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NON-INTRUSIVE FLOW MEASUREMENTS
ON A RE-ENTRY VEHICLE

R. B. Miles, D. A, Santavicca, and M. Zimmermann

Abstract

This study evaluates the utility of various non-intrusive techniques
for the measurement of the flow field on the windward side of the Space
Shuttle or a similar re-entry vehicle. Included are linear (Rayleigh,
Raman, Mie, Laser Dcppler Velocimetry, Resonant Doppler Velocimetry) and
nonlinear (Coherent Anti-Stokes Raman, Laser Induced Fluorescence) light
scattering, electron beam fluorescence, thermal emission and mass spectros-
copy. Flow field properties are taken from a nonequilibrium flow model! by
Shinn, Moss and Simmonds at NASA Langley. Conclusions are, when possible,
based on quantitative scaling of known laboratory results to the conditions
projected. Detailed discussion with researchers in the field contributed
further to these conclusions and provided valuable insights regarding the

experimental feasibility of each of the techniques.



NON-INTRUSIVE FLOW MEASUREMENTS

ON A RE-ENTRY VEHICLE

1. Introduction

This project was undertaken to determine which if any of a variety of
nonintrusive diagnostic techniques might be useful in determining flow pro-
perties on the windward side of a re-entering Space Shuttle or a separate
re-entry vehicle. Our procedure was to first estimate the detection capa-
bilities of the techniques at conditions corresponding to those expected in
the flow field surrounding the Space Shuttle as it passes between 80 and 40
km in altitude. Where possible we used existing experimental results and
extrapolated to the desired conditions. In some of these estimates we were
guided by ongoing work in our own laboratories and in others by results pub-
lished in the literature. Subsequently a presentation was made to the
Princeton Advisory Group and the relative merits of each technique, plus a
list of the important parameters to be measured were discussed. In order to
further explore the promises and limitations of each of the techniques, a
wide variety of researchers were visited and detailed discussions undertaken.
These incluled trips to NASA Langley, United Technologies, NASA Ames, Uni-
versity of California-Berkeley, Sandia-Livermore Laboratories, and Stanford
University. This provided us with an opportunity to learn the state-of-the-
art in each of the areas and to obtain specific comments and perceptions
from these researchers with regard to the potential of each of the techniques.
Where relevant many of these comments are included in the appendices in

which the techniques are discussed in detail.



2. Summary of the Results

The flow field conditions which were used in this study were largely
taken from work conducted at NASA Langley by J. L. Shinn, J. N. Moss and
A. L. Simmonds.' Figures | and 2 show plots of velocity, density and
temperature for a re-entering Shuttle at altitudes of 74.95 km and 52.43
km, respectively. Each is shown as a function of the distance from the
wind-ward surface at two points along thc centerline. Here, the calcula-
tion is done for an equivalent hyperboloid whose parameters are determined
by the pitch angle of the re-entering vehicle. The arrows indicate the
conditions at the wall assuming a finite catalytic activity. The free
stream conditions and equivalent body parameters are given in Table l.2
Each of the curves in Figures | and 2 terminates at the shock boundary and
therearter the free stream conditions apply.

These calculated results depend strongly on the effects of nonequilib-
rium heating and surface catalytic activity. For example, Figures 3 and 4
show calcu'ated values of species mass fractions at 75 km altitude assuming
in Figure 3 a non-catalytic wall and in Figure 4 a fully or equilibrium
catalytic wall. Depending on the range in catalytic activity, the wall
temperature can vary by over 30%. In Figures 3 and 4 note that there is a
large change in the species concentration near the wall with a large NO
concentration indicating strong catalytic effects. At low altitudes the
temperature behind the shock is too low to produce significant radical
concentrations (Figure 5).3 These species and temperature distributions
behind the shock depend strongly on estimates of reaction rates. Conse-
quently, the validity of the model remains largely unknown until temperature

profiles or species profiles can be measured. Density and velocity profiles
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Velocity, temperature and density outward from the windward
centerline of the re-entering Space Shuttle at an altitude of

74.95 km,

Conditions are shown for two locations (s*): 1.2

meters from the nose (s/RN- .9) and 33.5 meters from the nose

(S/RN= 25) [Ref. 1].
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Figure 2. Velocity, temperature and density outward from the windward
centerline of the re-entering Space Shuttle at an altitude of
52.43 km. Conditions are shown for two locations (s*): 1.1
meters from the nose (s/RN- .9) and 30.8 meters from the nose
(s/RN-ZS) [Ref. 1].
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Figure 3. Species mass fraction for nonequilibrium flow with a non-

catalytic wall [Ref. 1]. (42.2° Hyperboloid; RN=I.3’+ m;
S/RN-IO.O; Alt = 74.98; Mw-27.5; Tw"1500°K).
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Figure 4.
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Species mass fraction for nonequilibrium flow with an equilib-
rium catalytic wall [Ref. 1]. (42.2° Hyperboloid; RN-|.3M m;
s/RN-IO.O; Alt=74.98; M =27.5; T = 1500°K) .
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Figure 5. Species mass fraction for nonequilibrium flow with a finite
Alt =156.5 ft (47.67 km); M=9.15;

catalytic wall [Ref. 3].

o= 34.8°; s/RN- 25.
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Table 1. Freestream conditions and equivalent body parameters.2

Altitude, U, Pt Equivalent Body*

Case km km/sec kg/m3 N, a 8 RN' m
| 74.98 7.62  3.80x107°  27.5  Al.b b2.20  1.3W)

2 58.88 6.61  9.28x10°°  22.6 k0.2  40.85  1.286

3 64.92 5.94 1.55x10™"  19.6  34.5  35.20  1.042

" 60.66 5.2 2.61x107% 164 31.8  32.k0  .938

STS-1 Conditions

4

5 52.43 3.62 7.43x10" " 39.0  39.7 1.233
6 48.16 2.98 1.33x10"3 9.15 34.8  35.4 1.052
7 L4 .04 2.0 2.40x10" 7.1 30.9  31.6 .908

a angle of attack
* Hyperboloid with body half angle 8 and nose radius RN at zero degree
angle of attack.



as well as the location of the shock are also of significant interest. Near
the nose the shock stands less than 20 cm from the surface and substantial
variations in velocity, temperature, density and species concentrations oc-
cur over a few millimeters. These gradients are largest through the boun-
dary layer where phenomena most directly related to the surface will occur.

The capabilities of the various nonintrusive detection methods are
shown in Table 2. This table breaks the techniques into three categories.
The first includes passive techniques which do not require illumination of
the flow. Thermal emission naturally occurs from hot gases and particles
and may be collected through a window and analyzed by an optical spectrometer.
Mass spectroscopy involves sampling at the surface and subsequent analysis
of gas constituents. The second category includes techniques which require
actively probing the flow field with light or an electron beam. The last
category includes techniques which require both active probes and a foreign
species seeded into the flow field. Note that,in theory, numerous ways are
available for measuring both temperature and species concentrations.

The selection of the flow properties which would be the most valuable
to measure was a topic of substantial discussion. Clearly one would like
to measure everything. Almost any measurement would give some check on the
accuracy of the modelling. |t was generally agreed however that species
concentration or temperature would be especially useful as a check of the
model. Certainly a profile of one of these two variables would produce dJata
of substantial interest. This is not to neglect the importance of the den-
sity profile, shock location, velocity profile or the measurement of free
stream conditions. One of the most common concerns raised was the density

of particles and the amount of thermal emission encountered in the flow.



Table 2

Capabilities of Nonintrus!ve Detection Methods

TECHNIQUE MEASUREMENT
. Mass Spectroscopy Specles
Concentration
Thermal Emission Temperature Specles
Identity
I!. Rayleigh Scattering Temperature Density Velocity
Raman Scattering Temperature Specles
Concentration
Coherent Antl-Stokes Temperature Species Densi ty
Raman Scattering - CARS Concentration
Mie Scattering Particle
Size/Density
Laser Induced Fluorescence Temperature Specles
Concentration
Electron Beam Fluorescence Temgerature Specles
Concentration
111, Laser Doppler Velocimetry Velocity Particle
Size/Density
Resonant Doppler Temperature Density Veloclty

Velocimetry
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These two questions clearly affect the viability of several of the tech-
niques and should be answered at an early stage. As will be evident in the
following discussion, species measurements will be the most difficult to
obtain with existing techniques. On the other hand, density profiles,
temperature profiles, velocity profiles, particulate profiles, and the
shock location may well be achievable with current technology.

A detailed discussion of each of the techniques and the methodology used
for evaluation is presented at the end of this report. Table 3 is a summary
of the conclusions. This table is broken into five categories. The first
includes techniques which have undergone substantial laboratory testing and
appear to have high promise., These are Rayleigh scattering, especially for
density measurements and potentially for temperature and velocity measure-
ments, and Mie scattering for particle concentrations, velocity and size.
The second category includes techniques which also appear promising but have
either not been adequately demonstrated in the laboratory or their success
depends strongly on the magnitude of the background noise levels. These are
laser induced fluorescence measurements of N, 0 and NO concentrations and
temperature (from NO), and mass spectroscopy. Laser induced fluorescence
may produce profiles of the N, 0 or NO concentrations which are sensitive
indicators of the chemistry at high altitudes. Mass spectroscopy may be
capable of determining species concentrations within the boundary layer
throughout re-entry. The third category includes techniques which will
require substantial additional work and are of questionable utility. These
are quantitative thermal emission, electron beam fluorescence, and spontan-
eous Raman scattering measurements of temperature and concentration. The

fourth category includes techniques which appear to have very little promise.



Yable 3.
Summary of Conclusions

CATEGORY TECHNIQUE PROJECTION
1 A. Rayleigh Scattering Very Promising
B. Mie Scattering Very Promising
2 C. Laser Induced Fluorescence Promising
D. Mass Spectroscopy Promising
3 E. Thermal Emission Needs More Research
F. Electron Beam Fluorescence Needs More Research
G. Raman Scattering Needs More Research
4 H. Coherent Anti-Stokes Raman Little Promise
Scattering -~ CARS
5 1. Laser Doppler Velocimetry Require Seeding

J. Resonant Doppler Velocimetry

Require Seeding




The only technique in this category is coherent anti-Stokes Raman scattering
where the low densities, high temperature and crossed-beam phase-matching
result in low signal strengths. A fifth category is reserved for those
techniques which require seeding. It is currently impossible to determine
the promise of these techniques, however it may be possible to use ablated
material or naturally occurring particles in such a manner that the tech-
niques may be viable. These are laser Doppler velocimetry and resonant
Doppler velocimetry. Each of the techniques is further discussed in its
associated appendix.

In our estimation the most promising technique is Rayleigh scattering.
This has been demonstrated in the laboratory to be capable of measuring
density and temperature. The scattering is observed at the same frequency
as the laser and therefore the signal is subject to substantial noise inter-
ference from scattering from particies which may be in the flow stream.
Similarly, observations very close to the window may be difficult due to
background light scattered from the window itself. Various species have
different Rayleigh scattering cross sections. These do not vary substan-
tially from that of NZ’ and, since Nz is always the major species, its cross
section may be used for density and velocity measurements. For temperature
measurements, however, the different molecular weights of the different
species will cause different broadening of the scattered light, somewhat
complizating the measurement. The Rayleigh technique involves a single
laser probe and could use an array of detectors so that a single laser pulse
would yield an ertire profile. It has been demonstrated in the laboratory
that such a system may be integrated with a Mie scattering system for the

detection of particulates. For example, when light is strongly scattered



from a particle, simple logic in the detection system may be used to exclude
that signal from the Rayleigh scattering measurement and separately register
it in a particle counter. Thus a single apparatus may conceivably yield
pressure, temperature, velocity and particulate profiles.

We also find laser induced fluorescence from 0, N and N to be a prom-
ising technique for both concentration and temperature measurements. This
has not yet been fully demonstrated in the laboratory under conditions which
can easily be related to the re-entry environment. Therefore we must in-
clude this technique in the second category. Our enthusiasm is based on the
importance of these species as an indicator of the nonequilibrium chemical
dynamics, particularly at high altitude. Although there are difficulties in
using this technique to measure species concentrations, the wide range of
species densities behind the shock should nonetheless be observable. The
work of McKenzie et al. at NASA Ames has been largely directed towards the
use of this technique for temperature measurements. Using the technique as
he has done, it would appear that temperature profiles may be obtainable
using two sequential laser pulses of different wavelengths. With this tech-
nique we also note that scattering may be observed by multiple detectors as
was true of Rayleigh scattering so that a profile may simultaneously be
taken. Since a pulsed laser is used and fluorescence is observed over a
rather narrow range of the spectrum, thermal emission can largeiy be excluded.

Our evaluation of mass spectroscopy was limited since no operational
system for extracting the gas sample through the vehicle surface has yet
been developed. There are two serious limitations associated with this
technique. The first is that it samples from an area in such close prox-

imity to the sampling port that it may not be indicative of the conditions
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at thc surface at all, This will particularly be true if the sampling port
is large in the streamwise direction. The second problem is that the sample
gas in passing through the sampling probe will most certainly undergo recom-
bination and as such will not be truly indicative of the species concentra-
tions in the boundary layer. Discussions with Dr. William McLean at Sandia
and Drs. Daniel Seery and Med Colket of United Technologies indicate that a
scavenging probe may be useful to alleviate this problem. For example, one
could introduct hydrogen at the sampling port to interact with the oxygen
atoms or 018 to interact with nitrogen atoms to produce a stable species that
would in effect tag the original species. A similar idea is being studied
by George Wood at NASA Langley using isotopic labelling on the wall material.
This technique was originally suggested by Fristromh and is currently being
used for radical species diagnostics in combustion. With proper care in the
design of the intake port and a careful selection of pumping rates, this may
be an effective way of doing species identification in close proximity to

the surface.

Although thermal emission and electron beam fluorescence may have the
capability of yielding temperature and species concentrations, they are both
better used for qualitative than quantitative study of the flow field. For
example thermal emissions might enable one to determine the total column
density which could then be used with laser induced fluorescence to correct
for t-apping effects as has been suggested by Professor John Daily of the
University of California. The thermally emitted light must be collected
over an integrated path and therefore point measurements will be difficult
if not impossible. Pressure and temperature effccts will further confuse

the analysis., Similarly electron beam fluorescence has been developed as a
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flow visualization tool and is not well adapted to quantitative measurements
under these conditions. As Dr. William Hunter of NASA Langley pointed out,
both quenching and temperature effects are not well understood. The elec-
tron beam does have the advantage however that it will operate at very high
altitudes and might be useful as a qualitative density probe for the low
densities encountered in the early stages of re-entry.

The quantum noise limited sensitivity estimates for spontaneous Raman
predict that N, 0, NO, 02 and N2 concentration measurements and N2 vibra-
tional temperature measurements should be possible over the entire range of
altitudes. This is encouraging but perhaps misliezading since the smallest
amount of background noise from thermal emission or laser induced particu-
late incandescence will render this technique useless. Until more informa-
tion is available about the thermal emission and particle density conditions
however it is reasonable to kecp Raman scattering under consideration.

Coherent anti-Stokes Raman scattering was found to be incapable of
providing useful information under these conditions. The combination of low
density, high temperature and short interaction length (because of the
required crossed beam phase matching) lead to a signal strength below the
detection limit. 1[It is also restricted to single point measurements and,
because of the required wide angle crossed beam phase matching, it would be
very difficult to measure profiles unless a tremendous amount of experimen-
tal complexity were involved.

If the flow field could be seeded either from the surface of the vehi-
cle or by a cloud of seed material, then several other techniques become
available. In particular, laser doppler velocimetry (LDV) may be an attrac-

tive way of measuring velocity profiles. Due to the very high velocities,



however, conventional LDV configurations are not appropriate. Several al-
ternatives may be considered including a simple monitoring of the transit
time scattering intensity profile as a particle passes tnrough a single

light beam as has been discussed by Dr. Don Holve of Sandia-Livermore, or the
use of interferometers to observe the large spectral shifts off the light
scattered by rapidly moving particles. Another possibility is the crossing
of two collimated laser beams at a very slight angle to produce widely spaced
interference fringes to lower the modulation frequency of the fast particles
passing through the laser beams. In this case the depth of field becomes
large and a multiple detector system may be able to observe the velocity
profile.

Similarly if sodium atoms could be seeded into thea flow, then the reso-
nant Doppler velocimeter could be used to measure temperature, density and
velocity. This technique requires that the laser frequency be scanned and
thus integration times of ¢ few seconds would be expected. Here again an
array of detectors can simultaneously observe the entire flow field profile.
Using this technique the velocity profiles should be easily discernible,
however quenching effects and the wide range of temperatures may lead to

difficulty with the temperature and density measurements.

3. Recommendations

Throughout this study many questions were raised concerning the density
of particulates and the amount of thermal emission on the windward side of
the re-entry vehicle. 1t should be clear that the density of particulates
is a1 extremely important quantity since it provides both a noise source and
a potential seed source for laser Doppler velocimetry. In the case of Raman

scattering even relatively low levels of thermal emission or low densities



of particles will prohibit its use. Clearly if the number of particulates
is exceptionally high, it may also obscure the Rayleigh scattering or the
laser induced fluorescence signals and eliminate laser Doppler velocimetry
as an effective diagnostic tool. On the other hand, if the number of parti-
culates is low, Rayleigh scattering may be viable and might be used for
temperature and velocity as well as density measurements, but laser Doppler
velocimetry may not be possible. Similarly, thermal emission, if excessive,
may obscure the ijaser induced fluorescence signal as well as Rayleigh scat-
tering. For these reasons we rezommend that a preliminary experiment be
planned to measurs the particle densi* and therr..! emission. This could be
done using a simple laser Leam and through a window collecting the Mie scat~
tering at the laser frequency and the broad band thermal emission. As pre-
viously mentioned, this could be integrated with a Rayleigh scattering exper-
iment if proper signal processing was done. With this information, prelim-
inary estimates of the particle density and thermal emission intensity could
be made and perhaps a density profile found.

Our results indicate that Rayleigh and Mie scattering and laser induced
fluorescence are promising techniques. We would like to recommend that fur-
ther work be undertaken on the development of these techniques with this
particular application in mind. With regard to mass spectroscopy, our con-
clusion is that the technique has promise but is as yet unproven. |t would
appear that a measurement of species concentrations would require the use of
a reacting tag, either in the gas phase, or on the surface of the probe.
The major Vimitation of this technique Is its inability to probe beyond the
surface and the possibility that the catalytic nature of the entranze port
may perturb the species concentrations from what would normally be encoun-

tered along the vehicle surface.
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APPENDIX A. RAYLEIGH SCATTERING

Rayleigh scattering is an elastic scattering process for which the scat-
tering intensity is proportional to the number density of scattering moler
cules and therefore can be used to measure density. It Is several orders of
magnitude stronger than Raman scattering but lacks the species selectivity
of Raman scattering and is easily obstructed by Mie scattering ‘in particle
laden environments) and reflected laser light. It has been used for temper-
ature measurements in constant pressure, non-reactive flows where the densi-
ty and temperature are related through the equation of state [A.1]. The
Doppler shift and broadening of the Rayleigh line can also be used to mea-
sure the velocity and temperature, respectively [A.2]. The Rayleigh scat-
tering cross-section is species dependent, therefore a change in Rayleigh
signal strength or line shape can be a result of composition changes as well
as density or temperature changes.

The Rayleigh scattered signal strength, in terms of power, is given by

the following expression:

Pravieich ™ Po - e ¢ Mp g N, Q (A.1)

where Po is the power of the incident laser beam, L is the length of the in-

cident laser beam from which scattered light is collected, . is the solid

c
angle of the collection optics, e is the efficiency of the collection optics,
ury is the detector quantum efficiency, NI is the number density of species
i and Qi is the Rayleigh cross section for species 1I.

The sensitivity and accuracy of Rayleigh scattering for total density

measurements was evaluated in terms of the minimum detectable density for a

given signal to noise ratio. The noise was assumed to be quantum noise



which Is equal to the square root of the number of detected Rayleigh photons.

This leads to a signal to noise ratio:

(p At np/h\a)"2 (A.2)

(S/M) paviercn = Prarieion
where At is the pulse duration, np Is the number of pulses during the mea-
surement interval, h is Planck's constant and v Is the radiation frequency.
The experimental parameters used in equations (A.1) and (A.2) to deter-
mine the minimum detectable total density are those given Iin Table A.} Two
lasers were considered, a krypton fluoride (KrF) excimer laser and a copper
vapor laser. The Krf because of its high average power and its UV output,
which results in larger cross-sections and greater dete:tor quantum effir
ciencles. The copper vapor because of its narrower ourtput linewidth and
higher efficiency. Based on the rate of descent of the Shuttle, an integra-
tion time of 10 seconds was chosen. The Rayleigh cross section for N2 was

2

used in this estimate, |.e. 8:(!0—2 cmzlstr-molecule at 514.5 nm. For a
signal to noise ratio of 10, the resultant minimum detectable density is
3x|01'/cc with the Krf laser and 6:x|0'2/cc with the copper vapor laser.
Both of these vaiues are below the minimum density at the highest altitude.
This result agrees well with a detection limit estimate made by Robert
Dibble of Sandia-Livermore Laboratory who extrapolated from detection
limits he routinely observes Iin the laboratory. He also estimated the
error due to variations in composition to be less than $15%. Therefore
assuming we are in the quantum noise limit the use of Rayleigh scattering
for total density measurements over the entire range of altitudes appears

very promising. The problem of Mie scattering from particulates is an

important concern since it will be orders of magnitude greater than the



Jable A.)

Values Used for Rayleigh Scattering Signal to Noise Estimates

Peak Power

Pulse Length

Repatition Rate

Wavelength

Detector Quantum Efficiency
Collector Optics Efficiency
Optics Collection Angle

Scattering Length

KrF Laser

ho W
25 nsec
lozlsec
249 nm

0.35

0.1
0.01 str

5 mm

Copper Vapor Laser

0.33 M
30 nsec
leo'./sec

510 nm
0.1
0.1

0.01 str

5 mm
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Rayleigh scattering; however, if the particle density is not too high it is
possible to identify and reject the larger signals due to particles [A.3].
To use Rayleigh scattering for temperature and velocity measurements,
it is necessary to use a narrow line width laser (which rules out the use
of the KrF laser) and a scanning Fabry-Perot spectrometer with adequate
resolution, in order to resolve the Doppler shift and broadened line width
which will both be of the order of 0.1 cnr'. The number of detected photons
will in turm be reduced, which will increase the minimum detection limit to
approximately lolslcc. Since the minimum nitrogen density at 72 km altitude
is also IO'slcc, the Rayleigh temperature and velocity measurements will be
possible at all altitudes, throughout the flow field. For the temperature
measurement it will be necessary to correct for composition changes perhaps

using the calculated Rayleigh lineshape [A.2], although the densities are so

low that this latter effect is likely to be negligible.
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APPENDIX B. MIE SCATTERING

The presence of particles which have ablated from the space shuttle
tiles are of interest for several reasons. One Is that they represent a
potential noise source for all of the optical diagnostics. Mie scattering,
together with laser induced particulate incandescence and thermal emission
could interfere with other optical measurements depending on the particle
density and size distribution. It is essential to obtain information about
the severity of these potential problems before implementing any of the op-
tical techniques. This would require installing a window in the windward
side of the re-entry vehicle. This window could be used to measure the
intensity and spatial characteristics of the thermal emission from both the
gas and the particles, as well as to look at the Mie scattering from a laser
to get an estimate of the particle density, and, possibly, the size and spatial
distribution.

The particles can also be used as a diagnostic seed for measuring velo-
city and temperature. Shortly after the particles are ablated from the tile
surface they will be accelerated to the gas velocity. The time required to
reach the gas velocity will depend on the particle mass and the gas velocity.
The depth of penetration into the boundary layer will depend on the perpen-
dicular momentum with which the particle was released from the surface.
Within a certain distance from the surface there will be some particles
which have not yet equilibrated with the gas velocity. It is necessary to
determine which particle velocities correspond to the gas velocity. One
approach is to simply take the velocity of the fastest particles to be that

of the gas. Another method is to measure both the size and the velocity



simul taneously and to assume that the small particles are most |likely to be
travellinc~ at the gas velocity. Such information could be obtained from a
dual beam laser Doppler velocimetry system where the particle size is ob-
tained from the visibility parametar of the Doppler burst. Unfortunately
this method requires a priori knowledge of the particle size range since
the visibility parameter is single valued over only a limited range of
particle sizes. No other simultaneous velocity and particle sizing tech-
nique has been demonstrated to a reasocnable degree of satisfaction. Dr.
Donald Holve of Sandlia-Livermore suggested using single beam methods, |.e.
transit time velocimetry for velocity and pulse height detection for parti-
cle size, whereby velocity and size distributions could be obtained but not
velocity-size correlations [B.1,B.2]. Techniques where one looks at the
angular distribution of the Mie scattered light would be difficult to inter-
pret because of the unknown and irregular particle shapes. Additional de-
tails on velocity mneasurement techniques can be found in the sections on
laser Doppler velocimetry and resonant Doppler velocimetry. Another possi-
bility for measuring the particle velocity which was suggested by Dr.

Holve is to use double pulse or streak photography where, for example, a
particle travelling at | km/sec would travel | mm during a | microsecond
light pulse. Spatial resolution would be determined by the depth of field
of the camera optics.

The particles could also be used to give an indication of the gas tem-
perature by looking at the spectral distribution of the thermal emission
from the particles. One would have to make some essumptions about the par-
ticle emissivity to determine its temperature and then the question of ther-

mal equilibrium between the particle and the gas would still have to be
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considered. As discussed in the section on Rayleigh scattering, a combined
Mie scattering and Rayleigh scattering experiment looks p.omising as a

method for determining particlie densities.
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APPENDIX C. LASER INDUCED FLUORESCENCE

Laser induced fluorescence has the potential of measuring rotational
and vibrational temperature and species concentration and of performing
density sensitive flow visualization. Generally one ~r more laser beams
are directed into the flow to excite a particular species to a higher ener-
gy level. A detector then col lects the fluorescence as the gas relaxes
back to its initial state after a characteristic lifetime. The detector may
be configured to monitor any position along the laser beam to give good spa-
tial resolution. The fluorescence intensity is proportional to the popula-
tion of absorbing molecules in the radiating upper energy level during the
excitation process. This population is related to the total population
through the rate equations which include the processes of spontaneous emis-
sion, stimulated emission, absorption, collision quenching, rotational re-
distribution, and vibrational redistribution. Unfortunately, the parameters
describing these competing processes are not always known; particularly,
the identity, concentration, and quenching rates of all possible collision
partners are important and largely unknown quantities.

Temperature and species concentration measurements using laser induced
fluorescence have been demonstrated at pressures equal to or less than one
atmosphere and at temperatures up to those found in typical combustion
environments (about 2000°K). The most frequently treated species has been
OH, because of its important role in combustion kinetics; however, work has
also been performed on numerous other systems including NO, N and 0 [C.I -
C.4] which are of interest in this study.

Several schemes have been proposed to account for the effect of

quenching on the experimental results. One method, as first proposed by
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Piepmeier [C.5], requires saturating the upper energy level and thereby
eliminating the dependence on laser intensity as well as the need to cor-
rect for quenching. Since complete saturation is difficult to achieve,
Baronovski and McDonald [C.6] proposed and demonstrated a partial saturation
technique whereby one can extrapolate to the complete saturation limit.
Another method, proposed and demonstrated by Stepowski and Cottereau [C.7]
does not require saturation but requires that the laser pulse duration be
shorter than the time for steady state conditions to be reached. The quench-
ing rate then can be related to the fluorescence decay curve. The required
laser pulse duration and the fluorescence decay rate will depend on the gas
pressure and temperature. Other methods include the use of empirical quench-
ing corrections as in the work of Muller et al. [C.8], and the use of de-
tailed multi-level models as in the work of Chan and Daily [C.9] and that
of Kotlar, Gelb and Crosley [C.10].

The most promising approach given the low density conditions is to
determine the quenching rate from the fluorescence decay rate as has been
done by Stepowski and Cottereau [C.7] for OH in a low pressure flame and by
Bischel, Perry and Crosley [C.11] for both O and N atoms in a low pressure
flow discharge. Based on the results of the latter work and the similarity
between the excited electronic state lifetimes for OH and NO,a laser pulse
width of less than 5 nsec is required. For 0 and N atom fluorescence,
two-photon absorption is required because the first resonance transition
lies far into the VUV. As Bischel et al [C.11] have demonstrated, one
would detect the resultant near IR fluorescence. For NO the resonance
transition can be accessed by either single or two-photon absorption. The

disadvantage of the two photon process is that it is non-linear in laser



power. The advantage is that it is less difficult to generate tunable
stable, high power visible radiation than the UV radiation required for the
single photon process. There was no concensus among the researchers inter-
viewed on this point. |In either case the best laser system would be a
Nd:YAG pumped dye laser using frequency doubling and/or Raman shifting to
generate the required UV wavelengths.

After quenching has been acccunted for, the fluorescence intensity
gives the population of the lower energy level before laser excitation
which can then be related to the total population if the temperature is
known. The fluorescence technique can also be used to find the tempera-
ture by measuring the population of two or more energy levels since the
ratio of the population of any two levels is equal to the ratio of the
corresponding Boltzmann factors.

Of particular interest to this study is the work of McKenzie and Gross
[C.2] who have demonstrated single pulse temperature measurements of NO
seeded into a flow of nitrogen. A selected rotational level is two photon
excited and its fluorescence monitored. A very short time thereafter a
second laser pulse two photon excites the NO from a different rotational
level to the same upper state. The ensuing fluorescence intensity due to
each pulse can be related to the rotational populations in the two ground
states, the ratio of which can be related to the rotational temperature.
Since only the ratio of energies absorbed needs to be known, the redistribu-
tion of energy among rotational and vibrational levels of the excited state
and their non-radiative quenching has a negligible effect on the measurement.
This is true provided the quenching rate is insensitive to the rotational

quantum number and broad-band detection is used. McKenzie considered the
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transition A £+, visQ -+ X HI/Z’ v'e0 in N0 from the J“-7% rotational
level since it has the largest absorption coefficlent at room temperature
and is separated far enough from other lines to allow selective excitation.
He obtained a signal to noise ratio (SNR) in the quantum noise limit of 200
for a single 1 millijoule pulse energy of 5 nsec duration. The NO concen-
tration which he used was 2:(10'“ cm-3 at room temperature and the size of
the probe volume was 0.1 mmx 1,0 mm. The maximum density of NO in the flow
surrgunding the re-entry vehicle is an order of magnitude higher at an alti-
tude of 75 km. At this higher temperature the N0 molecules distribute over
more states thus lowering the density in any given vibrational rotational
level. The signal is further reduced because of the increased quenching due
to the higher temperature.

The minimum NO density downstream of the shock is lo'“ <:m-3 and the NO
may have a translational temperature as high as 16,000°K. Scaling calcula-
tions vere made for both 16,000°K and 3000°K and yielded a SNR of 9 and 40
respectively for a single | mJ pulse. The lower temperature was chosen due
to the expectation that internal modes and chemical reactions will rapidly
cool the translational energy of the gas, substantially lowering the rota-
tional temperature. Increasing the laser's intensity to improve the SNR is
limited by Stark broadening. The broadening reduces the laser energy coup-
ling into the transition and may cause several lines to coalesce so that a
particular rotational level may no longer be preferentially pumped.

McKenzie has not yet quant:fied this limitation.

To determine the density detectability limit for a quantum noise 1imited

signal to noise ratio of 10, a laser operating at 10 pulses per second with

1 mJ per pulse was considered. The integration time was assumed to be 10

seconds. The NO detectability is then found to be I.leOI3 cm-3 and 7.5 x



IOI' ¢;m-3 for a temperature of l6:c103°K and 3000°K respectively. The NO
number density in most of the region between the shock and the vehicle sur~
face at an altitude of 75 km is predicted to be between IOIA c:m.3 to 10‘5
cm-3. A comparison of Figures 4 and 5 in the main text of this report
shows that the N0 concentration drops quickly as the altitude decreases and
by 47 km it is negligible except in the boundary layer. Consequently the
laser induced fluorescence technique is only useful at the higher altitudes.
In summary measurements of NO, N and 0 concentrations and N0 rotational
temperature appear feasible at 75 km where appreciable concentrations are
expected. Such measurements have been demonstrated under similar but not
identical conditions. Thermal emission from the high temperature gas behind
the shock and hot particles as well as Mie scattering from particles should
be investigated as a potential problem. It would therefore be advisable to

monitor the environmental condition> before a laser induced fluorescence

measurement is carried out.
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APPENDIX D. MASS SPECTROSCOPY

Mass spectroscopy can be used to separately measure the concentrations

of 0 Nz, NO, O and N over the entire range of :ensities that are expected

2°
during re-entry. In addition, using a mass spectrometer with a fixed col-
lector plate detector, as has been proposed by George Wood of NASA Langley,
would enable simul taneous measurements of all these species. A similar
spectrometer has been built and successfully tested by Lehotsky [D.1]. Dr.
Martin Zablelski of United Technologies pointed out that the sample flow

rate between the altitudes of 80 and 40 km would change by approximately a
factor of 10 for a fixed orifice area and given pumpinj system. He suggested
that the pumping system be designed for 40 km and then simply overpumped at
higher altitudes. This would permit continuous measurements to be made at
all altitudes.

If effusive collection is used, (the collection orifice diameter less
than the mean free path) then the sample would come from within a few mean
free paths of the surface. This may cause difficulty since the gas composi-
tion within a few mean free paths of the collectior orifice may be affected
by the presence of the orifice which Is likely to be made of a different
material and at a different temperature than the surrounding tiles. Dr,
David Seery of United Technologies suggested that it may be possible to use
& larger orifice and collect the sample by modest pumping which, because of
the low densities, would cause minimal distrubance to the flow field. By
pumping on the orifice one would extend the sample volume further out into
the flow field, beyond the region which is affected by the local surface

reactions.



A major problem In using mass spectroscopy is the extraction of a sam
ple which reflects the true composition of these gases. Radical species,
particularly O and N atoms, quickly react or recombine. Because of the
thckness of the tiles protecting the surface of the re-entry vehicle and -
the necessity to thermally insulate the mass spectrometer from the exterlor
temperatures, the sample must travel several inches before being analyzed.
In order to minimize the effect on the local flow field, the passageway
through the tiles should be small, e.g. a differential pumping, skimmer
collection system coulc not be used. With the sample having to travel
through a long, narrow passageway, both wall and gas pnase collisions, and
in turn 0 and N atom recombination reactions, will be inevitable. Wood has
proposed selecting the wall material such that the 0 and N atoms selectively
react upon collision with the wall producing a stable and identifiable spe-
cies which would in effect serve to tag the original atomic species. Drs.
Daniel Seery and Med Colket of United Technolcgies and Dr. Robert MclLean
of Sandia-Livermore, all suggested using the scavengi.g probe concept pro-
posed by Fristroin and recently demonstrated by Fristrom and McLean [D.2].
Here, the sample is immediately diluted at the orifice with a gas stream
containing a specics which selectively reacts with either the 0 or N atoms
to produce a stabie and identifiable species. This species then serves to
tag the original atomic species. |f this stable product were already pre-
sent in the sample then it might be possible to distinguish between the
sample and the tag molecule by using different isotopes.

Another possibility suggested by Seery and Colket is to extend a tra-
versing scavenging probe out into the boundary layer in order to extract

samples at different distances from the wall. They felt that because of the
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very high velocities that all apprecliable disturbances to the flow field
would be convected downstream and would not affect the measurement. They
did point out, however, that when the flow Is supersonic, as it Is outside
the subsonic boundary layer, there will be a shock in front of the probe
which may substantially alter the sample‘'s composition.

The general conclusion of this review Is that using a scavenging probe
to extract the sample with subsequent mass spect:oscopic analysis Is a pro-
mising technique for determining the concentrations of Nz, 02, 0 and N near
the wall and even possibly somewhat away from the wall Iinto the boundary

layer by using a traversing probe or by modest pumping rates.
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