamonds) or total pressure P (red bars). These
data were taken so that variations in Mach number and total pressure approximately
canceled and static pressure was constant, except for a few points. Each point in this
figure is an average over AoA of -5 to +10 deg, and ten successive images at each AoA
were used. Thus each point represents the average over about 100 images. Again the
large variation of particle flux over constant P; or Ps suggests little relationship between
pressure and particle flux.

Figure 21 shows cryogenic free-stream particle flux versus static density of the
flow in three different plots for the same data set. First in the top plot (a), data from eight
runs with each individual point representing a single AoA. In the lower left plot (b) the
number of runs used has been increased to 50 and the data over AoA from -5 to +10 deg
is averaged into one point. Finally, in the lower right plot (¢), data only at 3 deg AoA is
plotted. The two lower plots show less absolute variation of particle flux for constant
abscissa value, but even in these two lower plots the variation is still too much to claim a
fixed particle flux with fixed abscissa. Thus again, there appears to be no clear
dependence of particle flux on the static density of the flow.

Summarizing, Figures 17-21 have shown little correlation of particle flux with the
thermodynamic condition (i.e. pressure, temperature, or density) in cryo-mode. In
contrast, the next three figures show a better-quality case (but still not great) for a
correlation between particle flux and P; and T:. First Figure 22 shows three sets of three
runs over AoA, with varying Mach number and total pressure. In the first set of three
scans of Figure 22a, the run with maximum Mach number M (i.e. minimum Ts) and
maximum total pressure P; shows the most particles at all AoA, while the run with
minimum M and minimum P: shows the least particles at all AoA. The same observation
holds true for the second set of three scans in Figure 22b. In Figure 22c, the same
observation almost hold true, with the exception that the run with maximum M and P
shows less particles that the run with the second highest M and Px.

In Figure 23a (top plot), eleven successive runs (i.e. scans over AoA) are shown
with particle flux plotted versus AoA for runs 158-168. For the tenth run (run 167 shown
with a red diamond on top of the green diamond) the P; was increased from 22 to 35 psi
and it is this run that clearly shows a larger particle flux than all of the other runs (green
diamonds without red boxes). For run 168, immediately after run 167 with increased P,
the P was reduced back to 22 psi. This same data is shown in a different manner in the
lower plot (Figure 22b), where the particle flux, P, and liquid nitrogen injection rate are
all plotted on an arbitrary scale on the vertical axis and versus the run number shown on
the horizontal scale. In this plot, the data for each run has been averaged over AoA to
produce a single point for each run. These averaged particle flux values are then plotted
versus run number. Finally, Py and injection rate are also plotted along the vertical axis
along with particle flux. Thus the scale of the vertical axis is relative for all three plotted
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quantities. Note that for the single run 167, where P: is increased (and the liquid N>
injection rate is also increased), the particle flux also increases, before returning to the
previous lower value when Py is reduced for the next run. Py clearly affects the observed
particle flux here. Note that Mach number is slightly changing throughout runs 158-168,
from Mach 0.7 to 0.82, but is constant for three runs 166-168 at Mach 0.76.

Figure 24 shows a consecutive set of 35 runs over 2.5 hours. P;and T: were held
constant at 50 psi and -62 °F from run 12 until run 20. For runs 21-24, the flow was
temporarily heated to -47 °F (at constant Pt of 50 psi). Then beginning with run 25, the
flow was returned to Ty = -62 °F. The observation is that the short-term heating clearly
reduced the particle flux to near zero. In summary, Figures 22 -24 more strongly suggest
a relationship between particle flux and flow pressure P; and Temperature T in cryo-
mode than was seen in Figures 17-21.

Possible Weak Correlation of Particle Flux to Tt in Air-Mode

Returning to air-mode, Figure 25a shows particle flux data plotted versus static
density, while Figure 25b shows particle flux of other runs plotted versus total density.
All runs in air-mode were made at either T; = 120 °F or 130 °F for this test, and the data
of Figure 25 were all acquired at a constant pressure of about P = 34-37 psi. Each plot in
the figure shows data from both T; values, where the two values are distinguished by
notes and arrows in the plots. Each point in Figure 25 is an average over 10 successive
images at a single AoA. The vertical variation of particle flux for each run shown is due
mostly to noise in the measurement rather than the miniscule variation (possibly as small
as zero) due to changing AoA. Note that in both parts (a) and (b) of the figure, the runs at
130 °F generally show slightly more particles than the runs at 120 °F, hinting that slightly
higher air-mode Tt generates slightly more particles.

Do Long Wind Tunnel Runtimes Clean the Flow Circuit of Particles?

One question that arises after seeing the observed particles in this facility, is does
the particle flux decrease after long periods of running, or in other words, does the tunnel
clean itself after long runtimes or after a normal day of running? This question is
addressed for both cryo and air-mode in the final three figures of this report.

In Figure 26, air-mode particle flux rate is plotted versus time of day. Each point
is a single tunnel data point at fixed AoA, averaged over to images. Over this one-hour
period, with a couple of wind-off breaks between the runs, there appears to be no sign of
decreased particles with increased runtime. In Figure 27, cryo-mode particle flux is
shown versus time of day over three successive runs, with no wind-off between the runs.
Each run (a different color) shows the “u” shape because AoA is varied from -5 to + 10
deg over each run. Over this 25-minute period there is no obvious reduction in particle
flux due to some kind of self-cleaning by the tunnel. Finally, in Figure 28, cryo-mode
particle flux versus time of day is again shown for a longer period. Again no obvious
sign of self-cleaning is seen. Note that throughout this particular test it was common to
sit in a wind-off condition many times during the day, and hence periods with ~ 10 hours
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of continuous running are not available. The main conclusion is that the longest runtimes
observed here (~ 1 hour) show no clear sign of reducing the particle flux.

IV. Discussion of Particle Flux Observations

In this section, results of the particle flux data are summarized and some tentative

conclusions are presented. However confidence in the conclusions is tempered because
of the limited quality of the observed variations of particle flux with some flow
parameters. In general, there is a modest correlation of particle flux with AoA, blowing
NPR, P and T, while a correlation with R (and dm/dt) seems more doubtful.

The following scenario is proposed to roughly describe most of the particle flux

observations during the present work.

a)

b)

d)

g)

Air-mode (+130 °F) has relatively less numerous (i.e. smaller number density)
particles than cryo-mode (Figures 9 and10). These air-mode particles probably
originate from dust from the insulating foam that resides inside the tunnel circuit (or
possibly trace amounts of oil in the flow).

Cryo-mode (-50 °F) has relatively more numerous particles than air-mode (Figures 9
and 10). Nitrogen condensation around the pre-existing small foam dust particles
(which act as condensation nuclei) in cryogenic conditions might increase the
observable particles by increasing the size of all particles.

Cryo-mode has relatively larger particles compared to air-mode, consistent with ideas
in (a) and (b). This conclusion is based on a subjective observation, during manual
particle counting: cryo-particles are often significantly brighter than air particles.
Why does the observable particle density increase dramatically as soon as the flow is
turned off (Figures 2, 7, and 8)? When a flow is established in the test-section, the
particle density is rapidly reduced to the levels that we typically measure. The
plenum “stores” other particles that are well-mixed in the near-stationary plenum gas.
This gas (including the plenum particles) quickly flows and/or diffuses into the test
section thru the slotted walls, after the fan is turned off, to give the observed rapid
particle density increase.

Is the observed particle flux correlated to any test condition? The best particle flux
correlation with a test parameter is for AoA of the model in cryo-mode, although the
correlation is not consistent. Some runs (one run is one scan over AoA) show a
strong correlation and some runs show no correlation with AoA. When the
correlation is present, particle flux is larger for larger AoA (positive or negative) and
minimum at about +5 deg. Possibly the expansion behind the model at significantly
nonzero AOA further cools the wake flow and increases the condensation around the
already existing particles — giving the AoA dependences shown in Figures 10-13. An
alternative to this scenario is that there may simply be a uniform distribution of
particles, and thus particle flux increases with increasing mass flux (see Figures 14
and 15).

The particle flux dependence on AoA mostly disappears for air-mode runs (Figures
10 and 11). There may be a small residual AoA effect in air-mode.

The second best correlation for particle flux is with blowing NPR in cryo-mode
(Figure 16) — in this case the correlation is consistent but not as strong as for AoA.
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h) Correlations with other test conditions are not as clear as the above two correlations
in (e) and (g). Figures 18-21 tend to show no correlation with T, Pi, and M.

1) But, Figures 22-24 show a probable, but modest, particle flux dependence on both P;
and Tand possibly M. The particle flux seems to increase with colder temperatures
or larger-pressures, as expected if it is related to condensation.

j) Figure 25 shows slightly more particles at Ti = +130 °F compared to T; = +120 °F,
suggesting possibly that more heat from the larger T; may help erode the foam
insulation in air-mode.

k) Figures 26-28 show that typical longer runtimes (limited to ~ 1 hour by the often
periods of wind off during this particular test) do not give any observable particle flux
reduction by some kind of naturally-occurring self-cleaning by the wind tunnel.

The outline (a-k) above is admittedly speculative and should be taken only as a
possibility. Further work is needed for confirmation. However, one clear fact is that
there is a significantly observable particles flux in the NTF free-stream flow field. The
magnitude of this flux moderately depends on some experimental parameters. Looking
forward, what does this particle flux mean for testing in NTF? A caution for future
boundary-layer testing, a proposal for a boundary-layer transition test, and a possible new
NTF diagnostic are noted below.

A previous boundary layer transition study in NTF [23] has observed time
dependent turbulent wedges on the leading edges of the model. Non-monotonic changes
in transition, with time, were observed. Permanent pitting of the leading edge would
explain a monotonic buildup of advanced transition. In contrast, icing or oil
accumulation may explain non-monotonic changes. Another possible explanation for
non-monotonic transition changes may be that free-stream particles occasionally adhere
to the leading edge region, causing a local transition and creating a turbulent wedge.
Then at some random time later, the particle is blown off the model by the flow and the
turbulent wedge disappears. This idea and the observation of (i) above are consistent
with the fact that Reference 23 reports increasing time dependent wedges, with higher
Reynolds numbers. If this process occurs, then the particle flux dependence on AoA also
becomes important for transition testing as a function of AoA. Typical experimental
studies of boundary-layer transition could be affected by this artificial wind tunnel effect
in addition to the flow physics.

A simple test, to confirm this effect, is to illuminate the leading edge of a model
with a continuous laser (1-10 W at 532 nm for example) and observe the ongoing sticking
and unsticking of individual particles on the model with a camera. This was
demonstrated previously in the Unitary Plan Wind Tunnel (UPWT) at LaRC [3]. The
particle observation measurement could be done simultaneously with a traditional
boundary layer transition technique (e.g. see [23]) to look for a correlation between
particle sticking and transition detection with the traditional instruments.

If the sticking-particle scenario is relevant and is one cause of time dependent

local boundary layer transition in cryo-mode, then a potential future diagnostic for the
NTF facility is suggested. Use the setup of the experiment described in the previous
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paragraph as a real-time diagnostic to detect particles sticking to the forward portions of
the model. This would alert the tunnel personnel and researchers to a potential bypass
transition situation like those observed in NTF [23].

V. Summary

A preliminary laser-based Rayleigh light scattering (RLS) experiment was
performed in the National Transonic Facility (NTF) at NASA Langley Research Center.
The goal was to determine if the free-stream flow medium undergoes clustering (i.e. the
early stage of the condensation process from gas to liquid) or remains in a pure diatomic
molecular phase. The main method used was optical imaging (at 90-deg viewing angle)
of a laser beam that transited the tunnel test section. The 90-deg viewing data was
augmented by simultaneously acquiring additional Rayleigh scattering signals in the near
backward direction at = 178 deg, relative to the incident laser beam transmission.

The present data indicate that clustering does not occur to a significant degree at a
variety of total pressures for one N> cryogenic-mode total temperature (T; = -50 °F = 227
K) and one air-mode condition (T;=+130 °F =327 K). This conclusion is based on a
comparison of the measured and calculated (i.e. expected) RLS signals, by observing that
the measured signals agree with expected Rayleigh signals. The presence of clusters
would give light scattering signals larger than expected. Considering the uncertainties in
the measurements and the calculations, less than ~ 10 % of the total scattering signal is
due to clusters. This limit is an upper limit for the clustering signal and it is likely that
there is no clustering at all, but that stronger conclusion would require an additional
experiment with smaller uncertainties. Based on the results herein, RLS is viable as a
quantitative diagnostic for flow density in NTF to within this stated uncertainty.

Additionally the RLS apparatus was used to visualize Mie scattering from
naturally occurring particles entrained in the flow for both cryogenic and air-mode
conditions. These particles are individually detected as near point-like objects in visual
inspection of images of the laser beam. Estimates of the free-stream particle flux in NTF
are presented for a variety of tunnel conditions. The particle flux is often dependent on
the model AoA and weakly dependent on the NPR from one or two blowing ports that
this particular model contains. Finally the particle flux is also sometimes dependent on
the Tt and Py of the run condition.
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Rayleigh Apparatus at NTF

Beam delivery (usingthe yellow fiber) and collection of two Rayleigh signals:
(1) Back-scattering at= 178 deg usingthe redfiber and detector
(2) Side-scattering at= 90 degusingthe CCD camera

Schematic of End View of NTF Test Section

: Backscatter
Detector :
Fiber
Optics
Fiber Deliven pree
of Laser Beam ,.

1
i d
Wmdm\s et 12 S

£1
II
o — bl
- - i
lm 7

aging
Lens Test Section Floor

Figure 1. Schematic of setup for RLS in NTF in both the side (90 deg) and near backward
(= 178 deg) directions with an approximately 10-W cw laser at 532 nm. Flow
is out of the page.

23



Cryo-Mode Side-Scatter Results
Temperature =-60 °F Tt=-50°F

Medium Particle Density 5 Particles / 20 msec

1474-0003 1790-0000
Laser beam width =1 mm

Exposure time =20 msec

Figure 2. Two examples of 20-ms images of the laser beam showing many particles in the
flow-off image at left and 5 particles (red arrows) in the flow-on image at right.
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Absolute Rayleigh Signal

Side-scatter & CCD camera

Lens

Y Y o 430 um height
/ | | —| Laser

18 pm height—, £ \J-

Heam
* Egy = Nae Tsig Toeam Eveam N Q (do/dQ) L griica

« (Calculate ~ 310,000 photo-electron | over beam cross section
+ Measure ~ 700,000 photo-electron ]— (1.e. 80 GCO pixels)

« Single 20 ms image; (Magnification = 24)

* Run 997; Mach 0.11, -60 °F, & 50 psi

« Good agreement considering errors of ~ factor of 2 in
both calculation & measurement

Figure 3a. Schematic of imaging the RLS side-scatter from the beam onto the camera,
and one example of the result of comparing measured and calculated (i.e.
expected) signals.
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Other Run Conditions
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Image Numkber

« Absolute Rayleigh signal at 90 deg

« Single 20 msec images

« Air & Cryo-Modes, Mach 0.11 to 0.85, 23 to 50 psi, and

- 60 °F to +130 °F

Figure 3b. Five examples of ratio Q (= [measured / calculated] RLS signal) for five single
20-ms images. A ratio near unity (indicated by red line) indicates no

clustering in the flow.
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10-Image Averages

Mach 0.4 Ma.—:,h_u,ai Mach E.'l_.? )
5, b1 Mach .81 Mach (.81 Mach 085

4.5
40 - =" ass
3.5 - Cryo-
3.0 Mode | Air-

2.5 . Maode
2.0 - LI

15 e i e ww x TR

1 R e
0.5
0.0

mMeasured / Expected Signal

L8]

Measurement Mumber

»  Seven different runs — same conditions as Figure 3b
» 27 different points (each a 10-image average)

«  Good agreement considering errors of ~ factor of 2 in both
calculations & measurements

Figure 3c. Example of 27 points (each a 10-image average) for Q for seven different run
conditions, three in air-mode and four in cryo-mode. The dashed red line
indicates Q = 1, where the measurements agree with the calculated
expectation. The results generally indicate no clustering.
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Back-Scatter with 20-kHz Detector

Sometimes Observe Only A Few Particles

20
‘g1 8 Red: No particles Green: 2 Particles Purple: 1 Particle
m '
c
% 16
;ﬂ14 Pmﬂ’ Tt=-mﬂF
_511 5 Mach 0.80 \‘:‘\ Py = 54 psi
w1
210
E 0.8 T; =« 50 °F
ﬁ 0e
gﬂ.4 i i Ll b G Ll b b L e il | bl a R I Igh
m ayle
Tl Mach 0.77 T=+1207F | gigng
0.0 T r .
0.0E+00 5.0E-03 1.0E-02 15E-02 2.0E-02

Time (sac)

Jeeeeseesessssssn 20 milliseconds S —
Sample Volume = 50 mm?*

Figure 4. Three examples of 20-ms windows of RLS back-scatter signal on the PMT for
three run conditions (two cryo-mode and one air-mode) showing occasional
particles.
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Figure 5. Near simultaneous back and side-scatter fractional signals versus fractional
flow density ps. Data are consistent with a linear relationship with unity slope
to within about = 10%.
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More Back-Scatter Results
Sometimes Observe Many Particles

0.2
00 : 4
0.0E+00 5.0E-03 1.0E-02 1.5E-02 2.0E-02
Time (sec)

mmmmmm——— 20 milliseconds —_—

——Mach07 — Mach08 —Mach08 —Mach05

Figure 6. Four examples of RLS backscatter, two (green and blue) with a smaller particle
flux [~ 1 particle/(mm? sec)] and two (red and black) with much larger particle
flux [~ 20 particles/(mm? sec)].
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Cryo-Mode Side-Scatter Results
Temperature =-37°F Tt=-50°F

High Particle Density 3 Particles / 20 msec

2150-0000 2153-0006
Exposure time =20 msec

Figure 7. Flow-on (right side with three particles denoted by red arrows) and flow-off
(left side with many particles) 20-ms images of laser beam in cryo-mode.
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Air-Mode Side-Scatter Results
Temperature =+ 37 °F Tt=-120°F

Low Particle Density No Particles / 20 msec

2552-0000 2570-0000

Reduced field of view
for this image

Figure 8. Flow-on (right-side with no particles and reduced FOV) and flow-oft
(left-side with many particles and standard FOV as in Figures 2 and 7)
20-ms images of laser beam in air-mode.
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Free-Stream Particle Flux for 14 Runs (Each Run a Scan over AoA)

AoA Increases Smoothly with Data-Point Number within Each Run
(Except for Runs Cryo1 and Cryo3 which are Constant AcA = 0)
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Figure 9. Particle flux for ~ 150 test points (each an average over 10 images) over 7 cryo
and 7 air-mode run conditions. Cryo-mode shows ~ 10 times larger flux than

air-mode for the GCH manual counts shown here. For automated counting

(see particle flux estimates from Figure 13) the cryo-mode counts are ~ 30 to
100 times the air-mode counts shown here.
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Averaging Over Air and Cryo-Runs:
Cryo-Runs Show an AocA Dependence;
Air-Runs Are Flat

1.0

= Avg of 5 Air runs o Avg of 4 more Cryo runs

f 09 * Avg 2 Cryo Runs a 2 More Cryo Runs
g 0.8 =
§ 0.7 & ’ * L
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-10.000 -5.000 0.000 5,000 10.000 15.000
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Figure 10. Particle flux averages versus AoA for cryo and air-mode conditions. Each run
is one scan over AoA. Red filled triangles show an average of 4 cryo-runs,
green diamonds show an average of two different cryo-runs, black open
triangles show an average of two additional cryo-runs, and blue squares show
an average of five air-runs. Cryo-mode averages shows AoA dependence,
while air-mode runs are approximately flat with AoA.
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Manual Counting — Comparison of Observers
Compare MPV to GCH

Particle Flux vs. AoA (Air Mode) - Runs 260 & 280

1

NE o 260-MPV = ©260-gch +280-MPV s 280-gch | 280-gch-recount
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Figure 11: Comparison of manual particle counting results with two runs (260 and 280)
and two observers (GCH & MPV). GCH originally spent less time per image
than MPV. For GCH’s Run 280 recount, GCH purposefully spent more time,
found more particles relative to GCH’s first quicker count. The values for the
GCH recount are in agreement with MPV. Thus the two observers found
similar particle fluxes when GCH started spending more time (similar to the
times spent by MPV) looking for particles.
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Automated vs Manual Counting
Automated Counting The model used blowing

1°° in two locations:1 and 2
iz Run# NER Location 1:

315 -r-;';’ 112z Blowing On

S 1 :: 12816 Location 2:

3 o5 . -129-18 Blowing Off

d .-Hll} -5.0 0.0 5.0 10.0 15.0

Manual Counting (GCH)

Angle of Attack (deqg)

-
E 1.0
Varying NPRat  =oc :
arvin at = 0B .t
I':',r' g . £ 0.4 1'5:‘!'
Location 1 2 oo oo
E ]
From Run to Run 3z o0
'; -10.0 -5.0 0.0 5.0 10.0 15.0
ﬁ Angle of Attack (deg)
= «Fun 126 NPR 1

2
BRun 127 NPR 1.4
& Run 128 NPR 1.8
®Run 129 NPR 1.8

Figure 12. Comparison of manual and automated particle counting for four runs.
Inspection of the two vertical scales reveals that automated counting typically
finds twice as many particles as manual counting by observer GCH. A second
observer MPV typically found twice as many particles as GCH’s original
quick searches for particles shown here. After GCH spent more time
searching for particles, the GCH counts approximately doubled and then the
manual counts by GCH and MPV and the automated counts were all in
general agreement.
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Cryo-Mode: Particle Flux vs AoA
Automated Counting  Run Number
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Figure 13. Particle flux versus AoA by automated counting for about 50 cryo-mode runs.
Solid curves are fits to Equation 4 for each run.
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Figure 14. Fitted constant A, from Equation 4, plotted versus R. Larger A values indicate

more quadratic behavior if plotting particle flux versus AoA. This data shows

that the AoA quadratic behavior of Figure 13 is not strongly correlated to R
(or mass flow).
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Figure 15. Data from Figure 14 plotted versus mass flux down the test section, showing
the same poor correlation result as in Figure 14. Open points are for 3 deg
AoA only; filled points are for averaging over -5 to + 10 deg AoA.
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Particle Flux is Weakly Dependent on Blowing Conditions,
as Well as Angle of Attack (Ao4)
Lacation 1 Blowing On f Location 2 Blowing Ol
MPR = Nozzle Pressure Ratio for Location 1
Particle Flux vs AoA for 7 NPR Main

%z.s Run#
5 E 3 . + 126 -
Same Data Plotted E§ _— ; " {27
Two Different Ways |:ll 5:1.5- = : n T, = i 128.
~ §8, iyt 5.
'E_ + 130 -
sz 131
2,000 4.000 6.000 BODO ..
Aoh(deg)
Particle Flux v& NPR Main for T AoA
26 1 A,
EE 2 W *
SERE §4F ':‘5 Automated
25 ] * I ‘ :
E:E o EJ i 085 Counting
: 1 - ‘6
&ﬂ.E 1 6.6

=]

05 1 1.5 2 25

Figure 16. Two different plots of the same data for particle flux from seven cryo-mode
runs with varying NPR. The top plot shows particles versus AoA for seven
NPR and the bottom plat shows particles versus NPR for seven AoA. NPR =
0 indicates no blowing and does not mean that tunnel fluid is being sucked
into the model; this data is arbitrarily plotted at NPR = 0 instead of NPR =1
to remind the reader that this is a no blowing condition.
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Figure 17. Particle flux data (same runs as in Figure 13) averaged over AoA versus rate
of liquid N injection rate.
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Particle Count vs Mach Number
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Figure 18. Particle flux versus M (vertical range of the data is due to cooling the flow at
constant AoA (Mach 0.1) and due to varying AoA at constant Tt (Mach 0.7 —

0.8).
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Figure 19. Two plots of the same particle flux data for two different cryo-runs (red boxes
and blue filled diamonds) with constant AoA and a large variation of Tt
versus relative total density = Pt/ Tt on the left and versus Tt on the right.
Note the different units for the two plots and the unusual units for the

horizontal scale for the left-hand plot.
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Figure 20. Particle flux for 42 runs (each run a scan over AoA averaged over the entire
run and hence AoA) and plotted twice: versus P (red bars) and Ps (green
diamonds).
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Particle Flux vs Static Density (particles / (sec mm?))

10 Individual AcA points. Manual Counting - GCH
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Figure 21. Particle flux plotted in three ways versus ps. In the top plot, each point is
constant AoA; Mach number for each run is indicated in the legend. In the
lower left plot, each point is averaged over AoA from + 5 to +10 deg. In the
lower right plot, each point is for AoA = 3 deg. Note that the different units
for the horizontal scales of the top and lower plots and that these unusual units
are for relative static density (not absolute). The top plot is manually counted,
while the lower plots use automated counting. Particle flux is not strongly

correlated to ps for both 3 deg AoA and averages over AoA.
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Figure 22a. Three runs (147, 142, and 139, each a scan over AoA) for conditions listed in
legend. Larger M (i.e. colder) and larger P, generally produce more particles
at almost all AoA.
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Figure 22b. Three runs (each run a scan over AoA) for conditions listed in legend.
Larger M (i.e. colder) and larger P, generally produce more particles at
almost all AoA.
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Figure 22c¢. Three runs for conditions listed in legend. Larger M (i.e. colder) and larger
P: generally produce more particles with exception of green curve at Mach
0.79.
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[A]
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Figure 23. Two ways ([A] top and [B] bottom) of plotting eleven consecutive runs (each
run a scan over AoA) for constant conditions at Py = 22 psi, except run 167
(denoted by blue boxes in [A]) has P; increased from 22 to 35 psi. In [A] each
scan versus AoA is shown. In [B] each run over AoA is averaged into one
point and plotted versus run number as solid red triangles. LN2 injection rate
(green triangles) and P; (blue boxes) are also shown in [B}], so all plots are
relative and the units for each curve are shown in the legend. Although this
instance of temporary pressure increase was limited during the test, this
example shows evidence for a small but clear increased particle flux for larger
Pt (or possibly LN2 injection rate).
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Heating from -62 °F to -47 “F Reduces Particle Flux

0.3500

Run 997h, AcA =0, Mach 0.1

& Cooling, 40-47 pa
+ Constant 50 psi & temporary heat pulse

Particle Flux (particles / {sec mm<))
B o a e a2
= — s %] P [
th = th = h o
8 8 8 8 & &

0.0000 - " * ——
o 5 10 15 20 25 30 a5
Relative Data Point Number -

Temporary heating to -47 °F,
then cool down to -80 *F again

Figure 24. Particle flux versus consecutive test point number over 2.5 hours. Black
triangles show data while the tunnel is still cooling down. Green diamonds
show data after the tunnel has reached the Ti = -62 deg F set point. For points
21-24 the flow was temporarily heated from -62 °F to -47 °F, followed by a
return to -62 °F at run 25. This type of temporary slight heating of the flow
was limited, and this example shows a particle flux dependence on T.
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Air-Mode: Particle Flux vs T,

Manual Counting
Particle Flux vs Total Density

Particle Flux vs Static Pressure All = 35-38 psi; Main= 2, CCW = 1.9
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Air-Mode Summary: Mild dependence on T, ?

Do hotter temperatures increases insulation erosion ?

Figure 25. Synopsis of 12 air-mode runs for constant Pt of = 35 psi, each run a scan over
AoA. On average, Tt = 130 °F appears to generate slightly more particle flux
than Ty = 120 °F. Note the unusual units on horizontal axis of the right-hand
plot.
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Figure 26. Particle flux variation versus time-of-day for four air-mode runs, each run a
scan over AoA (thus each point is a different AoA). There is no observed
particle flux decrease with increased runtime in air-mode.

52



Does Continuous Running Clean Tunnel of Particles ?
No Wind Off Between Runs
Cryo-Mode Particle Flux Comparison at -50 °F
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Figure 27. Particle flux versus time for three successive runs, each a scan over AoA (thus
each point is a different AoA). This AoA variation with time generates the
characteristic “u” shape with time. There is no sign of cleaning over two
continuous hours of running in cryo-mode.

53



Do Long Run Times Clean Tunnel of Particles 7

Particle Flux v& Run Time
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Figure 28. Particle flux versus time of day with wind-off periods noted. The apparent
increase with Mach number is probably not real or important for this data set,
because P: and Tt are also changing over this data set. There is no observed
flux decrease with increased runtime over the course of a day.
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