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Dedication

p,

This document was created to honor the occasion of Dr. Chul Park's retirement after 27

years of distinguished government service at the NASA Ames Research Center. We, as

his colleagues in the Reacting Flow Environments Branch, feel honored to have been

associated with him. Our wishes are for him to continue to be the great educator,
researcher, leader and inventor in all his future endeavors.

December 14, 1994
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Abstract

The contents of this bibliography of Dr. Chul Park were compiled primarily from the

NASA RECON data base. The RECON citations have been modified to appear in a

uniform format with all other citations. These other citations were located by

computer searches in the INSPEC, NTIS, COMPENDEX, and Chemical Abstracts data

bases, as well as through the cooperation of Dr. Chul Park, and his associates in the

" Reacting Flow Environments Branch at NASA Ames Research Center. All citations

are presented in an approximate reverse chronological order from the present,

according to the date of publication.

The following describes each line item entry in the forthcoming citations:

Title: Title of the paper, article, or report.
Author: Names of the author and co-author(s).

Corp: Corporate source; the organization(s) for whom the author(s) were
working at the time of publication.

Source: Source of the publication, i.e. conference name, journal name, or
report series name.

Sponsor: Sponsoring organization for the publication.
Doc. Type: Conference paper, journal article or report.

Major Term: Primary topics of the document using subject terms from the NASA
Thesaurus (from NASA RECON citation when possible, otherwise,
determined by the authors of this bibliography).

Minor Term: Secondary topics of the document using subject terms from the NASA
Thesaurus (from NASA RECON citation when possible, otherwise,
determined by the authors of this bibliography). For documents earlier
than 1968, NASA RECON uses only Major Terms, therefore are no
Minor Terms denoted.

Abstract: Paper abstract (edited if author abstract is not available).

We have, to the best of our abilities, tried to present a complete record of Dr. Park's

publication accomplishments. If any of Dr. Park's publications are not listed in the 180

citations in this document, we would appreciate hearing about it to update our records.

Lawrence A. Gochberg

December 14, 1994



Biography of Dr. Chul Park

Chul Park recently retired from the NASA Ames Research Center, where he worked as

a Staff Scientist in the Reacting Flow Environments Branch (formerly the

._ Aerothermodynamics Branch). He joined Ames Research Center in 1964, beginning

with a three year position as a National Research Council Post-Doctoral Research

Associate. His pioneering works include conception and design of aeroassisted transfer

° vehicles, for which he holds a patent, study of radiation and radiative transport in air

not in thermodynamic equilibrium, environmental impact of the Space Shuttle on the

ozone layer, and an impact of meteor penetration of the Earth's atmosphere. He is the

author of a book entitled Nonequilibrium Aerothermodynamics, and authored or co-

authored over 180 articles and reports in scientific conferences and journals. Chul Park

received a B.S. (1957) and M.S. (1960) in Aeronautical Engineering from Seoul

University, Seoul, Korea, served briefly as an Instructor of Aeronautics at the Korean

Air Force Academy, Seoul, Korea, and received his Ph.D. (1964) in Aeronautics

(hypersonics) from Imperial College of Science and Technology, London, England. He

is currently a Professor on the Faculty of Engineering in the Department of Aeronautics

and Space Engineering at Tohoku University, Sendai, Japan.

vi



Citations

1) Title: Conceptual study of a bent-biconic single-stage-to-orbit vehicle
Author: Park, Chul; Menees, Gene P.; Bowles, Jeffrey V.; Lawrence, Scott L.;

Davies, Carol B.
Corp: NASA, Ames Research Center, Moffett Field, CA, USA; Sterling Software,

"_ Palo Alto, CA, USA
Source: AIAA, Aerospace Sciences Meeting, 33rd, Reno, NV; January 9-12,1995,

AIAA Paper 95-0716, 10 p.
- Sponsor: AIAA, Washington, D. C., USA

Doc. Type: Conference Paper
Major Term: /*HORIZONTAL SPACECRAFT LANDING

/*SINGLE STAGE TO ORBIT VEHICLES/*TRIPROPELLANTS
/*VERTICAL TAKEOFF

Minor Term: / AERODYNAMICS/DELTA WINGS/TRAJECTORY PLANNING
Abstract: A new design concept is proposed for an all-propulsive, vertical-take-

off, horizontal-landing, reusable single-stage-to-orbit space
transportation system. The vehicle is to carry a unmanned payload of
11 tons to a 400 km orbit inclined at 51 degrees. It is shaped in a bent-
biconic geometry, has no wings but horizontal and vertical stabilizers,
and relies on a para-wing for landing. Its tripropellant propulsion
system uses both RP1-LOX and LH2-LOX. The vehicle is sized and the
weights of its components are estimated using an existing
methodology. The ascent and entry flight scenarios are calculated, and
their features are compared with those of the NASA baseline design.
The new design is found to be competitive with the existing design in
its performance. Potential advantages of the new design are discussed.
12 Refs.



2) Title: Feasibility study of the laboratory simulation of rocket engines in flight
Author: Bogdanoff, David W.; Park, Chul

Corp: Thermosciences Institute, Sunnyvale, CA, USA; NASA, Ames Research
Center, Moffett Field, CA, USA

Source: AIAA, Aerospace Sciences Meeting, 33rd, Reno, NV; January 9-12, 1995,
AIAA Paper 95-0715, 11 p.

Sponsor: AIAA, Washington, D. C., USA
Doc. Type: Conference Paper "_

Major Term: /*BASE HEATING/*DAMKOHLER NUMBER/*HIGH PRESSURE
/*ROCKET ENGINES/*ROCKET TEST FACILITIES

Minor Term: / FEASIBILITY ANALYSIS/SINGLE STAGE TO ORBIT VEHICLES
Abstract: This paper examines the feasibility of producing a model rocket engine

for incorporation into a sub-scale rocket vehicle to be tested in a
ground-based laboratory for the purpose of studying the base flow
heating phenomenon. Since the base heating phenomenon is dictated
mostly by the afterburning of the effluent from the engines and since
its extent is controlled by the Damkohler number of the process, the
model engine must operate at a pressure about 100 times higher than
the flight value for a true simulation. Five possible schemes for
producing such a small rocket engine are examined and the electrical
arc-heating and piston-compression techniques are found to be able to
produce the highest chamber pressures and Damkohler numbers. The
Damkohler number values of 12-29 percent of those in flight can be
produced by these schemes, with limitations due to the strength of
materials. The paper presents reasons why other schemes cannot
produce the same results. 33 Refs.
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3) Title: Spectroscopic determination of enthalpy in an arc-jet wind tunnel
Author: Babikian, Dikran S.; Park, Chul; Raiche, George A.

Corp: Thermosciences Institute, Sunnyvale, CA, USA; NASA, Ames Research
Center, Moffett Field, CA, USA; Hamilton College, Clinton, NY, USA

Source: AIAA, Aerospace Sciences Meeting, 33rd, Reno, NV; January 9-12, 1995,
AIAA Paper 95-0712, 11 p.

Sponsor: AIAA, Washington, D. C., USA
Doc. Type: Conference Paper

Major Term: /*ATOMIC SPECTRA/*HYPERVELOCITY WIND TUNNELS
/*NITRIC OXIDE/*NITROGEN/*OXYGEN

- /*NONEQUILIBRIUM RADIATION/*THERMAL RADIATION
/*SPECTRA/*SPECTROSCOPIC ANALYSIS/*SPECTROSCOPY
/*WIND TUNNEL TESTS

Minor Term: / ARC HEATING/ENTHALPY/IONIZATION/SHOCK LAYER
/ STAGNATION PRESSURE

Abstract: The enthalpy of the flow produced in an arc-jet wind tunnel was
determined from spectroscopic measurement of radiation emitted by
the shock layer over a flat plate model of 15 cm diameter placed in the
test section. Spectral radiation emanating from various distances from
the surface of the model was observed from the direction normal to the
flow at stagnation pressures of 0.028 and 0.01 atm. The main features
of the observed spectra were (1) N2+ First Negative System, (2) NO
band systems, and (3) the atomic nitrogen and oxygen lines. For the
high pressure run, the ratios among the intensities of the three
radiation mechanisms remained approximately constant over a
distance of 12 to 18 mm from the model surface, while it varied for the
low pressure case. Assuming that equilibrium prevailed in that region
for the high pressure case, enthalpy of the gas is deduced from the
ratio of the observed intensities of atomic nitrogen lines to those of the
bands of N2+ and NO. A one-dimensional nonequilibrium code
predicted the occurrence of the observed equilibrium region. 23 Refs.
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4) Title: Measurement and analysis of nitric oxide radiation in an arcjet flow
Author: Babikian, D. S.; Gopaul, N. K. J. M.; Park, C.

Corp: Eloret Institute, Palo Alto, CA, USA; NASA, Ames Research Center,
Moffett Field, CA, USA

Source: Journal of Thermophysics and Heat Transfer (ISSN: 0887-8722), vol. 8,
no. 4, October-December 1994, p. 737-743. (see also AIAA, Thermophysics
Conference, 28th, Orlando, FL, July 6-9, 1993, AIAA Paper 93-2800, 8 p.
(see A93-46540))

Sponsor: AIAA, Washington, D. C., USA
Doc. Type: Journal Article

Major Term: /*AEROTHERMODYNAMICS/*ARC JETENGINES
/*HYPERVELOCITY WIND TUNNELS/*NITRIC OXIDE
/*THERMAL RADIATION/*WIND TUNNEL TESTS

Minor Term: / ENTHALPY/HEAT SHIELDING
/ NONEQUILIBRIUM THERMODYNAMICS/REENTRY
/ VIBRATIONAL SPECTRA

Abstract: Radiation from the nitric oxide (NO) band systems emitted by the flow
in the test section of a 20-MW arcjet wind tunnel was measured and
compared with the computed values for the purpose of testing the
validity of an existing thermochemical model. The settling chamber
pressure and enthalpy were 2.4 atm and 28 + 10 MJ/kg, respectively.
The measurements were made using photographic films in the
wavelength region from 225 to 305 nm. Of the four band systems of
NO (beta, gamma, delta, and episilon), vibrational transitions were
observed from only the upper v' = 0 levels. Excitation temperatures
were deduced by comparing the experimental spectrum with those
calculated using the nonequilibrium radiation code, NEQAIR. The
rotational, vibrational, and electronic excitation temperatures deduced
from the data were Tr = 560 + 50 K, Tv = 950 + 50 K, and Tex = 11,500 +
520 K, respectively. A multitemperature nonequilibrium nozzle flow
code, NOZNT was used to calculate the nozzle flow. The calculated
temperatures were Tr = 560 K, Tv = 950 K, and Te = 6100 K,
respectively at 30 MJ/kg. The presented results show that by using the
centerline enthalpy value deduced from heat transfer measurements
and the NOZNT code, one can predict the freestream conditions in the
arcjet wind-tunnel flow fairly well. 28 Refs.



5) Title: Spectral measurements in the arc column of an arc-jet wind tunnel
Author: Terrazas-Salinas, Imelda; Park, Chul; Strawa, Anthony, W.; Gopaul, Nigel

K. J. M.; Tanuk, Jaswinder S.
Corp: NASA, Ames Research Center, Moffett Field, CA, USA; Therrnosciences

Institute, Sunnyvale, CA, USA
Source: AIAA, Aerospace Ground Testing Conference, 18th, Colorado Springs,

CO, June 20-23, 1994, AIAA Paper 94-2595, 18 p.
" Sponsor: AIAA, Washington, D. C., USA

Doc. Type: Conference Paper
Major Term: /*ATOMIC SPECTRA/*HYPERVELOCITY WIND TUNNELS

" /*NITROGEN/*OXYGEN/*NONEQUILIBRIUM RADIATION
/*THERMAL RADIATION/*SPECTRA/*SPECTROSCOPIC ANALYSIS
/*SPECTROSCOPY/*WIND TUNNEL TESTS

Minor Term: / ARC HEATING/ENTHALPY/GAS TEMPERATURE
/ HEAT TRANSFER/IONIZATION/VIBRATIONAL SPECTRA

Abstract: The spectral characteristics of the radiation emanating from the flow in
the arc column of an arc-jet wind tunnel at NASA's Ames Research
Center were measured. The measurements were made using a 0.3 m
McPherson spectrograph in the wavelength region of 350 to 900 nm.
Nitrogen and oxygen lines and continua were observed and analyzed
to determine the average temperature of the gas in the arc column at 2
locations under 4 different operating conditions. Comparison between
the experimentally-determined average temperatures and those
obtained by synthesized spectra based on gas temperature distribution
calculated by a computer code show good agreement. Spectral
characteristics are generally predicted well and the relative heating
rates between upstream and downstream locations agree with those
predicted by the code. The measured relative intensities of radiation
between upstream and downstream ends agree approximately with
the bulk heat transfer measurements of other investigators. 27 Refs.
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6) Title: Options for upgrade of the Ames 16-inch shock tunnel
Author: Bogdanoff, David W.; Wilson, Gregory J.; Park, Chul

Corp: Eloret Institute, Sunnyvale, CA, USA; NASA, Ames Research Center,
Moffett Field, CA, USA

Source: AIAA, Aerospace Sciences Meeting, 32nd, Reno, NV, January 10-13, 1994,
AIAA Paper 94-0545, 14 p.

Sponsor: AIAA, Washington, D. C., USA
Doc. Type: Conference Paper "

Major Term: /*GAS HEATING / *SHOCK TUNNELS/*UPGRADING
/*WIND TUNNEL DRIVES/*WIND TUNNEL TESTS

Minor Term: / DATA ACQUISITION/ENTHALPY/FLIGHT CONDITIONS
/ PRESSURE/SCRAMJET ENGINES/SCRAMJETS

Abstract: There is a need for large ground test high-enthalpy impulse facilities
with greater enthalpy and pressure capabilities. Such facilities are
required for more faithful duplication of flight conditions for scramjet
combustors, aerospace planes and planetary entry vehicles. In this
connection, various options for modifying and upgrading the 16-Inch
Combustion-Driven Shock Tunnel existing at NASA Ames Research
Center are examined. The options are: (1) operational procedure
changes with the current combustion driver or heating of the driver
gas with an electrical heater to increase the driver pressure, (2)
tapering the driven section to increase test gas pressure and enthalpy,
(3) operating as a non-reflecting shock tunnel, and (4) operating as an
expansion tube. These options can be applied to the facility singly or
in combination. The conditions in the driven section are calculated
using the equilibrium relations with empirical loss corrections. The
expanding flows in the nozzle of the shock tunnel and in the
acceleration section of the expansion tube are calculated using a one-
dimensional finite-rate computer code. The thermodynamic
conditions at the entrance of a combustor are calculated for two
applications: a direct-connect configuration and a diffuser inlet
undergoing a two-step oblique shock compression. The calculated
conditions are shown to be close to the nominal flight conditions for
typical scramjet engine conditions. 24 Refs.



7) Title: Review of chemical-kinetic problems of future NASA missions,
II: Mars entries

Author: Park, Chul; Howe, John T.; Jaffe, Richard L.; Candler, Graham V.
Corp: NASA, Ames Research Center, Moffett Field, CA, USA

Source: Journal of Thermophysics and Heat Transfer (ISSN: 0887-8722), vol. 8,
no. 1, January-March 1994, p. 9-23 (see also AIAA, Aerospace Sciences
Meeting, 29th, Reno, NV, January 7-10, 1991, AIAA Paper 91-0464, 31 p.

" (see A91-21500))
Sponsor: AIAA, Washington, D. C., USA

Doc. Type: Journal Article
- Major Term: /*AEROTHERMOCHEMISTRY/*ATMOSPHERIC ENTRY

/*NONEQUILIBRIUM CONDITIONS/*REACTION KINETICS
/*REENTRY VEHICLES/*SHOCK LAYERS/*SHOCK WAVES
/*THERMOCHEMISTRY/*THERMODYNAMIC EQUILIBRIUM

Minor Term: / AXISYMMETRICFLOW/BLUNT BODIES/DAMKOHLER NUMBER
/ HEAT FLUX/IONIZATION COEFFICIENTS
/ MOLECULAR OSCILLATIONS/MOLECULAR RELAXATION
/ RADIATIVEHEAT TRANSFER/STAGNATION POINT
/ THERMODYNAMIC PROPERTIES

Abstract: The present work aims to derive a set of thermomechanical relaxation
rate parameters and chemical reaction rate coefficients relevant to
future interplanetary missions. It also attempts to assess the impact of
thermochemical nonequilibrium phenomena on radiative heating rates
for the stagnation point of the Martian entry vehicle. 61 Refs.



8) Title: Design and analysis of an ellipsoid-paraboloid aerobrake for GEO satellite
retrieval

Author: Venkatapathy, Ethiraj; Park, Chul
Corp: Eloret Institute, Sunnyvale, CA, USA; NASA, Ames Research Center,

Moffett Field, CA, USA
Source: AIAA, Aerospace Sciences Meeting, 32rd, Reno, NV, January 10-13, 1994,

AIAA Paper 94-0035, 11 p.
Sponsor: AIAA, Washington, D. C., USA

Doc. Type: Conference Paper
Major Term: /*AEROASSIST/*AEROBRAKING/*AEROTHERMODYNAMICS

/*BLUNT BODIES/*GEOSYNCHRONOUS ORBITS °
/*REENTRY VEHICLES

Minor Term: / CONVECTIVE HEAT TRANSFER
/ CRYOGENIC ROCKET PROPELLANTS
/ RADIATIVE HEAT TRANSFER/REENTRY TRAJECTORIES
/ SATELLITE CAPTURE

Abstract: A new scheme for an aeroassisted space transportation vehicle (ASTV)
is proposed for retrieval of geosynchronous-earth-orbit (GEO) satellites
using an aerobrake of the shape of an ellipsoid-paraboloid. The
vehicle, equipped with a yet-to-be-developed small cryogenic engine,
is to be placed in the GEO or geotransfer orbit (GTO) using an existing
expendable launcher such as Delta, Atlas, or Titan. It will then retrieve
a satellite, deploy a flexible aerobrake, enter the atmosphere, and land
by a parafoil. The geometry of the aerobrake is generated by rotating a
fourth-order polynomial of variable coefficients around the
longitudinal axis. The flow field over this geometry is calculated
under an ideal gas assumption with a gamma value of 1.15. From the
solutions, the drag coefficient and lift-to-drag ratio for this geometry
are determined to be 0.41 and 0.3, respectively, at zero angle of attack.
Typical trajectories of atmospheric entry flights of such a vehicle, and
its dynamic and heat transfer characteristics at each trajectory point,
are calculated. The peak value of the sum of the convective and
radiative heat transfer rates is below 8 W/cm-2, while the peak
deceleration is about minus 6 g. 16 Refs.



9) Title: Calculation of real-gas effects on airfoil aerodynamic characteristics
Author: Park, Chul; Yoon, Seokkwan

Corp: NASA, Ames Research Center, Moffett Field, CA, USA; MCAT Institute,
Moffett Field, CA, USA

Source: Journal of Thermophysics and Heat Transfer (ISSN: 0887-8722), vol. 7,
no. 4, October-December 1993, p. 727-729. (see A94-60436 and A93-54477,
see also AIAA and ASME, Joint Thermophysics and Heat Transfer

" Conference, 5th, Seattle, WA, June 18-20,1990, AIAA Paper 90-1712, 9 p.
(see A90-38414))

Sponsor: AIAA, Washington, D. C., USA
Doc. Type: Journal Article

Major Term: /*AERODYNAMIC COEFFICIENTS/*AIRFOILS/*ELLIPSES
/*NONEQUILIBRIUM CONDITIONS/*REAL GASES
/*THERMOCHEMICAL PROPERTIES

Minor Term: / ANGLE OF ATTACK/COMPUTATION/FLIGHT ALTITUDE
/ NATIONAL AEROSPACE PLANE PROGRAM
/ SPACE SHUTTLE MISSIONS

Abstract: The effects of high temperature thermochemical phenomena on the
aerodynamic characteristics at hypersonic speeds are calculated for
two-dimensional airfoils in air. The calculations are performed on an
airfoil similar to that used for the Space Shuttle Orbiter, and ellipses of
thickness ratios varying between 5 and 15 percent. For the airfoil, one
light condition is considered. For the ellipses, the calculations are
carried out over a range of chord lengths, flight velocities, flight
altitudes, and angles of attack. It is shown that the lift and drag
coefficients are consistently reduced by the thermochemical
phenomena, and that the behavior can be represented by a specific
heat ratio value less than 1.4. The center of pressure shifts forward due
to the thermochemical phenomena, but its extent is sensitively affected
by the geometry and angle of attack and cannot be represented by a
fixed specific heat ratio. The calculated results are in qualitative
agreement with the data obtained during the entry flights of the Space
Shuttle vehicle. 4 Refs. (edited)
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10) Title: Measured and calculated spectral radiation from a blunt body shock layer
in an arc-jet wind tunnel

Author: Babikian, Dikran S.; Palumbo, Giuseppe; Craig, Roger A.; Park, Chul;
Palmer, Grant; Sharma, Surendra P.

Corp: Eloret Institute, Palo Alto, CA, USA; MCAT Institute, Moffett Field, CA,
USA; NASA, Ames Research Center, Moffett Field, CA, USA

Source: AIAA, Aerospace Sciences Meeting, 32nd, Reno, NV, January 10-13,1994,
AIAA Paper 94-0086, 10 p. (see N95-13720); In MCAT Institute, Planetary
Entry Experiments, 10 p. (see N95-13717)

Sponsor: AIAA, Washington, D. C., USA
Doc. Type: Conference Paper °

Major Term: /*ATMOSPHERIC ENTRY/*ATOMIC SPECTRA
/*NONEQUILIBRIUM RADIATION / *SHOCK LAYERS/*SPECTRA
/*WIND TUNNEL TESTS

Minor Term: / ARC HEATING/ARGON/BLUNT BODIES
/ CONTINUUM MODELING/IONIZATION/NITROGEN/OXYGEN
/ STAGNATION POINT

Abstract: Spectra of the shock layer radiation incident on the stagnation point of
a blunt body placed in an arc-jet wind tunnel were measured over the
wavelength range from 600 nm to 880 nm. The test gas was a mixture
of 80 percent air and 20 percent argon by mass, and the run was made
in a highly nonequilibrium environment. The observed spectra
contained contributions from atomic lines of nitrogen, oxygen, and
argon, of bound-free and free-free continua, and band systems of N2
and N2(+). The measured spectra were compared with the synthetic
spectra, which were obtained through four steps: the calculation of the
arc-heater characteristics, of the nozzle flow, of the blunt-body flow,
and the nonequilibrium radiation processes. The results show that the
atomic lines are predicted approximately correctly, but all other
sources are underpredicted by orders of magnitude. A possible
explanation for the discrepancy is presented. 22 Refs.
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11) Title: Modeling of hypersonic reacting flows
Author: Park, Chul

Corp: NASA, Ames Research Center, Moffett Field, CA, USA
Source: Advances in hypersonics, vol. 2 - modeling hypersonic flows

(ISBN 0-8176-3663-3, see A94-10759), Birkhaeuser, Boston, MA, 1992,
p. 104-127. (see A94-10763, see also University of Texas, U.S. Air Force
Academy, and GAMNI-SMAI, Joint Europe/U.S. Short Course in

" Hypersonics, 2nd, U.S. Air Force Academy, Colorado Springs, CO,
January 16-20, 1989, 30 p. (see A89-33631))

Sponsor: Birkhaeuser, Boston, MA, USA
Doc. Type: Book Article, Short Course

Major Term: /*AERODYNAMIC HEAT TRANSFER/*HYPERSONIC FLOW
/*HYPERSONIC VEHICLES/*NONEQUILIBRIUM THERMODYNAMICS
/*REACTING FLOW

Minor Term: / AERODYNAMIC CHARACTERISTICS/ANGLE OF ATTACK
/ CONVECTIVE HEAT TRANSFER/PITCHING MOMENTS

Abstract: The effect of nonequilibrium thermochemical processes on the
aerodynamic and heat transfer characteristics of a hypersonic vehicle is
illustrated with examples. It is shown that the conventional method of
predicting chemical reactions always predict that the flow is closer to
equilibrium than it actually is, leading to incorrect predictions of
aerodynamic characteristics of a vehicle. A method is presented for
predicting chemical processes using a two-temperature kinetic model,
which is developed on the basis of combining conservation equations
for vibrational energy and for electron electronic energy, which are
also derived. The validity of the two-temperature model is proven
using two types of experimental data: radiation and shock shapes.
22 Refs.
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12) Title: Validation of multi-temperature nozzle flow code NOZNT
Author: Park, Chul; Lee, Seung-Ho

Corp: NASA, Ames Research Center, Moffett Field, CA, USA; Eloret Institute,
Palo Alto, CA, USA

Source: AIAA, Thermophysics Conference, 28th, Orlando, FL, July 6-9, 1993,
AIAA Paper 93-2862, 10 p. (see A93-46595)

Sponsor: AIAA, Washington, D. C., USA
Doc. Type: Conference Paper

Major Term: /*COMPUTATIONAL FLUID DYNAMICS
/*NONEQUILIBRIUM CONDITIONS/*NOZZLE FLOW
/*ONE DIMENSIONAL FLOW

Minor Term: / CHEMICAL REACTIONS/MATHEMATICAL MODELS
/ REACTION KINETICS/SHOCK TUNNELS/WIND TUNNEL TESTS

Abstract: A computer code NOZNT (Nozzle in n-Temperatures), which calculates
one-dimensional flows of partially dissociated and ionized air in an
expanding nozzle, is tested against five existing sets of experimental data.
The code accounts for: a) the differences among various temperatures, i.e.,
translational-rotational temperature, vibrational temperatures of
individual molecular species, and electron-electronic temperature, b)
radiative cooling, and c) the effects of impurities. The experimental data
considered are: 1) the sodium line reversal and 2) the electron temperature
and density data, both obtained in a shock tunnel, and 3) the spectroscopic
emission data, 4) electron beam data on vibrational temperature, and 5)
mass-spectrometric species concentration data, all obtained in arc-jet wind
tunnels. It is shown that the impurities are most likely responsible for the
observed phenomena in shock tunnels. For the arc-jet flows, impurities
are inconsequential and the NOZNT code is validated by numerically
reproducing the experimental data. 43 Refs.
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13) Title: Atmospheric entry of Mars-return nuclear-powered vehicles due to
accidental termination of operations

Author: Menees, Gene P.; Park, Chul
Corp: NASA, Ames Research Center, Moffett Field, CA, USA

Source: AIAA, SAE, ASME, and ASEE, Joint Propulsion Conference and Exhibit,
29th, Monterey, CA, June 28-30, 1993, AIAA Paper 93-2501, 14 p.
(see A93-50234)

" Sponsor: AIAA, Washington, D. C., USA
Doc. Type: Conference Paper

Major Term: /*ABORTED MISSIONS/*HYPERBOLIC REENTRY
/*NUCLEAR REACTORS/*NUCLEAR ROCKET ENGINES
/*SAFETY MANAGEMENT

Minor Term: / REENTRY EFFECTS/REENTRY TRAJECTORIES/SPACE MISSIONS
Abstract: The entry of nuclear reactors into Earth's atmosphere resulting from an

accidental or inadvertent abort of a space vehicle powered by nuclear-
thermal rockets is investigated. The study is made for a typical piloted
Mars mission vehicle incapacitated by an accident or malfunction
during the Earth-arrival phase of the Mars-return journey due to
simultaneous, multiple failures of its component systems. A single
accident/abort scenario resulting in three entry possibilities is
considered for a nominal hyperbolic in-bound approach velocity of 8
km/sec. The most severe case involving a direct entry is then analyzed
over a broad range of approach velocities extending to 12 km/sec to
include sprint-type missions. The results indicate that the severe
surface heating, stagnation pressures, and g-loads are greater than 150
kW/sq cm, 300 atm, and 800-g, respectively. The wall heat transfer
rate exceeds the value that can be accommodated by a carbon
heatshield through radiation equilibrium prior to sublimation at 5500
K. These conditions are beyond our previous experience in crew
safety, structural design, and thermal protection. 20 Refs.
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14) Title: Comparison of theory with atomic oxygen 130.4 nm radiation data from
the Bow Shock ultraviolet 2 rocket flight

Author: Levin, Deborah A.; Candler, Graham V.; Collins, Robert J.; Howlett, Carl
L.; Espy, Patrick; Whiting, Ellis; Park, Chul

Corp: Institute for Defense Analyses, Alexandria, VA, USA; University of
Minnesota, Minneapolis, MN, USA; Utah State University, Logan, UT,
USA; Eloret Institute, Palo Alto, CA, USA; NASA, Ames Research Center,
Moffett Field, CA, USA

Source: AIAA, Thermophysics Conference, 28th, Orlando, FL, July 6-9, 1993,
AIAA Paper 93-2811, 14 p. (see A93-46550)

Sponsor: AIAA, Washington, D. C., USA
Doc. Type: Conference Paper

Major Term: /*DATA FLOW ANALYSIS/*FAR ULTRAVIOLET RADIATION
/*HYPERSONIC REENTRY/*OXYGEN ATOMS/*ROCKET FLIGHT
/*SHOCK WAVES

Minor Term: / COMPARISON/NITRIC OXIDE/PHOTOIONIZATION
/ SHOCK HEATING

Abstract: Comparison is made between the results obtained from a state-of-the-
art flow and radiative model and bow shock vacuum ultraviolet (VUV)
data obtained the recent Bow Shock 2 Flight Experiment. An extensive
data set was obtained from onboard rocket measurements at a reentry
speed of 5 km/sec between the altitudes of approximately 65-85 kin. A
description of the NO photoionization cell used, the data, and the
interpretation of the data will be presented. The primary purpose of
the analyses is to assess the utility of the data and to propose a
radiation model appropriate to the flight conditions of Bow Shock 2.
Theoretical predictions based on flow modeling discussed in earlier
work and a new radiation model are compared with data. 11 Refs.
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Abstract: Radiation from the nitric oxide band systems emitted by the flow in the
test section of a 20 MW arc-jet wind tunnel was measured and
computed. The settling chamber pressure and enthalpy were 2.4 atm
and 28 + 10 MJ/kg, respectively, The measurements were made with a
0.3 meter McPherson spectrograph using photographic films in the
wavelength region from 225 to 305 nm. Of the four band systems of
NO (beta, gamma, delta, and epsilon), vibrational transitions were
observed from only the upper v' levels. Excitation temperatures were
deduced by comparing the experimental spectrum with those
calculated using the nonequilibrium radiation code, NEQAIR. The
rotational, vibrational, and electronic excitation temperatures deduced
from the data were Tr = 560 + 50 K, Tv = 950 + 50 K, and Tex = 11,500 +
520 K, respectively. A multitemperature nonequilibrium nozzle flow
code, NOZNT was used to calculate the nozzle flow. The calculated
temperatures were Tr = 560 K, Tv = 950 K, and electron thermal
temperature Te = 6100 K, respectively at 30 MJ/kg. The sensitivity of
the calculated temperatures to the uncertainty in the measured arc-jet
enthalpy is examined. 24 Refs.
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Abstract: This paper reviews the recent experimental research activities on
aerothermodynamics within NASA Ames Research Center. The
activities included in this review are those in (1) the electric arc-driven
shock tubes, (2) the combustion-driven shock tube, (3) the ballistic
ranges, and(4) the arc-jet wind tunnel facilities. The paper is a
collection and collation of the papers published previously in the open
literature on the activities in these facilities. The paper highlights the
contributions made by each facility in the high temperature real-gas
flow regimes. 33 Refs.
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Abstract: A number of chemical-kinetic problems related to phenomena
occurring behind a shock wave surrounding an object flying in the
earth atmosphere are discussed, including the nonequilibrium
thermochemical relaxation phenomena occurring behind a shock wave
surrounding the flying object, problems related to aerobraking
maneuver, the radiation phenomena for shock velocities of up to 12
km/sec, and the determination of rate coefficients for ionization
reactions and associated electron-impact ionization reactions. Results
of experiments are presented in form of graphs and tables, giving data
on the reaction rate coefficients for air, the ionization distances,
thermodynamic properties behind a shock wave, radiative heat flux
calculations, Damkohler numbers for the ablation-product layer,
together with conclusions. 52 Refs.
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Abstract: This paper describes the aerothermal environment in the afterbody
region of a blunt entry body. Recent ground-based experiments and
computational predictions of the afterbody flow structure and
radiation are presented. The similarity between the flowfield
structures observed in the ground-based experiments and that
obtained by calculation is encouraging. Approximate calculations of
the radiative heating rate to the base are presented. Many of the
phenomena associated with the expanding flow at the corner and the
formation of the wake neck, however, are not well understood and
require further study. A flight experiment is described that would use
spectral and total measurements of the wake radiation as a
nonintrusive diagnostic method to provide insight into the
thermodynamic state of the wake gas. 31 Refs.
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Abstract: Application of hypersonic computational fluid dynamics models to

low velocity vehicles is examined. Important modeling aspects such as
chemical kinetics, electronic excitation/de-excitation mechanisms, and
existence of equilibrium versus nonequilibrium conditions in the flow
were examined. Flowfield properties and in-band radiances in the
wavelength region of 0.25 micron in the vicinity of the stagnation
streamline are given for a hemisphere of 0.762 m. Comparison with
recent shock tube data is also shown. 22 Refs.

19



20) Title: Vibrational relaxation of anharmonic oscillators in expanding flows
Author: Ruffin, Stephen M.; Park, Chul

Corp: NASA, Ames Research Center, Moffett Field, CA, USA
Source: Journal of Spacecraft and Rockets (ISSN 0022-4650), vol. 30, no. 1, January-

February 1993, p. 59-68. (see A93-32286, see also AIAA, Aerospace
Sciences Meeting and Exhibit, 30th, Reno, NV, January 6-9, 1992, AIAA
Paper 92-0806, 13 p. (see A92-29581)

Sponsor: AIAA, Washington, D. C., USA
Doc. Type: Journal Article

Major Term: /*DIATOMIC GASES/*GAS EXPANSION
/*MOLECULAR OSCILLATIONS/*MOLECULAR RELAXATION

Minor Term: / CARBON MONOXIDE/COMPUTATIONAL FLUID DYNAMICS
/ NITROGEN/NOZZLE FLOW

Abstract: Although the Landau-Teller vibrational model accurately predicts the
vibrational excitation process in post-shock and compressing flows, it
underpredicts the rate of de-excitation in cooling and expanding flows.
In the present paper, detailed calculations of the vibrational relaxation
process of N2 and CO in cooling flows are conducted. A coupled set of
vibrational transition rate equations and quasi-one-dimensional fluid
dynamic equations is solved. Multiple quantum level transition rates
are computed using SSH theory. The SSH transition rate results are
compared with available experimental data and other theoretical
models. Vibration-vibration exchange collisions are responsible for
some vibrational relaxation acceleration in situations of high
vibrational temperature and low translational temperature. The
present results support the relaxation mechanisms proposed by Bray
and by Treanor, Rich and Rehm. Qualitative agreement with
experimental results is achieved for the overall vibrational relaxation
rate; however, the accuracy of the SSH results for vibration-vibration
exchange transitions must be studied further and additional
experimental investigations are needed for quantitative agreement.
21 Refs.
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Abstract: The issues of laboratory simulation of aerothermodynamic phenomena
are discussed. The paper first enumerates the seven
aerothermodynamic phenomena that affect the performance of high
speed aerospace vehicles but are presently beyond our ability to
predict accurately, and defines the types of experiments that need to be
made to understand and quantify the phenomena. The facilities suited
for these experiments are identified. The causes of uncertainty and
difficulty in the experiments are cited. The procedures for calibrating
the facilities for these purposes are proposed, and the research and
development needed for successful laboratory simulation of
aerothermodynamic phenomena are identified. 64 Refs.
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Abstract: The effect of vibrational excitation and dissociation at high
temperatures on the trim angle of attack of a blunt lifting body is
calculated for a nonequilibrium flow regime in air using a
computational fluid dynamics technique. Air is considered to consist
of five neutral species, O, N, NO, 02, and N2, and both one- and two-
temperature thermochemical nonequilibrium models are used in
determining the thermodynamic state. A computer code, named
CENS2H (Compressible Euler-Navier-Stokes Two-dimensional
Hypersonic), is developed by incorporating this model into an existing
perfect-gas code named CENS2D, which uses a lower-upper
factorization based on the symmetric Gauss-Seidel sweeping
technique. The code is applied to compute the forebody flow of a two-
dimensional blunt body of the shape of the Apollo Command Module
at a finite angle of attack. The results show that the trim angle of attack
is smaller for a reacting gas than for a perfect gas. The calculated shift
in the trim angle due to the real-gas effect is of the same order as that
seen during the Apollo flights. The one-temperature nonequilibrium
model yields the same trim angles as the two-temperature model, but
the constant-gamma (equals Cp/Cv) solution that reproduces the
shock standoff distance fails to reproduce the trim angle. 29 Refs.

22



23) Title: Atmospheric entry of nuclear-powered vehicles due to
accidental/inadvertent termination of operations

Author: Menees, Gene P.; Park, Chul; Tauber, Michael E.
Corp: NASA, Ames Research Center, Moffett Field, CA, USA

Source: AIAA, SAE, ASME, and ASEE, Joint Propulsion Conference and Exhibit,
28th,Nashville, TN, July 6-8, 1992, AIAA Paper 92-3270, 10 p.
(see A92-48862)

Sponsor: AIAA, Washington, D. C., USA
Doc. Type: Conference Paper

Major Term: /*ABORTED MISSIONS/*ACCIDENTS/*ATMOSPHERIC ENTRY
/*EARTH-MARS TRAJECTORIES/*NUCLEAR PROPULSION
/*RADIOACTIVE MATERIALS
/*UNCONTROLLED REENTRY (SPACECRAFT)

Minor Term: / AERODYNAMIC HEATING/HEAT TRANSFER
/ MANNED MARS MISSIONS/ORBITAL MANEUVERS
/ PITCH (INCLINATION)/PROPULSION SYSTEM CONFIGURATIONS

Abstract: The entries of the radioactive components into earth's atmosphere
resulting from an accident or inadvertent abort of a space vehicle
powered by nuclear-thermal-rockets are investigated. The study is
made for atypical piloted Mars mission vehicle incapacitated by an
accident or malfunction during the trans-Mars-injection maneuver due
to simultaneous multiple failures of its component systems. The three
different accident/abort modes considered are the following: (1) a
constant-rate angular pitching motion of the vehicle, (2) a constant-
acceleration angular pitching motion of the vehicle, and (3) the rocket
engine breaks away from the rest of the vehicle with a finite relative
(dispersion) velocity. The speeds and angles of the atmospheric entries
are calculated for each mode for different values of the time of the
accident, pitching rate, acceleration, and dispersion velocity. For the
most severe entry speeds and flight-path angles, the stagnation-point
pressures, heat transfer rates, thickness, and mass per unit area of the
heat shields necessary to protect the radioactive components from
disintegrating, deceleration g-loads, and high ground-impact velocities
are calculated. The study points out that the high g-loads and high
ground-impact velocities are the most serious problems that must be
addressed. 22 Refs.
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Abstract: Although the Landau-Teller vibrational model accurately predicts the

vibrational excitation process in post-shock and compressing flows, it
underpredicts the rate of de-excitation in cooling and expanding flows.
In the present paper, detailed calculations of the vibrational relaxation
process of N2 and CO in cooling flows are conducted. A coupled set
of vibrational transition rate equations and quasi-one-dimensional
fluid dynamic equations is solved. Multiple quantum level transition
rates are computed using SSH theory. The SSH transition rate results
are compared with available experimental data and other theoretical
models. Vibration-vibration exchange collisions are responsible for
some vibrational relaxation acceleration in situations of high
vibrational temperature and low translational temperature. The pre-
sent results support the relaxation mechanisms proposed by Bray and
by Treanor, Rich and Rehm. Qualitative agreement with experimental
results is achieved for the overall vibrational relaxation rate; however,
the accuracy of the SSH results for vibration-vibration exchange
transitions must be studied further and additional experimental
investigations are needed for quantitative agreement. 19 Refs.
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Abstract: The energy contained in the highly excited vibrational and rotational
states in a diatomic gas in a thermochemical nonequilibrium state
during expansion is estimated. The estimation is made on the
assumption that the populations of the vibrational and rotational
states, when normalized by their respective equilibrium values, are
describable by simple functions containing no more than four arbitrary
parameters. A cubic polynomial, a logarithmic-cubic polynomial, and
a bimodal step function are used for this purpose. The four parameters
are determined by imposing conditions known at the ground state and
the dissociation limit and the mass conservation law. The energy in
excess of that accounted for by assuming a Boltzmann distribution of
these states, defined here as excess excitation energy, is calculated for
N2, 02, NO, CO, OH, and H2. A calculation made for a typical nozzle
flow shows that the excess energy may reach 6 percent of the total
enthalpy of the flow, and that the flow velocity may decrease by as
much as 4 percent due to the nonequilibrium excitation phenomenon.
22 Refs.

25



26) Title: Rate parameters for coupled vibration-dissociation in a generalized SSH
approximation --- Schwarz, Slawsky, and Herzfeld

Author: Sharma, Surendra P.; Huo, Winifred M.; Park, Chul
Corp: NASA, Ames Research Center, Moffett Field, CA, USA

Source: Journal of Thermophysics and Heat Transfer (ISSN 0887-8722), vol. 6,
no. 1, January-March 1992, p. 9-21. (see A92-20301, see also AIAA,
Thermophysics, Plasmadynamics and Lasers Conference, San Antonio,
TX, June 27-29, 1988, AIAA Paper 88-2714, 19 p. (see A88-47075))

Sponsor: AIAA, Washington, D. C., USA
Doc. Type: Journal Article

Major Term: / *AEROTHERMOCHEMISTRY/*GASDISSOCIATION
/*HYPERSONIC FLOW/*NITROGEN/*REACTION KINETICS
/*VIBRATIONAL SPECTRA

Minor Term: / AEROTHERMODYNAMICS/ COOLING/ ELECTRON TRANSITIONS
/ MOLECULAR RELAXATION

Abstract: We report a theoretical study of vibrational excitations and
dissociations of nitrogen undergoing a nonequilibrium relaxation
process upon heating and cooling. The rate coefficients for collisional
induced vibrational transitions and transitions from a bound
vibrational state into a dissociative state have been calculated using an
extension of the theory originally proposed by Schwartz, Slawsky, and
Herzfeld (SSH). High-lying vibrational states and dissociative states
were explicitly included, but rotational energy transfer was neglected.
The transition probabilities calculated from the SSH theory were fed
into the master equation, which was integrated numerically to
determine the population distribution of the vibrational states, as well
as bulk thermodynamic properties. Our results show that 1) the
transition rates have a minimum near the middle of the bound
vibrational levels, causing a bottleneck in the vibrational relaxation
and dissociation rates, 2) high vibrational states are always in
equilibrium with the dissociative state, 3) for the heating case, only the
low vibrational states relax, according to Landau-Teller theory, 4) for
the cooling case, vibrational relaxation cannot be described by a rate
equation, and 5) the average vibrational energy removed in
dissociation is about 30% of the dissociation energy. 31 Refs.
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Abstract: This paper describes the rationale for conducting the proposed

radiation measurement in the afterbody region of the Aeroassist Flight
Experiment (AFE) vehicle, the results of the calculations of expected
radiation intensities performed to date, and the instrumentation for the
measurement. The experiment, named the Afterbody Radiometry
Experiment (ARE), is one of the experiments that will be carried on
board the AFE vehicle. The paper collates the existing experimental
data to show the possibility that there may be substantial radiative
heating of the afterbody region of an Aeroassist Space Transfer
Vehicle, which necessitates an experiment of the kind proposed.
Calculations of the radiative heating rate to the base of the AFE are,
qualitatively, in fair agreement with previous experimental work,
which indicated that the radiative heating of the base is about 5 percent
of that at the stagnation point. 26 Refs.
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Abstract: Planning is currently underway to send a probe into the atmosphere of
Titan (a moon of Saturn) as part of the Cassini Mission. This paper
presents an investigation of the feasibility of determining the mole
fractions of the major species in Titan's atmosphere (N2, CH4, and
argon, if present) using a radiometer to measure the CN(violet)
radiation emitted in the probe's shock layer during the high-velocity
portion of the entry. Radiative heating rates spectra are calculated at
the probe stagnation point for altitudes near peak heating where the
shock-layer gases are in chemical and thermal nonequilibrium. The
analysis indicates that the sensitivity of the CN(violet) radiation to the
atmospheric composition enables the mole fractions of N2, CH4, and
argon to be determined to about plus or minus 0.015, plus or minus
0.003, and plus or minus 0.01, respectively. These values are much less
than the current uncertainties. The maximum nonequilibrium
radiative heating rate is predicted to be about half of the maximum
convective heating rate. (Prior equilibrium calculations had shown
that the radiative heating rate was negligible.) Thus, the beryllium
heat shield currently planned may be underdesigned, because it has
been developed for convective heating only. 30 Refs.
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Abstract: A computational fluid dynamics (CFD) technique is described in which
the finite-rate chemistry in thermal and chemical nonequilibrium air is
fully and implicitly coupled with the fluid motion. Developed for use
in the suborbital hypersonic-flight speed range, the method accounts
for the nonequilibrium vibrational and electronic excitation and
dissociation but not ionization. The steady-state solution to the
resulting system of equations is obtained by using a lower-upper
factorization and symmetric Gauss-Seidel sweeping technique through
Newton iteration. Inversion of the left-hand-side matrices is replaced
by scalar multiplications through the use of the diagonal dominance
algorithm. The code, named compressible Euler-Navier-Stokes two-
dimensional hypersonic (CENS2H), is fully vectorized and requires
about 8.8 multiplied by 10"*minus **5s per node point per iteration in
a Cray X-MP computer. Converged solutions are obtained after about
700 iterations. Sample calculations are made for a circular cylinder and
a 10% airfoil at a 10 degree angle of attack. The calculated cylinder
flowfield agrees with that obtained experimentally. The code predicts
a 10% change in lift and drag and a 20% change in pitching moment for
the airfoil caused by the thermochemical phenomena. 14 Refs.
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Abstract: The areothermodynamic problems associated with aerobraking of the
spacecraft proposed for the sprint-type fast manned Mars mission are
studied. The propulsive delta V necessary at departure from Earth and
Mars and the velocities of the atmospheric entries into the two planets
are first deduced from the existing literature by imposing the
constraints that the mission be completed within 330 or 436 days. It is
shown that entry velocities up to about 15 km/sec are possible at both
Earth and Mars. Through the trajectory calculations of the vehicles
during the aerobraking maneuvers, the requirements on the lift-to-
drag ratios (L/D) of the vehicles are deduced under the constraint on
the allowed deceleration. L/D values of 0.4 and 1.0 are found to be
necessary at Earth and Mars, respectively. Density, pressure, and
stagnation-point convective heat-transfer rates are calculated for the
typical aerobraking flights. Assuming the shock layer flow to be in
equilibrium and the gas to be optically thin for the wavelengths longer
than 250 nm and optically thick for shorter wavelengths, the
stagnation-point radiative heat-transfer rates are calculated and shown
to be larger than the convective heat-transfer rates. 21 Refs.
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Abstract: Quasi-one-dimensional nonequilibrium nozzle flows with coupled
radiative transfer are considered. The strongly coupled formulation of
radiation and flowfield leads to a governing set of integro-differential
equations. A fully implicit numerical method using the full matrix
inversion or block iteration methods is presented to solve these
equations. The nonequilibrium gas model consists of two chemical
species, molecular and atomic nitrogen. The thermodynamic state of
the gas is described by two temperatures, translational-rotational and
vibrational, and the thermal radiation is assumed to be governed by
the vibrational temperature. In radiative transfer, gases are assumed
to be absorbing and emitting, and a detailed spectral dependency of
the absorption coefficient is prescribed for a non-gray gas. The
numerical solutions of strongly radiating nonequilibrium flows are
presented for both gray and non-gray gases. 17 Refs.
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Abstract: The problem of thermochemical nonequilibrium in the shock layer
surrounding vehicles entering the atmospheres of Earth and Mars at
super-escape velocities is examined. The sets of reaction rate
coefficients that reproduce experimental data taken in shock tubes are
derived through the process of trial and error for the velocities up to 12
km/s for the Earth entry and 9 km/s for the Martian cases. Using rate
coefficients so determined, thermodynamic properties are calculated
for one-dimensional flows behind a normal shock wave in a shock
tube, and for the axisymmetric flow over a non-ablating blunt-body for
the nose radii of 1 to 10 meters. Intensities of emitted radiation are
calculated for the shock tube flow, and the radiative heat fluxes
incident on the wall at the stagnation point are calculated for the blunt-
body flow. Examination of the characteristic Damkohler number
indicates that the viscous layer of the ablation-product over an ablating
heat shield is likely to be in chemical nonequilibrium state. The
calculated relaxation characteristics agree well with the experimental
data for the Earth entry case, but not so well for the Mars case,
especially above the flight velocity of 9 km/s. For the Earth entry case,
the thickness of the nonequilibrium region is between I and 2 cm at the
expected peak radiation point in the aerobraking trajectory. For
Martian entry flight, it is between 8 and 23 cm. For the Earth entry
case, nonequilibrium phenomena reduce radiative heating rate, while
the opposite occurs for the Martian case. The radiative heat transfer
rates are significant for the Mars entry conditions at entry velocities
equal to or greater than 7 km/s. A one-temperature nonequilibrium
model greatly overestimates radiative heating for the Martian entry.
80 Refs.

32



33) Title: Nonequilibrium hypersonic aerothermodynamics
Author: Park, Chul

Corp: NASA, Ames Research Center, Moffett Field, CA, USA; Stanford
University, Stanford, CA, USA

Source: John Wiley & Sons, New York, 1989, 372 p. (ISBN 0-471-51093-9,
see A91-14483)

Sponsor: John Wiley & Sons, New York, NY, USA
" Doc. Type: Book

Major Term: /*AEROTHERMODYNAMICS/*HYPERSONIC FLOW
/*NONEQUILIBRIUM FLOW

Minor Term: / AIR FLOW/ATOMIC COLLISIONS/CHEMICAL REACTIONS
/ COMPUTATIONAL FLUID DYNAMICS
/ CONSERVATION EQUATIONS/GAS-SOLID INTERACTIONS
/ MOLECULAR COLLISIONS/WIND TUNNEL TESTS

Abstract: Nonequilibrium phenomena in hypersonic flows are examined on the
basis of theoretical models and selected experimental data, in an
introduction intended for second-year graduate students of aerospace
engineering. Chapters are devoted to the physical nature of gas atoms
and molecules, transitions of internal states, the formulation of the
master equation of aerothermodynamics, the conservation equations,
chemical reactions in CFD, the behavior of air flows in nonequilibrium,
experimental aspects of nonequilibrium flow, a review of experimental
results, and gas-solid interaction. Diagrams, graphs, and tables of
numerical data are provided. 306 Refs.
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Abstract: The goal of the Aeroassist Flight Experiment (AFE) is to advance the
technology base needed to design a new class of atmospheric entry
vehicles known as the aeroassisted space transfer vehicles (ASTV). The
ASTV's will form a workhorse space transportation system that will
move people, satellites, supplies, construction material, equipment,
and space-manufactured products between low Earth orbit (LEO)
where the Space Station Freedom and other space ports will be located
and more distant locations, such as geosynchronous Earth orbit (GEO),
lunar bases, asteroids, and planets. An estimate of the radiative
heating rate at the stagnation point of the AFE vehicle during its flight
through the atmosphere is presented. The stagnation point was chosen
because it is the location on the vehicle where the maximum, or near-
maximum, heating rate occurs. Also, the flow field in the region of the
stagnation point can be approximated by relatively simple methods
that are not applicable to other portions of the flow field. This allows
the radiative heating rate to be calculated using a one-dimensional
flow code, which is probably accurate within a factor of two. 28 Refs.
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Abstract: This is the first part of a two-part paper describing the operating

characteristics of the electric arc-driven shock-tube facility at NASA
Ames Research Center. In this part, the operating envelope of the
facility and the technology of the arc driver are presented. Specifically,
the question as to how well the behavior of the arc driver is
understood and controlled is addressed. A plasma kinetics model of
the exploding wire is developed to describe the arc behavior in the
driver. Using this model, the performance parameters for the arc
driver, and thereby the performance of the facility, can be predicted
approximately. 29 Refs.
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Abstract: This is the second part of a two-part paper describing the operating
characteristics of the electric arc-driven shock-tube facilities at NASA
Ames Research Center. This part discusses the performance of the
driven sections when the facility is used as a tool to produce a low-
density nonequilibrium flow and when used as a shock tunnel.
Specifically, the paper discusses the cleanliness of the driven flow at
low densities, and the deviation from the equilibrium conditions at the
test section of the shock-tunnel flow. 9 Refs.
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Abstract: A nitrogen-water vapor mixture simulating hydrogen-air combustion
products was produced and expanded in the nozzle of the 16-inch
Combustion-Driven Shock Tunnel at NASA Ames Research Center.
The measured OH concentrations are smaller than those calculated by
the conventional one-temperature reaction model even when the
reaction rate coefficients are multiplied by a factor of 10. The values
calculated by a two-temperature model bound the experimental values
under one operating condition, but fail to do so in the other. The
discrepancy between experiment and calculation is unresolved.
20 Refs.
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Abstract: The effects of high temperature thermochemical phenomena on the
aerodynamic characteristics at hypersonic speeds are calculated for
two-dimensional airfoils in air. The calculations are performed on an
airfoil similar to that used for the Space Shuttle Orbiter, and ellipses of
thickness ratios varying between 5 and 15 percent. For the airfoil, one
flight condition is considered. For the ellipses, the calculations are
carried out over a range of chord lengths, flight velocities, flight
altitudes, and angles of attack. The computer codes CENS2H, which
assume air to consist of five neutral species, N, O, NO, 02, and N2 and
accounts for both thermal and chemical nonequilibrium, and the code
CENS2D, which is for an ideal gas with arbitrary gamma (specific heat
ratio, Cp/Cv), are used for this purpose. It is shown that the lift and
drag coefficients are consistently reduced by the thermochemical
phenomena, and that the behavior can be represented by a gamma
value less than 1.4. The center of pressure shifts forward due to the
thermochemical phenomena, but its extent is sensitively affected by the
geometry and angle of attack and cannot be represented by a fixed
gamma. The calculated results are in qualitative agreement with the
data obtained during the entry flights of the Space Shuttle vehicle.
5 Refs.
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Abstract: With the growing interest in transatmospheric vehicles, maneuvering
re-entry vehicles, aeroassisted orbital transfer vehicles (AOTVs), and
concepts of advanced space transportation systems, greater attention is
being given to the aerothermodynamic aspect of hypersonic flows.
With the growing need for higher payload and more maneuverable,
more efficient vehicles, accurate data on the flowfields and thermal
environments around the vehicle are being demanded. Airflow
around hypervelocity vehicles undergoes vibrational excitation,
chemical dissociation, and ionization. These chemical and kinetic
phenomena absorb energy, change compressibility, cause temperature
to fall, and cause density to rise. In high-altitude, low-density
environments, the thicknesses of the shock layers can be smaller than
the relaxation distances required for the gas to attain chemical and
thermodynamic equilibrium. The nonequilibrium phenomena in this
environment occur in general to all internal modes (rotation, vibration,
and electronic excitation) and external modes (heavy particle
translation, electron translation, dissociation, and ionization) of energy.
These nonequilibrium phenomena affect the design features and
operational characteristics of hypersonic vehicles in at least two ways:
(1) radiative heating of the vehicles and (2) pressure distribution
around the vehicle. 92 Refs.
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Abstract: A two-temperature chemical-kinetic model for air is assessed by
comparing theoretical results with existing experimental data obtained
in shock tubes, ballistic ranges, and flight experiments. In the model,
one temperature (T) is assumed to characterize the heavy-particle
translational and molecular rotational energies, and another
temperature (Tv) the molecular vibrational, electron translational, and
electronic excitation energies. The theoretical results for
nonequilibrium flow in shock tubes are obtained using the computer
code STRAP (shock-tube radiation program) and for flow along the
stagnation streamline in the shock layer over spherical bodies using
the newly developed code SPRAP (stagnation-point radiation
program). Substantial agreement is shown between the theoretical and
experimental results for relaxation times and radiative heat fluxes. At
very high temperatures, the spectral calculations need further
improvement. The present agreement provides strong evidence that
the two-temperature model characterizes principal features of
nonequilibrium airflow. New theoretical results using the model are
presented for the radiative heat fluxes at the stagnation point of 6 m
radius sphere, representing a aeroassisted orbital transfer vehicle, over
a range of freestream conditions. Assumptions, approximations and
limitations of the model are discussed. 51 Refs.
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Abstract: This manual describes how to use the computer programs
Compressible-Euler-Navier-Stokes Two-dimensional Hypersonic
Perfect (CENS2D2), Compressible-Euler-Navier-Stokes Two-
dimensional Hypersonic Reacting (CENS2H2), DIVIDD, and DIVIDE.
The program, CENS2D2, computes a two-dimensional hypersonic flow
assuming a constant specific heat ratio, gamma. The program
CENS2H2 computes a two-dimensional hypersonic flow in air
accounting for thermochemical nonequilibrium using the same
computational algorithm as in CENS2D2. The program, DIVIDD
converts a formatted output file from the code CENS2D2 to produce a
binary file for plotting compatible with the general program, PLOT3D.
The program DIVIDE does the same for CENS2H2. 6 Refs.
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Abstract: The computational equations governing the shock-layer flowfield over

a blunt body dominated by radiation and ablation are derived. The
flowfield considered is that expected around the vehicles entering the
atmosphere of the planet Mars or the earth on return from Mars on a
sprint-type manned mission. To determine the appropriate method of
approach, the radiative transfer calculations are made first using the
existing computer code RASLE (Nicolet et al., 1978), which uses the
assumption of equilibrium and a coarse spectral band model for
radiative transfer, and the code NONEQ which accounts for
thermochemical nonequilibrium and carries out line-by-line calculation
of radiation. By comparing the results, it is concluded that a
thermochemical nonequilibrium model and a line-by-line spectral
model must be used. 15 Refs.
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Abstract: The application of hypersonic computational fluid dynamics models to

low velocity vehicles is examined. Modeling aspects such as chemical
kinetics, electronic excitation/de-excitation mechanisms, and existence
of equilibrium versus nonequilibrium conditions in the flow were
examined. Flowfield properties and in-band radiances in the
wavelength region of 0.25 micron in the vicinity of the stagnation
streamline are given for a three-inch hemisphere. Comparison with
recent shock tube data is also shown. 25 Refs.
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Abstract: The Cassini Mission, a NASA/ESA cooperative project which includes
a deployment of probe into the atmosphere of Titan, is described, with
particular attention given to the shock radiometer experiment planned
for the Titan probe for the analysis of Titan's atmosphere. Results from
a shock layer analysis are presented, demonstrating that the mole
fractions of the major species (N2, CH4, and, possibly Ar) in the Titan
atmosphere can be successfully determined by the Titan-probe
radiometer, by measuring the intensity of the CN(violet) radiation
emitted in the shock layer during the high velocity portion of the probe
entry between 200 and 400 km altitude. It is shown that the sensitivity
of the CN(violet) radiation makes it possible to determine the mole
fractions of N2, CH4, and Ar to about 0.015, 0.003, and 0.01,
respectively, i.e., much better than the present uncertainties in the
composition of Titan atmosphere. 29 Refs. (edited)
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Abstract: The existing experimental data on the rate coefficients for the chemical
reactions in nonequilibrium high temperature air are reviewed and
collated, and a selected set of such values is recommended for use in
hypersonic flow calculations. For the reactions of neutral species, the
recommended values are chosen from the experimental data that
existed mostly prior to 1970, and are slightly different from those used
previously. For the reactions involving ions, the recommended rate
coefficients are newly chosen from the experimental data obtained
more recently. The reacting environment is assumed to lack thermal
equilibrium, and the rate coefficients are expressed as a function of the
controlling temperature, incorporating the recent multi-temperature
reaction concept. 103 Refs.
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Abstract: The theoretical basis for the Landau-Teller equation commonly used to

model rotational nonequilibrium is reviewed. Several assumptions
underlying this model are indicated to be unrealistic for rarefied
hypersonic flow. A new rotational nonequilibrium model based on
recent measurements up to 2000K of quantum state transition rates is
presented. The new model is applied to the continuum study of
normal shock wave structure using both the Burnett equations and a
simplified nonlinear constitutive relation. Comparisons are made
between shock wave temperature profiles generated from the new
model and those generated using the Landau-Teller model.
Comparisons of shock reciprocal thicknesses between experimental
data for nitrogen and continuum solutions using both rotational
models are made. The new rotational model agrees well with
experiment up to Mach 6, and under predicts shock thickness at higher
Mach numbers. The Landau-Teller model agrees well with
experimental shock thickness up to Mach 3, and over predicts the
thickness at higher Mach numbers. A modification to the rotational
collision number in the Landau-Teller model is found to give results
which agree with experimental shock thicknesses at all Mach numbers
up to 11. 20 Refs.
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Abstract: A CFD technique is described in which the finite-rate chemistry in
thermal and chemical nonequilibrium air is fully and implicitly
coupled with the fluid motion. Developed for use in the suborbital
hypersonic flight speed range, the method accounts for nonequilibrium
vibrational and electronic excitation and dissociation, but not
ionization. The steady-state solution to the resulting system of
equations is obtained by using a lower-upper factorization and
symmetric Gauss-Seidel sweeping technique through Newton
iteration. Inversion of the left-hand-side matrices is replaced by scalar
multiplications through the use of the diagonal dominance algorithm.
The code, named CENS2H (Compressible-Euler-Navier-Stokes Two-
Dimensional Hypersonic), is fully vectorized and requires about 8.8 x
10 to the minus 5th sec per node point per iteration using a Cray XoMp
computer. Converged solutions are obtained after about 2400
iterations. Sample calculations are made for a circular cylinder and a
10 percent airfoil at 5 degree angle of attack. The calculated cylinder
flow field agrees with that obtained experimentally. The code predicts
a 10 percent change in lift, drag, and pitching moment for the airfoil
due to the thermochemical phenomena. 14 Refs.
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Abstract: The importance of thermochemical nonequilibrium in hypersonic flow
is studied as well as the breakdown of a one-temperature kinetic
model. Consideration is given to vibration relaxation, reaction rates,
and conservation equations for chemical variables. Experimental data
on the pitching moment characteristics of the raked-off blunted elliptic
cone geometry proposed for use with an aeroassisted orbit transfer
vehicle are presented. 19 Refs. (edited)
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Abstract: The effect of vibrational excitation and dissociation at high
temperatures on the trim angle of attack of a blunt lifting body is
calculated for a nonequilibrium flow regime in air using a CFD
technique. Air is considered to consist of five neutral species, O, N,
NO, 02, and N2. The vibrational excitation energies of the three
molecular species and electronic excitation energies of all species are
assumed to be characterized by a common temperature Tv which is
different from the translational-rotational temperature T. The
vibrational-electronic temperature and the species densities are
calculated assuming the flow to be in a nonequilibrium state. A new
computer code, named CENS2H (Compressible-Euler-Navier-Stokes
Two-dimensional Hypersonic), is developed by incorporating this
thermochemistry model into an existing perfect-gas code named
CENS2D which uses a lower-upper factorization based on symmetric
Gauss-Seidel sweeping techniques. The code is applied to compute the
forebody flow of a two-dimensional blunt body of the shape of the
Apollo Command Module at a finite angle of attack. The results show
that the pitching moment around a reference point is larger and the
trim angle of attack is smaller for a reacting gas than for a perfect gas.
The calculated shift in the trim angle due to the real-gas effect is of the
same order as that seen during the Apollo flights. 28 Refs.
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Abstract: The aerothermodynamic problems associated with the aerobraking of
the spacecraft proposed for the manned Mars mission are studied. The
propulsive Delta V necessary at departure from earth and Mars and
the velocities of the atmospheric entries into the two planets are
deduced. It is shown that the propulsive Delta V can be reduced by
increasing the entry velocities and that entry velocities up to about 15
km/sec are appropriate at both earth and Mars. L/D values of 0.8 and
2.0 are found to be necessary at earth and Mars, respectively. Density,
pressure, and stagnation-point convective-heat-transfer rates are
calculated for the typical aerobraking flights. Assuming the shock
layer flow to be in equilibrium, the stagnation-point radiative-heat-
transfer rates are calculated to be larger than the convective-heat-
transfer rates. The possible impact of ablation, turbulence, and
nonequilibrium are discussed. 29 Refs.
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Abstract: The experimental program for validating real gas hypersonic flow
codes at NASA Ames Research Center is described. Ground-based test
facilities used include ballistic ranges, shock tubes and shock tunnels,
arc jet facilities and heated-air hypersonic wind tunnels. Also included
are large-scale computer systems for kinetic theory simulations and
benchmark code solutions. Flight tests consist of the Aeroassist Flight
Experiment, the Space Shuttle, Project Fire 2, and planetary probes
such as Galileo, Pioneer Venus, and PAET. 21 Refs.
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Abstract: The experimental program for validating real gas hypersonic flow
codes at NASA Ames is described. Ground based test facilities used
include ballistic ranges, shock tubes and shock tunnels, arcjet facilities
and heated air hypersonic wind tunnels. Also included are large scale
computer systems for kinetic theory simulations and benchmark code
solutions. Flight tests consist of the Aeroassist Flight Experiment, the
Space Shuttle, Project Fire 2, and planetary probes such as Galileo,
Pioneer Venus and PAET. 21 Refs.
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Abstract: A differential equation governing the geometry of a two-dimensional
ballute in hypersonic flow and its constraining boundary conditions
are derived under idealized assumptions. By solving these equations,
the shape of the ballute is determined over a range of conditions. Lift,
drag, pitching moment, and the allowed limit of center-of-gravity
location for stability (metacenter) are then calculated using Newtonian
hypersonic approximation. It is shown that the metacenter occurs near
the forward end because of compliance of the baUute membrane to the
shock-layer pressures, especially at low freestream densities. 16 Refs.
(edited)
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Abstract: An aeroassisted orbit transfer vehicle (AOTV) with a high lift-to-drag
ratio (L/D) is appropriate for missions requiring a large plane
inclination angle change. This paper compares the aerodynamic
characteristics of three geometric configurations appropriate for such
purposes and considers the need to protect and support the necessary
payloads in the dead air region. The three configurations are the flat-
plate delta wing, truncated straight cone, and truncated bent biconic.
The analysis includes the effect of viscosity and examines the rounding
of the sharp leading edges. Results indicate that, under the constraints
of carrying a given volume in the dead air region, all three
configurations provide similar values of L/D. However, the truncated
bent biconic is the only configuration that provides the necessary
stabilizing moments. Also shown is that a leading-edge bluntness with
a radius of 0.1 m is easily tolerated for a body length of 35 m, with little
degradation of L/D. An exception to this occurs for a high-aspect-ratio
delta plate, where the same radius produces up to a 40% decrease in
L/D. 14 Refs.
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Abstract: We report a theoretical study of vibrational excitations and

dissociations of nitrogen undergoing a nonequilibrium relaxation
process upon heating and cooling. The rate coefficients for collisional
induced vibrational transitions and transitions from a bound
vibrational state into a dissociative state have been calculated using an
extension of the theory originally proposed by Schwarz Slawsky, and
Herzfeld (SSH). High-lying vibrational states and dissociative states
were explicitly included but rotational energy transfer was neglected.
The transition probabilities calculated from the SSH theory were fed
into the master equation, which was integrated numerically to
determine the population distribution of the vibrational states as well
as bulk thermodynamic properties. The results show that: (1) the
transition rates have a minimum near the middle of the bound
vibrational levels, causing a bottleneck in the vibrational relaxation
and dissociation rates; (2) high vibrational states are always in
equilibrium with the dissociative state; (3) for the heating case, only the
low vibrational states relax according to the Landau-Teller theory; (4)
for the cooling case, vibrational relaxation cannot be described by a
rate equation; (5) Park's two-temperature model is approximately
valid; and (6) the average vibrational energy removed in dissociation is
about 30 % of the dissociation energy. 29 Refs.
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Abstract: The results of the solution of the equations that describe a hypersonic
ionized flow about an elliptically blunted cone are presented. The flow
conditions correspond to those of the proposed Aeroassist Flight
Experiment (AFE) vehicle at altitudes between the perigee at 78 km
and the approximate limit of the continuum regime at 90 km. For the
free-stream velocities of interest, about 9 km/sec, the flowfield is out of
thermo-chemical equilibrium, electronically excited, ionized and
radiating. The gas consists of eight-chemical species including free
electrons. The thermal state of the gas is modeled with a translational-
rotational temperature, four vibrational temperatures for the diatomic
species and an electron-electronic temperature. The electronic
excitation of molecules is included. The nonequilibrium air radiation
from each fluid element is computed and the radiative heat flux at the
body surface is determined. The stagnation point radiative heating
result agrees with previous calculations. 18 Refs.
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Abstract: The validity of a two-temperature chemical/kinetic model is assessed
by comparing the calculated results with the existing experimental
data for nitrogen in the dissociating and weakly ionizing regime
produced behind a normal shock wave. The shock tube radiation
program (STRAP) based on the two-temperature model is used in
calculating the flow properties behind the shock wave, accounting for
the diffuse nature of vibrational relaxation at high temperatures but
neglecting the preferential high-vibrational-state removal by
dissociation. The nonequilibrium air radiation (NEQAIR) program is
used in determining the radiative characteristics of the flow.
Comparison is made between the calculated and the existing shock
tube data on (1) spectra in the equilibrium region, (2) rotational
temperature of the N2+ B state, (3) vibrational temperature of the N2+
B state, (4) electronic excitation temperature of the N2 B state, (5) the
shape of the time variation of radiation intensities, (6) the times to
reach the peak in radiation intensity and equilibrium, and (7) the ratio
of nonequilibrium to equilibrium radiative heat fluxes. Good
agreement is seen between the experimental data and the present
calculation except for the vibrational temperature. A possible reason
for the discrepancy is given. 32 Refs.
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Abstract: The existing experimental data on dissociation of nitrogen and oxygen

obtained using shock-tubes during the 1960's and 1970's are
reinterpreted using the two-temperature thermo-chemical model
developed recently in order to determine the rate coefficients
consistent with the model. In this model, the vibrational-electronic
temperature is calculated by integrating a separate conservation
equation accounting for the suppression of vibrational energy during
dissociation due to preferential removal of high vibrational states. The
rate coefficient is assumed to be a function of the geometrically-
averaged temperature between the translational-rotational
temperature and the vibrational-electronic temperature. By comparing
the computed overall and species densities with the experimental data,
the rate coefficient values most consistent with the model, and their
ranges of uncertainty, are deduced for dissociation of N2 through
collisions with N2 or N, and for 02 through collisions with 02, O or
N2. It is seen that a single set of such rate coefficients fit all existing
experimental data closely. According to the two-temperature model,
density and species density are insensitive to the rate coefficients, and
so the rate coefficients so determined are uncertain to within a factor of
at least 1.5. 41 Refs.
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Abstract: This paper describes the current status of the operating characteristics

of the electric arc-driven shock-tube facility at Ames Research Center,
focusing on its potential usefulness in the current and anticipated
future applications. The paper specifically addresses the questions as
to: (1) how well the behavior of the arc driver is understood and
controlled, (2) how well the facility is equipped to test low-density,
very high-velocity nonequilibrium flow regimes, and (3) how closely
the facility is expected to produce an equilibrium hypersonic flow
when operated in shock-tunnel modes. For these issues, it is shown
that: (1) a plasma kinetics model of the exploding wire closely
describes the arc behavior in the driver, (2) the facility can produce a
spectroscopically-clean flow in a low density regime with a shock
velocity of 13 km/sec in air when used with an aluminum driven tube,
and (3) when operated as a shock-tunnel, the high enthalpy flow in the
test section is expected to deviate only slightly from the perfect
equilibrium flow conditions at enthalpies corresponding to flight
speeds of 5 km/sec or less. 33 Refs.
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Abstract: A two-temperature chemical-kinetic model for air is assessed by
comparing theoretical results with existing experimental data obtained
in shock-tubes, ballistic ranges, and flight experiments. In the model,
named the TTv model, one temperature (T) is assumed to characterize
the heavy-particle translational and molecular rotational energies, and
another temperature (Tv) to characterize the molecular vibrational,
electron translational, and electronic excitation energies. The
theoretical results for nonequilibrium air flow in shock tubes are
obtained using the computer code STRAP (Shock-Tube Radiation
Program), and for flow along the stagnation streamline in the shock
layer over spherical bodies using the newly developed code STRAP
(Stagnation-Point Radiation Program). Substantial agreement is
shown between the theoretical and experimental results for relaxation
times and radiative heat fluxes. At very high temperatures the spectral
calculations need further improvement. The present agreement
provides strong evidence that the two-temperature model
characterizes principal features of nonequilibrium air flow. New
theoretical results using the model are presented for the radiative heat
fluxes at the stagnation point of a 6-m-radius sphere, representing an
aeroassisted orbital transfer vehicle, over a range of free-stream
conditions. Assumptions, approximations, and limitations of the
model are discussed. 32 Refs.
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Abstract: The possible means of simulating nonequilibrium reacting flows in
hypersonic environments, and the required diagnostic techniques, are
surveyed in two categories: bulk flow behavior and determination of
chemical rate parameters. Flow visualization of shock shapes for
validation of computational-fluid dynamic calculations is proposed.
The facilities and the operating conditions necessary to produce the
required nonequilibrium conditions, the suitable optical techniques,
and their sensitivity requirements, are surveyed. Shock-tubes, shock-
tunnels, and ballistic ranges in a wide range of sizes and strengths are
found to be useful for this purpose, but severe sensitivity requirements
are indicated for the optical instruments, which can be met only by
using highly-collimated laser sources. Likewise, for the determination
of chemical parameters, this paper summarizes the quantities that need
to be determined, required facilities and their operating conditions,
and the suitable diagnostic techniques and their performance
requirements. Shock tubes of various strengths are found to be useful
for this purpose. Vacuum ultraviolet absorption and fluorescence
spectroscopy and coherent anti-Stokes Raman spectroscopy are found
to be the techniques best suited for the measurements of the chemical
data. 64 Refs.
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Abstract: The five existing design concepts of the aerobraking orbital transfer
vehicle (namely, the raked sphere-cone designs, conical lifting-brake,
raked elliptic-cone, lifting-body, and ballute) are reviewed and
critiqued. Historical backgrounds, and the geometrical, aerothermal,
and operational features of these designs are reviewed first. Then, the
technological requirements for the vehicle (namely, navigation,
aerodynamic stability and control, afterbody flow impingement,
nonequilibrium radiation, convective heat-transfer rates, mission abort
and multiple atmospheric passes, transportation and construction, and
the payload-to-vehicle weight requirements) are delineated by
summarizing the recent advancements made on these issues. Each of
the five designs are critiqued and rated on these issues. The highest
and the lowest ratings are given to the raked sphere-cone and the
ballute design, respectively. 74 Refs.
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Abstract: Aeroassisted orbital transfer vehicles (AOTVs) are a proposed type of
reusable spacecraft that would be used to transport cargoes from one
earth-bound orbit to another. Such vehicles could be based on the
proposed space station and used to transport commercial satellites
from the space station to geostationary orbits or to polar orbits and
return. During a mission, AOTVs would fly through earth's
atmosphere, thus generating aerodynamic forces that could be used for
decelerating the vehicles or changing their direction. AOTV research
findings were concerned with the shock-wave-induced, high-
temperature airflows that would be produced around these vehicles
during atmospheric flight. Special emphasis was placed on the
problems of: (1) the chemical physics of multi-temperature, ionizing,
nonequilibrium air flows, and (2) the dynamics of the flows in the base
region of a blunt body with complex afterbody geometry. 54 Refs.
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Abstract: A method that provides advance information about unpredictable
atmospheric density dispersions that must be accommodated during
random operations of aeroassisted orbital transfer vehicles (AOTVs) is
proposed. The principal feature is that a test or 'scout' projectile
proceeds the AOTV through the same region of the atmosphere as that
of the predicted transatmospheric flight trajectory. The time lag
between passage of the projectile and the AOTV can be adjusted to
only that time necessary to implement required guidance, navigation,
and control corrections. The various strategies available to control the
projectile's flight characteristics are analyzed in detail. The results are
correlated with aerothermodynamic heating and materials
requirements to ensure the survival of the projectile and, consequently,
the capability of the AOTV to navigate a variable upper atmosphere
within specified limits. 17 Refs.
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Abstract: The validity of the author's two-temperature, chemical/kinetic model
which the author has recently improved is assessed by comparing the
calculated results with the existing experimental data for nitrogen in
the dissociating and weakly ionizing regime produced behind a
normal shock wave. The computer program Shock Tube Radiation
Program (STRAP) based on the two-temperature model is used in
calculating the flow properties behind the shock wave and the
Nonequilibrium Air Radiation (NEQAIR) program, in determining the
radiative characteristics of the flow. Both programs were developed
earlier. Comparison is made between the calculated and the existing
shock tube data on (1) spectra in the equilibrium region, (2) rotational
temperature of the N2(+) B state, (3) vibrational temperature of the
N2(+) B state, (4) electronic excitation temperature of the N2 B state, (5)
the shape of time-variation of radiation intensities, (6) the times to
reach the peak in radiation intensity and equilibrium, and (7) the ratio
of nonequilibrium to equilibrium radiative heat fluxes. Good
agreement is seen between the experimental data and the present
calculation except for the vibrational temperature. A possible reason
for the discrepancy is given. 26 Refs.
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Abstract: One of the leading candidate concepts of aeroassisted orbital transfer
vehicles incorporates an aerobrake in the shape of a raked-off
ellipsoidally blunted elliptic cone. The present paper proposes
modifying this geometry to a spherically blunted circular cone to avoid
flow impingement on the afterbody. In addition, the vehicle
components are arranged axially so that the vehicle is always
aerodynamically stable and controllable. The Newtonian aerodynamic
characteristics of the modified aerobrake geometry are determined and
are shown to be nearly identical to those of the elliptic cone described
above. Flight regimes and heat transfer rates, both convective and
nonequilibrium radiative, are calculated using the most up-to-date
methods. It is shown that the total heat transfer rates for a noncatalytic
heat shield will remain below tolerable limits. 26 Refs.
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Abstract: A differential equation governing the geometry of a two-dimensional
ballute in hypersonic flow and its constraining boundary conditions
are derived under idealized assumptions. By solving these equations,
the shape of the ballute is determined over a range of conditions. Lift,
drag, pitching moment, and the allowed limit of center-of-gravity
location for stability (meta-center) are then calculated using Newtonian
hypersonic approximation. It is shown that the meta-center occurs
near the forward end because of compliance of the ballute membrane
to the shock layer pressures, especially at low free-stream densities. In
order for the vehicle employing the ballute to be stable at all densities,
the center of gravity must be within approximately the forward 20
percent of overall length of the vehicle. However, typical flight
trajectories of an aeroassisted orbital transfer vehicle employing the
ballute for aerobraking show that the vehicle may be able to complete
its atmospheric flight without tumbling provided that the center of
gravity is located within the forward 43 percent of the vehicle length
because of the relatively short duration of flight through the
destabilizing low-density regime. 15 Refs.
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Abstract: The computational problems associated with high-temperature flows
undergoing finite-rate chemical reactions is investigated. The
conservation equations governing chemical species and vibrational
and electron energies are solved simultaneously with those for overall
mass, momentum and energy for a one-dimensional, viscous, subsonic
flow through a constant-area duct, originating behind a normal shock
wave, using an implicit time-marching technique. Boundary
conditions are imposed in the form of characteristic wave variables
accounting for the effects of chemical reactions on the speed of sound.
Converging solutions are obtained by removing artificial damping,
and by using double-precision arithmetic for inverting matrices.
Convergence is faster when chemical reactions are introduced
gradually, and when an inviscid, steady, reacting flow solution is used
as the starting solution. The possible causes for these behaviors are
discussed. 28 Refs.
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Abstract: The dissociating and ionizing nonequilibrium flows behind a normal
shock wave are calculated for the density and vehicle regimes
appropriate for aeroassisted orbital transfer vehicles; the departure of
vibrational and electron temperatures from the gas temperature as well
as viscous transport are accounted for. From the thermodynamic
properties so determined, radiative power emission is calculated using
an existing code. The resulting radiation characteristics are compared
with the available experimental data. Chemical parameters are varied
to investigate their effect on the radiation characteristics. It is
concluded that the current knowledge of rate chemistry leads to a
factor-of-4 uncertainty in nonequilibrium radiation intensities. The
chemical parameters that must be studied to improve the accuracy are
identified. 26 Refs.
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Abstract: A computer code has been developed that calculates radiative
properties of nonequilibrium air in the low-density regimes expected
during the flight of aeroassisted, orbital transfer vehicles. From the
given nonequilibrium thermodynamic state variables, the code
calculates number densities of internal states and the accompanying
emission and absorption characteristics. In addition, the code
calculates the number density of the hypothetical gas in radiative
equilibrium that produces the same radiation emission as the given
nonequilibrium gas. Sample results are shown to demonstrate how the
code predicts the nonlinear variation of radiation with density at low
densities. 38 Refs.
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Abstract: A forthcoming NASA flight experiment is described that provides an
opportunity to obtain a large base of radiometric data for high-altitude,
high-velocity thermochemically nonequilibrated flow conditions. As a
preliminary to the design of a radiometer for this experiment, an
approximate method for predicting both equilibrium and
nonequilibrium radiative surface fluxes is described. Spectral results
for one trajectory state, a velocity of 10 km/sec at an altitude of 85 km,
are presented. These results are then used to develop some of the
instrument parameters that will be needed for designing of the three
genre of radiometers that are proposed for this experiment. 14 Refs.
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Abstract: Equilibrium, radiating viscous-shock-layer solutions are obtained for a
number of trajectory points of the Fire II, Apollo 4, and PAET
experimental flight vehicles. Convective heating rates calculated by a
benchmark code agree well, except at high altitudes corresponding to
low densities, with two engineering correlations. Calculated radiation
intensities are compared with the flight radiometer data and with
inviscid flow results. Differences as great as 70 percent are observed
between measured data and the viscous calculations. Viscous effects
reduce the intensity toward the wall, because of boundary-layer
absorption, by as much as 30 percent, compared with inviscid
intensities. Preliminary chemical and thermal nonequilibrium flow
calculations along a stagnation streamline for a PAET trajectory predict
enhancement of radiation owing to chemical relaxation. Stagnation
point solutions are also presented for future air-assisted orbital transfer
vehicle geometries with nose radii ranging from 0.3 to 15 m. 26 Refs.
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Abstract: An aeroassisted transfer vehicle (AOTV) with a high lift-to-drag ratio
(L/D) is appropriate for missions requiring a large plane inclination
angle change. This paper compares the aerodynamic characteristics of
three geometric configurations appropriate for such purposes and
considers the need to protect and support the necessary payloads in
the dead air region. The three configurations are: flat-plate delta wing,
truncated straight cone, and truncated bent biconic. The analysis
includes the effect of viscosity and examines the rounding of the sharp
leading edges. Results indicate that, under the constraints of carrying
a given volume in the dead air region, all three configurations provide
similar values of L/D. However, the truncated bent biconic is the only
configuration that provides the necessary stabilizing moments. Also
shown is that a leading edge bluntness with a radius of 0.1 m is easily
tolerated for a body length of 35 m, with little degradation of L/D. An
exception to this occurs for a high-aspect-ratio delta plate, where the
same radius produces up to a 40 %decrease in L/D. 13 Refs.
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Abstract: A method was developed to generate the surface coordinates of body
shapes suitable for aero-assisted, orbital-transfer vehicles (AOTVs) by
extending bent biconic geometries. Lift, drag, and longitudinal
moments were calculated for the bodies using Newtonian flow theory.
These techniques were applied to symmetric and asymmetric
aerobraking vehicles, and to an aeromaneuvering vehicle with high
L/D. Results for aerobraking applications indicate that a 70 degree,
fore half cone angle with a spherically blunted nose, rounded edges,
and a slight asymmetry would be appropriate. Moreover, results show
that an aeromaneuvering vehicle with L/D > 2.0, and with sufficient
stability, is feasible. 11 Refs.
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Abstract: Several 1/24-scale models of the Galileo Probe made of carbon-
phenolic materials were flown in a ballistic range to test their ablation
characteristics. Mostly radiative or all-convective heating
environments were produced by using argon or air as the test gas,
respectively, to simulate the Jovian entry heating environments. The
experimental results were compared with the theoretical predictions
made using the computer codes of radiating shock layer environment
(RASLE) and charring materials ablation (CMA). The experimental
data obtained in argon agreed approximately with the theoretical
predictions. The data for air agreed approximately with the theory
when turbulence and surface roughness effects were accounted for.
The data imply that the Galileo Probe heat shield was adequately
designed. 25 Refs.
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Abstract: The status of knowledge of shock-layer radiation in the low-density
nonequilibrium regime, as appropriate to the flight of the proposed
aeroassisted orbital transfer vehicle, is surveyed. The existing
laboratory data and the flight data from Apollo and Fire are
scrutinized. Nonequilibrium radiation is found to be significant in the
flight regime of the vehicle, but a factor-of-three uncertainty is found in
its magnitude. The available theoretical models are reviewed, their
weaknesses are pointed out, a computer code that approximately
reproduces the existing data is introduced, and recommendations are
made for future research. 34 Refs.
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Abstract: A method is proposed that provides advance information about
unpredictable atmospheric density dispersions that must be
accommodated during random operations of aeroassisted-orbital-
transfer vehicles (AOTVs). The principal feature is that a test or 'scout'
projectile precedes the AOTV through the same region of the
atmosphere as that of the predicted transatmospheric flight trajectory.
The atmospheric density structure is determined from the vehicle's
aerodynamic deceleration characteristics by on-board or ground-based
tracking equipment. The time lag between passage of the projectile
and the AOTV can be adjusted to only that time necessary to
implement required guidance, navigation, and control (GN&C)
corrections. The various strategies available to control the projectile's
flight characteristics are analyzed in detail. The results are correlated
with aerothermodynamic heating and materials requirements to
ensure the survival of the projectile and, consequently, the capability of
the AOTV to navigate a variable upper atmosphere within specified
limits. 17 Refs.
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Abstract: The computational problems associated with high-temperature flows
undergoing finite-rate ionization reactions is investigated. The
conservation equations governing chemical species and vibrational
and electron energies are solved simultaneously with those for overall
mass, momentum, and energy for a one-dimensional subsonic flow,
through a constant-area duct, originating behind a normal shock wave,
using an implicit time-marching technique. Boundary conditions are
imposed in the form of characteristic wave variables accounting for the
effects of chemical reactions on the speed of sound. Converging
solutions are obtained for cases in which chemical reactions are weak,
but difficulty is encountered in other cases. The cause of the difficulty
is investigated and shown to be the sharp pressure disturbances
produced by such reactions. 30 Refs.

78



79) Title: A review of shock waves around aeroassisted orbital transfer vehicles
Author: Park, C.

Corp: NASA, Ames Research Center, Moffett Field, CA, USA
Source: NASA, Ames Research Center, Moffett Field, CA, NASA-TM-86760, June

1985, 33 p. (see N85-33177)
Sponsor: NASA, Washington, D. C., USA

, Doc. Type: Report
Major Term: /*AERODYNAMIC FORCES/*ATMOSPHERIC EFFECTS

/*EARTH ATMOSPHERE / *ORBITTRANSFER VEHICLES
Minor Term: / AERODYNAMIC BRAKES/ATMOSPHERIC ENTRY

/ HIGH TEMPERATURE/NONEQUILIBRIUM FLOW
/ SHOCK HEATING/SHOCK WAVES/SPACE STATIONS
/ SPACE TRANSPORTATION

Abstract: Aeroassisted orbital transfer vehicles (AOTVs) are a proposed type of
reusable spacecraft that would be used to transport cargoes from one
Earth-bound orbit to another. Such vehicles could be based on the
proposed space station and used to transport commercial satellites
from the space station to geostationary orbits or to polar orbits and
return. During a mission, AOTVs would fly through Earth's
atmosphere, thus generating aerodynamic forces that could be used for
decelerating the vehicles or changing their direction. AOTV research
findings were concerned with the shock-wave-induced, high-
temperature airflows that would be produced around these vehicles
during atmospheric flight. Special emphasis was placed on the
problems of: (1) the chemical physics of multi-temperature, ionizing,
nonequilibrium air flows, and (2) the dynamics of the flows in the base
region of a blunt body with complex afterbody geometry. 54 Refs.
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Abstract: This supplement to the paper entitled "Calculation of Nonequilibrium
Radiation in the Fight Regimes of Aeroassisted Orbital Transfer
Vehicles," AIAA Paper 84-0306, January, 1984, contains listings of the
computer code NEQAIR (Nonequilibrium Air Radiation), its primary
input data, and explanation of the user-supplied input variables. The
user-supplied input variables are the thermodynamic variables of air at
a given point, i.e., number densities of various chemical species,
translational temperatures of heavy particles and electrons, and
vibrational temperature. These thermodynamic variables do not
necessarily have to be in thermodynamic equilibrium. The code
calculates emission and absorption characteristics of air under these
given conditions. 7 Refs.
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Abstract: The stagnation-point ablation rates of a graphite, a carbon-carbon

composite, and four carbon-phenolic materials are measured in an
arcjet wind tunnel with a 50% hydrogen/50% helium mixture as the
test gas. Flow environments are determined through measurements of
static and impact pressures, heat-transfer rates to a calorimeter, and
radiation spectra, and through numerical calculation of the flow
through the wind tunnel, spectra, and heat-transfer rates. The
environments so determined are: impact pressure approximately 3
atm, Mach number approximately 2.1, convective heat-transfer rate
approximately 14 kW/cm**2, and radiative heat-transfer rate
approximately 7 kW/cm**2 in the absence of ablation. Ablation rates
are determined from the measured rates of mass loss and recession of
the ablation specimens. 16 Refs.
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Abstract: The dissociating and ionizing nonequilibrium flows behind a normal
shock wave are calculated for the density and vehicle regimes
appropriate for aeroassisted orbital transfer vehicles; the departure of
vibrational and electron temperatures from the gas temperature as well
as viscous transport phenomena are accounted for. From the
thermodynamic properties so determined, radiative power emission is
calculated using an existing code. The resulting radiation
characteristics are compared with the available experimental data.
Chemical parameters are varied to investigate their effect on the
radiation characteristics. It is concluded that the current knowledge of
rate chemistry leads to a factor-of-4 uncertainty in nonequilibrium
radiation intensities. The chemical parameters that must be studied to
improve the accuracy are identified. 26 Refs.
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Abstract: A theory is developed for the stagnation point boundary layer with
injection under the hypothesis that turbulence is produced at the wall
by injection. From the existing experimental heat transfer rate data
obtained in wind tunnels, the wall mixing length is deduced to be a
product of a time constant and an injection velocity. The theory
reproduces the observed increase in heat transfer rates at high injection
rates. For graphite and carbon-carbon composite, the time constant is
determined to be 0.0002 sec from the existing ablation data taken in an
arc-jet tunnel and a ballistic range. 26 Refs.
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Abstract: A Shuttle-compatible systems design based on the core concept of
attachable modules for the major vehicle components is proposed. The
principal features include a disposable cargo/extra-propellant tank
module; a porous, radiative, backscattering drag-brake surface
material of thin silica cloth; and a lightweight carbon-composite
support structure. The mission payload capability for delivery,
retrieval, and combined operations is determined for a broad range of
missions including NASA/DOD requirements and extending through
cis-lunar space. The effects of finite-rate surface catalysis, negative lift,
and multiple atmospheric passes in reducing the aerothermal heating
rates are also investigated. In addition, the structural and thermal-
protection problems of the drag-brake support apparatus are analyzed
and recommendations are proposed for future design refinements.
17 Refs.
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Abstract: A computer code has been developed that calculates radiative
properties of nonequilibrium air in the low-density regimes expected
during the flight of aeroassisted, orbital transfer vehicles. From the
given nonequilibrium thermodynamic state variables, the code
calculates number densities of internal states and the accompanying
emission and absorption 'characteristics. In addition, the code
calculates the number density of the hypothetical gas in radiative
equilibrium that produces the same radiation emission as the given
nonequilibrium gas. Sample results are shown to demonstrate how the
code predicts the nonlinear variation of radiation with density at low
densities. 38 Refs.
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Abstract: Six flat-disk models made of carbon-carbon and carbon-phenolic
materials were launched in an argon-filled track-range facility to test
ablation characteristics in a radiation-dominated, massive-blowing
environment. The shock standoff distances deduced from the
shadowgraphs agree with theoretical predictions during the earlier
portion of the flight, while the wall temperatures determined by the
image-converter photographs agree with predictions during the later
portion. The measured surface recessions exceed the calculated values
by about 60 percent for carbon-phenolic and 30 percent for carbon-
carbon. The discrepancies are attributed to spallation. The measured
char thicknesses agree with theoretical predictions. 11 Refs.
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Abstract: The process of ablation is calculated for the stagnation region of a flat

disk in a radiation-dominated, massive-blowing environment
produced in a ballistic range filled with argon. Flow environments are
determined by solving the boundary-layer equations while radiative
transfer is calculated through a line-by-line spectral computation. The
resulting wall heat-transfer rates are coupled with an existing
material's response code to determine surface recession and char
thickness. The calculation is performed for six, 5 cm diameter models
made of carbon-phenolic and carbon-carbon composite launched in the
Track-G facility at the Arnold Engineering Development Center.
Significant surface recessions are predicted to occur for these models
due mostly to radiative heating. 28 Refs.
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Abstract: Examinations of many aeroassist orbit transfer vehicle (AOTV)/sortie
concepts are summarized. Schematics are given for an AOTV in
coplanar maneuver between LEO and GEO and for a hypothetical
mission from libration center to polar LEO. The aerothermodynamics
environment and chemistry are explored and an arc three degree
asymmetric conical lifting brake is analyzed. Other aspects covered
include the conical lifting brake environment; nonequilibrium
radiative heating data base; thermal protection and structural weight
estimates; performance capability; multiple pass trajectories, loads, and
convective heating; and nonequilibrium heating. Preliminary
considerations are given for a high lift aeromaneuvering concept for
near Earth missions and for Earth-based sortie missions. Hypersonic
sharp leading edges in a rarefied flow are examined. 18 Refs. (edited)

88



89) Title: Trajectories of solid particles spalled from a carbonaceous heat shield
Author: Davies, C. B.; Park, C.

Corp: Informatics, Inc., Palo Alto, CA, USA; NASA, Ames Research Center,
Moffett Field, CA, USA

Source: Progress in Astronautics and Aeronautics (ISSN: 0079-6050), Entry vehicle
heating and thermal protection systems: Space Shuttle, Solar Starprobe

. and Jupiter Galileo Probe, vol. 85, AIAA, Washington, D. C., 1983,
p. 472-95. (see also AIAA, Aerospace Sciences Meeting, 20th, Orlando, FL,
January 11-14, 1982, AIAA Paper 82-0200, 12 p. (see A82-17838))

Sponsor: AIAA, Washington, D. C., USA
Doc. Type: Journal Article

Major Term: /*CARBONACEOUS MATERIALS/*HEAT SHIELDING
/*MATHEMATICAL MODELS/*PARTICLE TRAJECTORIES
/*SPALLATION

Minor Term: / AERODYNAMIC DRAG/CARBON/CONSERVATION EQUATIONS
/ FLOW DISTRIBUTION/GALILEO PROBE/MOMENTUM THEORY
/ NUSSELT NUMBER/PARTICLE MASS/SOLIDS
/ THERMAL CONDUCTIVITY

Abstract: Trajectories are calculated of solid carbon particles that spall from a
carbonaceous heat shield and travel through a given flowfield. The
mathematical model takes into account mass, momentum, and energy
conservation during evaporation of the particles in an effort to
understand spallation phenomena and their consequences in a
physical way. The solution technique is applied to available Galileo
Probe flowfield solutions. Plots of trajectories and other particle
parameters are presented for a range of initial particle sizes and
velocities. It is shown that a significant amount of gaseous carbon is
deposited in the inviscid region and ahead of the bow shock as well as
in the ablation layer. Possible enhancement of radiation due to this
phenomena is discussed. 25 Refs.
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Abstract: A computer code based on the method of characteristics is applied to
the study of two- and three-dimensional chemical nonequilibrium flow
over sharp- and blunt-nosed bodies. Nonequilibrium flow over a
wedge is used to show the approach to equilibrium flow and to
demonstrate the nature of the reaction zone behind the bow shock
wave. The structure and development of a blunt-body entropy layer in
nonequilibrium flow is examined for a blunt cone at zero incidence.
Three dimensional computations for the Space Shuttle body at 30
degree angle of attack are presented. A nondimensional scaling
parameter, the Damkohler number (the ratio of flow time to chemical
reaction time) is calculated and its significance discussed. 22 Refs.
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Abstract: The stagnation-point ablation rates of a graphite, a carbon-carbon
composite, and four carbon-phenolic materials are measured in an arc-
jet wind tunnel with a 50 percent hydrogen, 50 percent helium mixture
as the test gas. Flow environments are determined through
measurements of static and impact pressures, heat-transfer rates to a
calorimeter, and radiation spectra, and through numerical calculation
of the flow through the wind tunnel, spectra, and heat-transfer rates.
The environments so determined are: impact pressure approximately
equal to 3 atm, Mach number approximately equal to 2.1, convective
heat-transfer rate approximately equal to 14 kW/sq cm, and radiative
heat-transfer rate approximately equal to 7 kW/sq cm in the absence of
ablation. Ablation rates are determined from the measured rates of
mass loss and recession of the ablation specimens. Compared with the
predicted ablation rates obtained by running RASLE and CMA codes,
the measured rates are higher by about 15 percent for all tested
materials. 16 Refs.
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Abstract: A method was developed to generate the surface coordinates of body
shapes suitable for aero-assisted, orbital-transfer vehicles (AOTVs) by
extending bent biconic geometries. Lift, drag, and longitudinal
moments were calculated for the bodies using Newtonian flow theory.
These techniques were applied to symmetric and asymmetric
aerobraking vehicles, and to an aeromaneuvering vehicle with high
L/D. Results for aerobraking applications indicate that a 70 degree,
fore half cone angle with spherically blunted nose, rounded edges, and
a slight asymmetry would be appropriate. Moreover, results show that
an aeromaneuvering vehicle with L/D greater than 2.0, and with
sufficient stability, is feasible. 8 Refs.
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Abstract: The status of knowledge of shock-layer radiation in the low-density,
nonequilibrium regime, as appropriate to the flight of the proposed
aero-assisted orbital transfer vehicle, is surveyed. The existing
laboratory data and the flight data from Apollo and Fire are
scrutinized. Nonequilibrium radiation is found to be significant in the
flight regime of the vehicle, but a factor of 3 uncertainty is found in its
magnitude. The available theoretical models are reviewed, their
weaknesses are pointed out, a computer code that approximately
reproduces the existing data is introduced, and recommendations are
made for future research. 34 Refs.
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Abstract: The heavy lift launch vehicles (HLLV) proposed for use in constructing
a satellite solar power system (SPS) would deposit various
contaminants in the middle atmosphere, contaminants that could have
an adverse effect on the upper air structure and climate. The
contaminants consist primarily of water vapor, hydrogen, carbon
dioxide, carbon monoxide, and traces of silicon dioxide and nitric
oxide. Large quantities of nitric oxide are also formed during reentry.
To assess the effects of such effluents, we constructed new models of
modified existing models of the upper atmosphere: a one-dimensional
and two-dimensional photochemical model, a rocket plume model,
and a reentry model. All are described here. Using an SPS scenario of
400 launches per year for 10 years, our calculations lead to the
following conclusions: (1) the build-up of water vapor, nitric oxide,
C 2 r ..........O , CO, o sulfur dioxide, including a possible corridor effect (zonal
enhancement centered on the launch latitude) is not likely to be
significant; (2) ozone perturbations should not be significant - the
ozone total column density decreases would probably be less than
0.1%; (3) although significant perturbations of odd-hydrogen (H, OH, _.
HO2) are not predicted for the stratosphere and mesosphere,
thermosphere hydrogen could be doubled in concentration; and (4)
with respect to climate, none of the SPS-induced changes mentioned
would lead to measurable changes in climate. 56 Refs.
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Abstract: A method was developed to generate the surface coordinates of body

shapes suitable for aeroassisted, orbital-transfer vehicles (AOTVs) by
extending bent biconic geometries. Lift, drag, and longitudinal
moments were calculated for the bodies using Newtonian flow theory.
These techniques were applied to symmetric and asymmetric
aerobraking vehicles, and to an aeromaneuvering vehicle with high
L/D. Results for aerobraking applications indicate that a 70 degree,
fore half cone angle with a spherically blunted nose, rounded edges,
and a slight asymmetry would be appropriate. Moreover, results show
that an aeromaneuvering vehicle with L/D of 2.0, and with sufficient
stability, is feasible. 8 Refs.
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Abstract: The stagnation-point ablation rates of a graphite, a carbon-carbon
composite, and four carbon-phenolic materials are measured in an arc-
jet wind tunnel with a 50% hydrogen-50% helium mixture as the test
gas. Flow environments are determined through measurements of
static and impact pressures, heat-transfer rates to a calorimeter, and
radiation spectra, and through numerical calculation of the flow
through the wind tunnel, spectra, and heat-transfer rates. The
environments so determined are: impact pressure approximately 3
atm, Mach number approximately 2.1, convective heat-transfer rate
approximately 14 kW/sq cm, and radiative heat-transfer rate
approximately 7 kW/sq cm in the absence of ablation. Ablation rates
are determined from the measured rates of mass loss and recession of
the ablation specimens. Compared with the predicted ablation rates
obtained by running RASLE and CMA codes, the measured rates are
higher by about 15% for all tested materials. 16 Refs.
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Abstract: An analysis is presented of the physical characteristics and
photochemical aftereffects of the 1908 Tunguska explosive cometary
meteor, whose physical manifestations are consistent with a five
million ton object's entry into the earth's atmosphere at 40 km/sec.
Aerodynamic calculations indicate that the shock waves emanating
from the falling meteor could have generated up to 30 million tons of
nitric oxide in the stratosphere and mesosphere. A fully interactive
one-dimensional chemical-kinetics model of atmospheric trace
constituents is used to estimate the photochemical consequences of
such a large NO injection. The 35 to 45% hemispherical ozone
depletion predicted by the model is in keeping with the 30 + 15%
ozone variation reported for the first year after the Tunguska fall.
Attention is also given to the optical anomalies which followed the
event for indications of NO(x) - O(x) chemiluminescent emissions,
NO2 solar absorption, and meteoric dust turbidity, along with possible
climate changes due to the nearly one million tons of pulverized dust
deposited in the mesosphere and stratosphere by the meteor. 153 Refs.
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Abstract: The accuracy of calculations of the radiation emissions from argon
plasmas produced by the shock layers over blunt bodies is assessed.
The existing theoretical and experimental spectroscopic data on argon
are collated. A set of such data is selected for use in the radiative

transfer calculations. Calculations are performed for the stagnation
regions of the shock layers over laboratory-sized models using these
data, and the results are compared with the existing experimental
results obtained in a shock-tube. Through this comparison and a
parametric study it is shown that radiative heat fluxes at the stagnation
point in an argon environment can be calculated within an uncertainty
of about 15%. It is shown also that radiative heat fluxes of the order of
100 kW/sq cm can be produced in the existing laboratory facilities.
68 Refs.
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Abstract: The magnitude of the ozone depletion due to the 1908 Tunguska
meteor fall is estimated and observational evidence of such a depletion
is presented. Calculated stratospheric ozone and NO(x) perturbations
caused by the meteor are shown, with the hemispherically averaged
model giving total stratospheric ozone reductions as large as 45
percent in the first year, with significant reductions persisting for at
least three more years. Ozone depletion above 10 km altitude is found
to be about 85 percent for several months, and higher yet at 20, 30, and
40 km. Data from the early1900s to calculate the variability of the solar
constant is used to calculate the ozone column concentration for 1909-
11. The results are in close agreement with the model prediction.
Weather records of the early 1900s show a cooling trend in the
Northern Hemisphere for almost a decade after Tunguska. 24 Refs.
(edited)
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Abstract: The chemical reactions occurring in the adiabatic inviscid shock layer
over a two-dimensional wedge flying through Titan's atmosphere are
calculated. Radiative transfer through the shock layer is calculated,
accounting for the deviation of electronic state populations from the
equilibrium distributions, to determine the heat flux reaching the edge
of the boundary layer of the proposed Titan Aerocapture vehicle. The
heat fluxes are found to be larger by a ratio of up to 100,000 than those
calculated under the assumption of equilibrium flow. For a typical
flight, the radiative heat load reaching the edge of the boundary layer
is 3.4 x 10 to the 5th J/sq cm, which is 5.7 times the equilibrium value.
40 Refs.
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Abstract: Trajectories are calculated of solid carbon particles that spall from a
carbonaceous heat shield and travel through a given flow field. The
mathematical model takes into account mass, momentum, and energy
conservation during evaporation of the particles in an effort to
understand spallation phenomena and their consequences in a
physical way. The solution technique is applied to available Galileo
Probe flow field solutions. Plots of trajectories and other particle
parameters are presented for a range of initial particle sizes and
velocities. It is shown that a significant amount of gaseous carbon is
deposited in the inviscid region and ahead of the bow shock as well as
in the ablation layer. 23 Refs.
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Abstract: The heavy lift launch vehicle associated with the solar power satellite
(SPS) would deposit in the upper atmosphere exhaust and reentry
products which could modify the composition of the stratosphere,
mesosphere, and lower ionosphere. In order to assess such effects,
atmospheric model simulations were performed, especially
considering a geographic zone centered at the launch and reentry
latitudes. 0 Refs. (edited)
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Abstract: The requirements, constraints, design guidelines, and expected

performances of heat-shield systems for a solar probe are analyzed. A
multiple-stage, asymmetric, right-angle radiation cascade
configuration is used as the basis for comparison, Output-to-input
radiative heat flux ratios are first calculated for a system employing
gray surfaces. Assuming that the temperature of the inner surface of
the payload bus is allowed to reach 400 K, it is shown that four-and
five-stage cascade systems employing graphite can approach,
respectively, to within 5.5 and 4 solar radii of the sun. The systems
using slip-cast silica and tungsten are then analyzed accounting for the
degradation of the surface-optical performance caused by the solar
wind. It is shown that two-and three-stage silica-tungsten systems can
approach, respectively, to within 4 and 3 solar radii of the sun. 16 Refs.
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Abstract: Ablation and deceleration characteristics are analyzed for a
hemisphere-cylinder-shaped projectile protected by a graphite nose tip
and launched vertically upward with a velocity in excess of 17 km/s.
It is shown that ablation and deceleration of the projectile are in
tolerable ranges for a scheme in which such projectiles are packed with
nuclear wastes and launched with a mass driver to dispose of nuclear
wastes outside the solar system. 18 Refs.
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Abstract: The Tunguska meteor collided with Earth on June 30,1908, devastating
nearly 2000 square kilometers of forest land in Siberia. Air waves and
ground tremors were detected over distances of several thousand
kilometers. However, no impact craters and very little meteoric
material were found at the impact site. These circumstances are
explained in terms of the flight and disintegration in the atmosphere of
a small comet or comet fragment composed of ice intermingled in dust.
The effects of the Tunguska meteor on the upper atmosphere are
investigated based on the results of detailed aerodynamic calculations
of the event as constrained by the physical record. The major effects
involve the dust and water vapor ablated from the cometary body, and
the nitric oxides (NOx) generated in the air heated by the meteor.
3 Refs. (edited)
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Abstract: In 1908, when the giant Tunguska meteor disintegrated in the Earth's

atmosphere over Siberia, it may have generated as much as 30 million
metric tons of nitric oxide (NO) in the stratosphere and mesosphere.
The photochemical aftereffects of the event are simulated using a
comprehensive model of atmospheric trace composition. Calculations
are made which indicate that up to 45% of the ozone in the Northern
Hemisphere may have been depleted by the meteor's nitric oxide cloud
early in 1909 and that large ozone reductions may have persisted until
1912. Measurements of atmospheric transparency by the Smithsonian
Astrophysical Observatory for the years 1909-1911 reveal evidence of a
steady ozone recovery from unusually low levels in early 1909,
implying a total ozone deficit of 30 + 15%. The coincidence in time
between the observed ozone recovery and the Tunguska meteor fall
suggests that the event may provide a test of current ozone depletion
theories. 47 Refs.
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Abstract: The energy cost of launching a projectile containing nuclear waste is
two orders of magnitude lower with a mass driver than with a typical
rocket system. A mass driver scheme will be feasible, however, only if
ablation and deceleration are within certain tolerable limits. It is
shown that if a hemisphere-cylinder-shaped projectile protected
thermally with a graphite nose is launched vertically to attain a
velocity of 17 km/sec at an altitude of 40 km, the mass loss from
ablation during atmospheric flight will be less than 0.1 ton, provided
the radius of the projectile is under 20 cm and the projectile's mass is of
the order of I ton. The velocity loss from drag will vary from 0.4 to 30
km/sec, depending on the mass and radius of the projectile, the
smaller velocity loss corresponding to large mass and small radius.
Ablation is always within a tolerable range for schemes using a mass
driver launcher to dispose of nuclear wastes outside the solar system.
Deceleration can also be held in the tolerable range if the mass and
diameter of the projectile are properly chosen. 18 Refs. (edited)
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Abstract: The requirements, constraints, design guidelines, and expected

performances of heat-shield systems for a solar probe are analyzed. A
multiple-stage, asymmetric, right-angle radiation cascade
configuration is used as the basis for comparison. Output-to-input
radiative flux ratios are first calculated for a system employing gray
surfaces. Assuming that the temperature of the inner surface of the
payload bus is allowed to reach 400 K, it is shown that four- and five-
stage cascade systems employing graphite can approach, respectively,
to within about 5.5 and 4 solar radii of the sun. The systems using slip-
cast silica and tungsten are then analyzed accounting for the
degradation of surface-optical performance caused by the solar wind.
It is shown that two- and three-stage silica-tungsten systems can
approach, respectively, to within 4 and 3 solar radii of the sun. 16 Refs.
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Abstract: Line-by-line calculations of the radiative transport for a condition near
peak heating for entry of the Galileo probe into the Jovian atmosphere
are described. The discussion includes a thorough specification of the
atomic and molecular input data used in the calculations that could be
useful to others working in the field. The results show that the use of
spectrally averaged cross sections for diatomic absorbers such as CO
and C2 in the boundary layer can lead to an underestimation (by as
much as 29%) of the spectral flux at the stagnation point. On the other
hand, for the turbulent region near the cone frustum on the probe, the
flow tends to be optically thin, and the spectrally averaged results
commonly used in coupled radiative transport-flow field calculations
are in good agreement with the present line-by-line results. It is
recommended that these results be taken into account in sizing the
final thickness of the Galileo's heat shield. 44 Refs.
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Abstract: The mechanism of radiative heating of the afterbody region of Jovian
entry probe is analyzed. A theoretical model is derived to determine
the average thermodynamic properties in the expanding region,
recirculating region, recompression region, and neck region through
application of one-dimensional conservation equations. Flow
parameters are obtained from the shadowgraphs of a free-flight test.
Radiative transfer is calculated using spectrally detailed computer
codes accounting for nonequilibrium. The results show that the most
severe heating occurs immediately behind the frustum, and that the
recompression and neck regions are the major sources of radiation that
heats the base stagnation point. The radiation flux to the base point is
slightly stronger with ablation than without, its value being
0.11*(43*Pb/Ps)**2 times that to the front stagnation point, where
Pb/Ps is the ratio of base-to-front stagnation point pressures and its
value is in the range 0.023-0.066. The time-integrated heat load to the
base point is 18*(43*Pb/Ps)**2 kJ/sq cm. Existing experimental data
are shown to agree with the theoretical prediction. 22 Refs.
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" Abstract: Curves of growth are evaluated for a spectral line broadened by the
van der Waals interactions during collisions. The growth of the
equivalent widths of such lines is shown to be dependent on the
product of the perturber density and the 6/10 power of the van der
Waals potential coefficient. When the parameter is small, the widths
grow as the 1/2 power of the optical depth as they do for the Voigt
profile: but when the parameter is large, they grow as 2/3 power and,
hence, faster than the Voigt profile. An approximate analytical
expression for the computed growth characteristics is given. 6 Refs.
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Abstract: The amount of nitric oxide likely to be produced in the shock layer

around a Space Shuttle orbiter vehicle during its reentry is calculated
at one point on the trajectory. An equivalent-cone is defined as one
that produces the same amount of nitric oxide as the orbiter. The
amounts of nitric oxide produced by the cone are calculated at points
along the trajectory to determine their total and altitudinal
distribution. The results show that about 14 tonne nitric oxide is
produced at each entry, the peak occurring at 68 km altitude. 3 Refs.
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Abstract: A 6.4-cm-diameter scale model of the Jovian entry vehicle is tested in
an electric-arc-driven shock tube and a 5-cm-diameter sphere model is
tested in a combustion-driven shock tube and in an electric-arc-driven
shock tunnel. The radiative heat-transfer rate and pressure on the
front and the base regions are measured in the absence of ablation with
sensors imbedded in the models in a stream consisting of 10%
hydrogen in a bath of either neon or argon. The measured radiative
heat-transfer rates and pressures range to about 22 kW/sq cm and 12
atm, respectively, at the front stagnation point. The ratio of the
radiative heat-transfer rate at the base stagnation point to that at the
front stagnation point is found to be about 1/4 for the sphere at Mach
1.8, about 1/30 for the sphere at Mach 4.8, and about 1/6 for the scale
model at Mach 1.7. The present experimental results agree well with
the theoretical predictions of Park, thus indicating that Park's theory is
valid. 7 Refs.
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Abstract: Scale models of the Galileo Probe made of polycarbonate, AXF5Q
graphite, carbon-carbon composite, and carbon-phenolic were flown in
a free flight range in an ambient gas of air, krypton, or xenon. Mach
numbers varied between 14 and 24, Reynolds numbers between
300,000 and 1,000,000, stagnation pressures between 31 and 200 atm,
and stagnation point heat transfer rates between 10 and 1,000 kW/sq
cm. Shadowgraphs indicate gouging ablation of the aft portion of the
frustum; the gouging was moderate in air and severe in the noble
gases. The graphite models break in the same region. An explanation
of the phenomena is offered in terms of the strong compression and
shear caused by the reattachment of a turbulent separated flow.
Conditions are calculated for similar tests appropriate for Von Karman
Facility of the Arnold Engineering Development Center in which a
larger model can be flown in argon. 19 Refs.
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Abstract: Emission spectroscopy of shock-heated atomic silicon was performed
in the spectral range 180 to 300 nm, in an environment simulating the
ablation layer expected around a Jovian entry probe with a silica heat
shield. From the spectra obtained at temperatures from 6000 to 10,000
K and electron number densities from 10"'15 to 10"'17 cm-3, the
Lorentzian line widths were determined. The results showed that the
silicon lines are broadened significantly by both electrons (Stark
broadening) and hydrogen atoms (Van der Waals broadening), and the
combined line widths are much larger than previously assumed. From
the data, the Stark and Van der Waals line widths were determined for
34 silicon lines. Radiative transport through a typical shock layer was
computed using the new line-width data. The computations showed
that silicon emission in the hot region is large, but it is mostly absorbed
in the colder region adjacent to the wall. 17 Refs.
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Abstract: A computer program called NEQRAP is described that calculates the

radiative properties of nonequilibrium ionized hydrogen. From the
given electron temperature, electron density, and atom density values
(which do not necessarily satisfy the equilibrium relationship) and
intensities of incident radiation, the non-Boltzmann populations of
electronic states are computed by solving the equation of quasi-steady-
state population distribution. Emission and absorption coefficients are
determined as functions of wavelength by invoking the principle of
detailed balance between the upper and lower states of each radiative
transition. Radiative transport through the medium is computed
assuming a one-dimensional uniform slab. The rate of ionic reaction is
also computed. When used on a sample case, the program shows that
there is a large difference between the calculated intensities of
radiation emitted by a bulk of equilibrium and nonequilibrium
hydrogen. The accuracy of the program is estimated to be better than
10%. 24 Refs.
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Abstract: Line-by-line calculations of the radiative transport for a condition near
peak heating for entry of the Galileo probe into the Jovian atmosphere
are described. The discussion includes a thorough specification of the
atomic and molecular input data used in the calculations that could be
useful to others working in the field. The results show that the use of
spectrally averaged cross sections for diatomic absorbers such as CO
and C2 in the boundary layer can lead to an underestimation (by as
much as 29%) of the spectral flux at the stagnation point. On the other
hand, for the turbulent region near the cone frustum on the probe, the
flow tends to be optically thin, and the spectrally averaged results
commonly used in coupled radiative transport-flow field calculations
are in good agreement with the present line-by-line results. It is
recommended that these results be taken into account in sizing the
final thickness of the Galileo's heat shield. 44 Refs.
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Abstract: The origin, magnitude, and main uncertainties associated with the
problem of radiative heating of the base region of an entry body - for
the regime of entry flights into Jupiter - are examined. A one-
dimensional analysis of the base flow employing Newtonian
hypersonic concepts is presented to demonstrate the intrinsic nature of
the radiation phenomon in the region. The earlier calculations of Park
are repeated with the same base pressure held at I percent of the front
stagnation point pressure, Ps, but the pressure in the neck region, Pn,
allowed to vary up to 25 percent of Ps, the maximum value predicted
by the Chapman-Korst theory. The base-to-front stagnation-point
radiative heat flux is derived as qb/qs = 2.4 (Pn/Ps)**l.5 in the
presence of ablation, the maximum possible value being 0.3. Current
efforts to experimentally determine the heat flux ratio are described.
12 Refs.
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Abstract: The overall absorption cross sections and electronic transition
moments of the A 2 Delta - X 2 Pi band system of Sill have been
determined by using an absorption technique with a shock tube at
temperatures of 2600-3800 K over the wavelengths of 150-160 nm.
Absorption cross sections are shown to be dominated by continua. The
possible contributions to the overall cross sections by a low-lying 4
Sigma minus and a high-lying 4 Sigma minus state are discussed. At
200, 228, 340, 445, and 505 nm, the continuum cross sections are (2.9 +
1.0)**10**minus 17, (2.0 + 0.5)**10**minus17, (3.2 + 0.5)**10**minus 18,
(3.8 + 0.6)**10**minus 18, and (1.8 + 0.8)**10**minus 18 cm-2,
respectively. The overall emission intensity and the Si + H - Sill +
photon radiative recombination rate are ((6.7 + 2.3)**10**minus 35) x
(3500/T)**0.7 (Si)(H) watt-cm-3 and ((1.3 + 0.4)**10**minus 17) x
(3500/T)*'1.1 (Si)(H) cm-3 s-l, respectively. The A - X transition
moments are 0.12 + 0.04 a. u. for the (0,0) and (1,1) bands. The
intensity of each branch in the A - X (0,0) band follows approximately
the prediction based on the H6nl-London factors of Kovacs. The data
are applied to the study of the flow field around a spacecraft entering
the Jovian atmosphere. 17 Refs.
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Abstract: The mechanism of radiative heating of the afterbody region of Jovian
entry probe is analyzed. A theoretical model is derived to determine
the average thermodynamic properties in the expanding region,
recirculating region, recompression region, and neck region through
application of one-dimensional conservation equations. Flow
parameters are obtained from the shadowgraphs of a free-flight test.
Radiative transfer is calculated using spectrally detailed computer
codes accounting for nonequilibrium. The results show that the most
severe heating occurs immediately behind the frustum, and that the
recompression and neck regions are the major sources of radiation that
heats the base stagnation point. The radiation flux to the base point is
slightly stronger with ablation than without, its value being
0.11*(43*Pb/Ps)**2 times that to the front stagnation point, where
Pb/Ps is the ratio of base-to-front stagnation point pressures and its
value is in the range 0.023 to 0.066. The time-integrated heat load to
the base point is 18*(43*Pb/Ps)**2 kJ/cm-2. Existing experimental data
are shown to agree with the theoretical prediction. 21 Refs.
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Abstract: The sum of the squares of the electronic transition moments for the (E
1Sigma +) - (X 1 Sigma +) band system of SiO has been determined
from absorption measurements conducted in the reflected-shock
region of a shock tube. The test gas produced by shock-heating a
mixture of SIC14, N20, and Ar, and the spectra were recorded
photographically in the 150-230-nm wavelength range. The values of
the sum of the squares were determined by comparing the measured
absorption spectra with those produced by a line-by-line synthetic
spectrum calculation. The value so deduced at an r-centroid value of
3.0 Bohr was 0.86 + 0.10 atomic unit. 13 Refs.
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Abstract: A scale model of the Jovian entry vehicle of 6.4 cm diameter is tested in
an electric-arc-driven shock tube while a sphere model of 5 cm
diameter is tested in a combustion-driven shock tube and an electric-
arc-driven shock tunnel. The radiative heat-transfer rate and pressure
on the front and the base regions are measured in the absence of
ablation with sensors imbedded in the models in a stream consisting of
10% hydrogen in a bath of either neon or argon. The measured
radiative heat-transfer rates and pressures are up to about 22 kW/sq
cm and 12 atm, respectively, at the front stagnation point. The ratio of
the base-to-stagnation-point radiative heat-transfer rates is found to be
about 1/4 for the sphere at Mach 1.8, about 1/30 for the sphere at
Mach 4.8, and about 1/6 for the scale model at Mach 1.7. When the
effects of model geometry and Mach number are accounted for, the
present experimental results agree well with the theoretical prediction
of Park. 8 Refs.
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Abstract: Absorption spectroscopy has been performed in the reflected-shock
region of a shock tube. Acetylene was shock-heated to produce a
mixture, at around 4000 K, rich in C3 and C2H to simulate the ablation
layer over the Jovian entry probe, and the spectral range from 140 to
700 nm was surveyed with an evacuable spectrograph. The observed
spectra were dominated by those of C2 and C3 and an unknown band
at wavelengths below 300 nm. The cross sections of the C3 Swings
band in the 300 to 450 nm range agreed with previous measurements
within a factor of 1.5. No absorption was observed in the wavelength
range from 550 to 700 nm. The unknown broadband absorption with a
peak cross section of 4 times 10 to the minus 17/sq cm at around 170
nm was attributed tentatively to the C2H radical. A preliminary
calculation showed that the newly found absorption band would
reduce the radiative heat flux to the stagnation point wall by about
12.5% in a typical flight condition. 14 Refs.
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Abstract: The capabilities of shock tubes used in stratospheric-related research
are considered, and the results of three independent shock tube
research projects are reported. The studies are concerned with the
evaluation of stratospheric ozone depletion. In the first experiment,
photoabsorption cross sections of Freon 11 and 12 at stratospheric
temperatures were measured using rarefaction waves. In the second
experiment, reaction-rate coefficients were determined from
measurements made behind reflected shock waves. In the third
experiment, electronic-transition moments of the 02 Schumann-Runge
system and the A2Pi-X2Pi system of C10 were deduced from intensity
measurements made behind the incident shock. 20 Refs.
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Abstract: By heating SIC14 + N20 + Ar and Sill4 + Ar mixtures with shock
waves, test gases containing SiO, SiO2, Sill, and Si2 were produced in
the reflected-shock region of a shock tube. Spectral absorption
characteristics were measured for the gases and compared with
theoretical characteristics for the wavelength range between 160 and
550 nm, at gas temperatures between 2800 and 3600 K. The sums of
the squares of electronic transition moments at equilibrium separation
were deduced from tests as: 1.0 + 0.3 a. u. for the SiO (AIPi -
XISigma+) band system; 0.8 + 0.26 a. u. for that or SiO (EISigma+ -
XISigma+); 1.3 + 0.4 a. u. for Sill (A2Delta - X2Pi); 0.52 + 0.2 a. u. for
Sill (B2Sigma+ - X2Pi); 0.73 + 0.25 a. u. for Si2 (K3Sigma u- - X3Sigma
g-); and 1.5 + 0.5 a. u. for Si2 (L3Piu - D3Pig). Absorption by SiO2 and
other known bands of SiO, Sill, and Si2 were found to be too weak to
be measurable. The cross sections of absorption by a continuum,
believed due to Sill, varied from 2.5 x 10"*minus 17 sq cm at 280 nm to
1.6 x 10"*minus 18 sq cm at 440 nm. 16 Refs.
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Abstract: The nonequilibrium chemical processes of nitric oxide formation are
computed for the wake of the Tunguska meteor of 1908. The wake
characteristics are derived by carrying out an opticaUy-thick radiation
field analysis for ablation of the meteoroid. The wake flow field is
approximated by a one-dimensional, well-stirred reactor model.
Known characteristics of the Tunguska event are imposed as
constraints, and three controlling parameters, chemical composition,
density, and velocity, are varied over a range around the values
derived by Korobeinikov et al. (1976) and Petrov and Stulov (1975).
The calculation shows that at least 19 million tons of nitric oxide is
produced between the altitudes of 10 and 50 km. The anomalous
atmospheric phenomena following the event are attributed to the
reactions involving nitric oxide thus produced and atmospheric ozone.
It is speculated that the nitric oxide produced by the event fertilized
the area near the fall, causing the observed rapid plant growth.
40 Refs.
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Abstract: The process by which odd nitrogen species (atomic nitrogen and nitric

oxide) are formed during atmospheric entry of meteoroids is analyzed
theoretically. An ablating meteoroid is assumed to be a point source of
mass with a continuum regime evolving in its wake. The amounts of
odd nitrogen species, produced by high-temperature reactions of air in
the continuum wake, are calculated by numerical integration of
chemical rate equations. Flow properties are assumed to be uniform
across the wake, and 29 reactions involving five neutral species and
five singly ionized species are considered, as well as vibrational and
electron temperature nonequilibrium phenomena. The results, when
they are summed over the observed mass, velocity, and entry-angle
distribution of meteoroids, provide odd-nitrogen-species annual global
production rates as functions of altitude. The peak production of nitric
oxide is found to occur at an altitude of about 85 km; atomic nitrogen
production peaks at about 95 km. The total annual rate for nitric oxide
is 40 million kg; for atomic nitrogen it is 170 million kg. 29 Refs.
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Abstract: Emission spectroscopy of shock-heated atomic silicon was performed
in the spectral range 180 to 300 nm, in an environment simulating the
ablation layer expected around a Jovian entry probe with a silica heat
shield. From the spectra obtained at temperatures from 6000 to 10,000
K and electron number densities from I quadrillion to 100 quadrillion
per cu cm, the Lorentzian line-widths were determined. The results
showed that silicon lines are broadened significantly by both electrons
(Stark broadening) and hydrogen atoms (Van der Waals broadening),
and the combined line-widths are much larger than previously
assumed. From the data, the Stark and the Van der Waals line-widths
were determined for 34 silicon lines. Radiative transport through a
typical shock layer was computed using the new line-width data. The
computations showed that silicon emission in the hot region is large,
but it is mostly absorbed in the colder region adjacent to the wall.
17 Refs.
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Abstract: The sum of the squares of the electronic transition moments for the A 1
Pi - X 1 Sigma + band system of SiO has been determined from
absorption measurements conducted in the reflected-shock region of a
shock tube. The test gas was produced by shock-heating a mixture of
N20, SIC14,and Ar, and the spectra were recorded photographically in
the 260-290 nm wavelength range. The values of the sum as a function
of internuclear distance between 2.8 and 3.3 Bohr were determined by
comparing the measured absorption spectrum with that produced by a
line-by-line synthetic-spectrum calculation which accounted for
instrumental broadening. The value of the sum so deduced at an
internuclear distance of 3.0 Bohr was 1.0 + 0.3 atomic units. 23 Refs.
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Abstract: Test gas mixtures containing SiO, SiO2, Si2, and Sill were produced in
a 5 cm ID shock tube by processing shock waves through a mixture of
SIC14+ N20 + Ar, Sill4 + Ar, or Sill4 + 02 + Ar. Absorption spectra
of the test gases were studied photographically in the reflected shock
region using a xenon flash lamp as the light source in the range of
wavelengths between 250 and 600 nm. SiO was found to be a
dominant species in the vapors produced by the SIC14+ N20 and Sill4
+ 02 mixture prior to then shock arrival, and the resulting solid SiO2
particles evaporated behind the shock wave. Spectral absorption
characteristics of SiO, SiO2, Si2, and Sill were determined by studying
the test gases. 18 Refs.
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Abstract: Test gas mixtures containing SiO, SiO2, Si2, and Sill were produced in
a shock tube by processing shock waves through a mixture of SIC14+
N20 + Ar, Sill4 + Ar, or Sill4 + 02 + Ar. Absorption spectra of the
test gases were studied photographically in the reflected shock region
using a xenon flash lamp as the light source in the range of
wavelengths between 250 and 600 nm. SiO was found to be a
dominant species in the vapors produced by the SIC14+ N20 and Sill4
+ 02 mixtures. Spontaneous combustion was observed in the Sill4 +
02 + Ar mixture prior to the shock arrival, and the resulting solid SiO2
particles evaporated behind the shock wave. Spectral absorption
characteristics of SiO, SiO2, Si2, and Sill were determined by studying
the test gases. 18 Refs.
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Abstract: Ozone and a much greater quantity of hydrogen chloride, slightly
diluted by oxygen and argon, were heated by a shock wave process to
temperatures in the range 480-1300 K at pressures from four to eight
atmospheres. From variations in ozone concentration, determined by
the attenuation of 2537/_ radiation, the rate coefficient for the reaction
03 + HC1 yielding O + 02 + HCI was determined to be kl = ((4.0 _+1.5)
x 10**minus 10) exp(-10,408/T) cm3 s-1 for temperatures of 480-720 K.
From the concentration of C10 remaining at the end of ozone
decomposition the rate coefficients for the reactions C1 + 03 yielding
CIO + 02 and HCI + O yielding OH + C1were also deduced to be k4 =
(1.35 _+0.4) x 10**minus 11 and k2 = (2.0 + 1.0) x 10"* minus 14 cm3/s,
respectively, at a temperature of about 1100 K. 12 Refs.
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Abstract: It is shown that a previously derived semi-empirical equation for
describing observed ablation rates of isotropic graphites cannot be
applied to low-density flows containing dissociated oxygen.
Experimentally determined reaction probabilities of isotropic graphites
to molecular and atomic oxygen are used to calculate heat-transfer
rates and stagnation-point ablation rates for typical conditions.
Integrated mass losses are computed for a group of flight trajectories
which start from geosynchronous orbit and enter earth's atmosphere in
a skipping motion following near-elliptic decaying orbits. A
comparison of the results with those obtained by the equation under
question shows excellent agreement for steep trajectories, but large
discrepancies for shallow trajectories. The differences are attributed to
surface oxidation by atomic oxygen. 23 Refs. (edited)
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Abstract: Chemical reactions expected to occur among the constituents of solid-
fuel rocket engine effluents in the hot region behind a Mach disk are
analyzed theoretically. With the use of a rocket plume model that
assumes the flow to be separated in the base region, and a chemical
reaction scheme that includes evaporation of alumina and the
associated reactions of 17 gas species, the reformation of the effluent is
calculated. It is shown that A1C10 and A1OH are produced in
exchange for a corresponding reduction in the amounts of HC1 and
A1203. For the case of the space shuttle booster engines, up to 2% of
the original mass of the rocket fuel can possibly be converted to these
two new species and deposited in the atmosphere between the
altitudes of 10 and 40 km. No adverse effects on the atmospheric
environment are anticipated with the addition of these two new
species. 39 Refs.
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/ REACTION KINETICS
Abstract: The process of nitric oxide formation during atmospheric entry of

meteoroids is analyzed theoretically. An ablating meteoroid is
assumed to be a point source in a uniform flow with a continuum
regime evolving in its wake. The amount of nitric oxide produced by
high-temperature reactions of air in the continuum regime is calculated
by numerical integration of chemical-rate equations. This is
accomplished by assuming that flow properties are constant across the
reacting region, the radius of the region being determined from
considerations of shock-wave formation and molecular diffusion. The
results, when summed over the observed mass, velocity, and entry-
angle distributions of meteoroids, provide annual global production
rates of nitric oxide as a function of altitude. The peak production of
nitric oxide is found to occur at altitudes between 90 and 100 km, the
total annual rate being about 40 million kg. The present results suggest
that the large concentration of nitric oxide observed below 95 km could
be attributed to meteoroids instead of photodissociation of nitrogen
into metastable, 2D-state atoms, as has been previously hypothesized.
11 Refs.
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Abstract: An approximate analysis to estimate the quantity of nitric oxide that
could be formed in the wake of a reentering lifting spacecraft is
reported. Three different approaches are undertaken: two simplified
analytical models utilizing the sudden-freezing concept named the
'trailing-edge-freezing' and 'wake-freezing' approximations, and a
computer calculation involving numerical integration of chemical rate
equations. The three methods predict a maximum nitric oxide
production equivalent to 6, 9.5 and 8% of the mass of the spacecraft,
respectively. Thus, the amount of nitric oxide expected to be produced
by future space activities is negligibly small compared with that
produced by the natural processes. 14 Refs.
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Abstract: Electron density, electron temperature, and concentration of excited
sodium atoms are measured in the weakly ionized regime behind a
shock wave in an impure argon shock tube using microwave technique
and spectrally-resolved radiometry. Evidence is presented to show
that an apparent increase in the rate of ionization due to electron
detachment of negative chlorine ions produced from sodium chloride
vapor contained as an impurity. To be consistent with this chemical
model, rate coefficients are found for 5500 < T < 8600 K to be as
follows: for NaC1 + A + 5.8 eV - Na+ + C1- + A, k4 = (0.082) exp(-
67,315/T)*T**2 cm3 s-l; for C1- + A + 3.61 eV - C1 + e + A, k5 = (6 x
10**minus 12) exp(-41,900/T) cm3 s-l; and for the branching ratio
between the reaction NaC1 + A + 5.8 eV - Na+ + C1- + A(k4) and
reaction NaC1 + A + 4.27 eV - Na+ + C1- + A(k3), k4/k3 = (1.6 x 10"'4)
exp(-17,760/T). Electron temperature is lower that heavy particle
temperature roughly by 1000 K. The electron-argon impact ionization
rate coefficient is a weak function of electron temperature in
contradiction to expectation. 43 Refs.
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Abstract: Results are reported for an experiment in which a shock tube was
employed to measure the reaction rates of chlorine-oxygen systems at
high temperatures. In this experiment, a mixture of chlorine and
ozone, diluted by oxygen and argon, was heated by two consecutive
shock waves (primary and reflected) to produce a temperature in the
range from 1000 to 1400 K and a pressure of between 3.5 and 9 atrn.
The reflected shock thermally decomposed the ozone; the resulting
atomic oxygen reacted with molecular chlorine to produce C10; and
the variation in C10 concentration after passage of the reflected shock
was observed by monitoring the intensity of 2537/_ radiation passing
through the test gas. The rates of the two cited reactions are deduced
from the variation pattern. The rate coefficient values are found to be
compatible with existing data obtained in lower pressure and
temperature ranges. 17 Refs.
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Abstract: Electron density, electron temperature, and concentration of excited
sodium atoms are measured in the weakly ionized regime behind a
shock wave in impure argon in a shock tube using microwave
techniques and spectrally resolved radiometry. Evidence is presented
to show that an apparent increase in the rate of ionization is due to
electron detachment of negative chlorine ions produced from sodium
chloride vapor contained as an impurity. To be consistent with this
chemical model, rate coefficients are found in the temperature range
between 5500 and 8600 K for the dissociation of NaC1 into an ion pair,
dissociation of NaC1 into a neutral pair, and electron detachment of a
negative chlorine ion. Electron temperature is lower than heavy-
particle temperature by roughly 1000 K. The electron-argon impact-
ionization rate coefficient is a weak function of electron temperature in
contradiction to expectation. 44 Refs.
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Abstract: A computer code based on the method of characteristics is described
and applied to the study of two- and three-dimensional chemical
nonequilibrium flow over sharp and blunt-nosed bodies.
Nonequilibrium flow over a wedge is used to show the approach to
equilibrium flow, and to demonstrate the nature of the reaction zone
behind the bow shock wave. The structure and development of a
blunt-body entropy layer in nonequilibrium flow is examined for a
blunt cone at zero incidence. Three-dimensional computations for the
space shuttle body at 30 degree angle of attack are presented. A
nondimensional scaling parameter, the Damkohler number, which is
the ratio of flow time to chemical reaction time, is calculated and its
significance discussed. 22 Refs.
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Abstract: The process of nitric oxide formation during atmospheric entry of
meteoroids is analyzed theoretically. An ablating meteoroid is
assumed to be a point source in a uniform flow with a continuum
regime evolving in its wake. The amount of nitric oxide produced by
high-temperature reactions of air in the continuum regime is calculated

by numerical integration of chemical-rate equations. This is
accomplished by assuming that flow properties are constant across the
reacting region, its radius being determined from considerations of
shock-wave formation and molecular diffusion. The results, when
summed over the observed mass, velocity, and entry-angle
distributions of meteoroids, provide annual global production rates of
nitric oxide as a function of altitude. The peak production is found to
occur between 90- and 100-km altitude, the total annual rate being
around 40 million kg. The present results suggest that the large
concentration of nitric oxide observed below 95 km could be attributed
to meteoroids instead of photodissociation of nitrogen into metastable,
2D-state atoms, as has been previously been hypothesized. 13 Refs.
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Abstract: A new technique has been developed for measuring the specific
surface oxidation rate of soot particles. It employs an aerosol process
for initially dispersing the soot particles and a time-resolved light-
attenuation measurement for determining the particle concentration in
the reaction zone. Using two types of carbon black, which are typical
of the soot formed in hydrocarbon fuel combustion, the technique is
applied to measure the oxidation rate in the range of temperature and
pressure prevailing in practical fuel combustors. The test results
indicate that the soot particles can be considered completely dispersed
in the reflected-shock region where the oxidation rate measurement
was made. The oxidation rate of soot is found to be nearly equal to
that for a pyrolytic graphite. 24 Refs.
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Abstract: A recent computer simulation elucidates that the evaporation
coefficient 'alpha' of an ideal solid is a function mainly of the average
ledge spacing, 'lambdal'. Experimental evidences on monatomic
solids give the upper limit on the ledge spacing as 'lambdal' < L,
where L is the "diffusion-jump" distance. The lower limit of 'lambdal'
cannot be determined from monatomic solid data because the
evaporation coefficient is insensitive to the ledge spacing in the lower
range of 'lambdal'/L. This work offers a means of estimating the
lower limit of the ledge spacing from experimental evaporation rate
data on simple molecular solids. 11 Refs.
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Abstract: Relaxation of the population distribution of electronic states is studied
theoretically for a highly ionized nitrogen-hydrogen mixture
expanding through a nozzle wherein the hydrogen content is less than
0.1%. The analysis incorporates quantum-mechanical rate coefficients,
and considers the effects of wall cooling and absorption of radiation.
Calculations are carried out for a condition produced experimentally.
Visible and infrared line radiation from nitrogen and hydrogen were
measured with a spectrograph. The geometry and stagnation
conditions were those calculated theoretically. The experiment
confirms quantitatively the predictions that the electronic excitation
temperatures of hydrogen and (3P) core states of nitrogen are higher
than the electron temperature, and that (3P) excitation temperatures
exhibit maxima within the nozzle. 30 Refs. (part I); 10 Refs. (Part 1I)
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Abstract: Surface oxidation rates of two types of carbon black, which are
representative of soot formed during the combustion of hydrocarbon
fuels, have been measured in a shock tube over the range of
temperature 1700-4000 K and of pressure 0.05-13 atm of oxygen. The
results illustrate that the specific surface reaction rate is nearly the
same as that which has previously been measured for the oxidation of
pyrolytic graphite samples, and can be approximately correlated by a
semiempirical formula for pyrolytic graphite oxidation proposed by
Nagle and Strickland-Constable. 24 Refs.
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Abstract: Recent theoretical calculations and experimental measurements have
indicated that a large overpopulation of upper neutral atom excited
states with respect to the ground state can exist in an arc-heated
plasma expanding through a nozzle. It is shown experimentally that
such an overpopulation results ultimately in a population inversion
between a pair of states corresponding to a visible or infrared spectral
line. Literature predicts that a population inversion may occur also for
an ultraviolet line. The purpose of the present work is to examine
experimentally the population inversion of an ultraviolet line. Here,
spectroscopic measurements made on high-pressure high-temperature,
arc-heated helium-methane or argon-methane mixtures expanding
through a nozzle show a population inversion in the neutral carbon
line at 2478.6 _ corresponding to the 2p2 1S0 - 2p 3s 1(P1)0 transition.
8 Refs.
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Abstract: A theoretical and experimental demonstration is presented which
shows that under suitable conditions the volume recombination
coefficient can be determined by measuring the heat transfer rate into
the wall of a cylinder through which a dissociated stream is passing.
The experimental results obtained are in agreement with those of other
investigators. 7Refs. (edited)
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Abstract: Surface oxidation rates of two types of carbon black, which are
representative of soot formed during the combustion of hydrocarbon
fuels, have been measured in a shock tube over the ranges of
temperature between 1700 and 4000 K and pressure between 0.05 and
13 atm of oxygen. The results illustrate that the specific surface
reaction rate is nearly the same as that which has previously been
measured for the oxidation of polycrystalline pyrographite, and that
the results can be approximately correlated by a semi-empirical
formula for pyrographite oxidation proposed by Nagle and Strickland-
Constable. 22 Refs.
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Abstract: Use of an immersible, three-coil, magnetic-induction probe, previously
tested in a low-density supersonic argon jet, to measure electrical
conductivity and velocity profiles of a highly ionized high-density
nitrogen jet in the continuum flow regime where effects due to probe
bow shocks and boundary layers might not be negligible. Measured
centerline values of electrical conductivity and velocity were compared
with predictions based on a theoretical analysis previously developed
to study the gas as it expanded adiabatically and inviscidly from an
equilibrium sonic state to the nozzle exit. The resulting numerical exit
plane values for electron density and electron temperature were then
substituted into the Spitzer-Haerm conductivity formula to compute a
theoretical conductivity which agreed within 40% of the measured
conductivity, while the calculated and experimental velocity values
differed by as much as 50%. The lack of agreement was attributed to
the possible use of invalid assumptions and boundary conditions in
the computer analysis or to the unknown effects of shocks on the probe
data. 30 Refs.
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Abstract: Experimental investigation of the validity of Zuber and Finlay's (1965)
gas flow-rate formula for a two-phase flow in a rotating cylinder under
high centrifugal acceleration. This formula was originally derived
from tests in a 1-g environment in pipes. In the light of the
investigation results obtained, the formula is valid also for a high-g
environment in the rotating chamber tested. 4 Refs. (edited)
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Abstract: The ratio of intensities of hydrogen Balmer lines H-alpha/H-beta is

proposed as an indicator of electron temperature in a nonequilibrium
plasma. Although different from the equilibrium case, the intensity
ratio is a unique function of electron temperature provided that the
optical depth is small for the visible lines and the plasma is far out of
equilibrium. For such a plasma, the H-alpha/H-beta intensity ratios
are computed. The results are tabulated in the form of a conversion
table between the measured excitation temperature and the true
electron temperature. The ranges of applicability of the conversion
table are also computed and are presented in separate tables. An
example is shown in which particle densities are consistent with the
Saha equilibrium condition at the apparent excitation temperature
even though the plasma is in nonequilibrium at a different true
electron temperature. 23 Refs.
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Abstract: The amount of nitric oxide which may be produced by heating of air

during an atmospheric reentry of a lifting spacecraft is estimated by
three different methods. Two assume nitrogen fixation by the process
of sudden freezing, and the third is a computer calculation using
chemical rate equations. 16 Refs.
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Abstract: The self-absorption of the neutral carbon line at 2478.6/_ (2p2 1S0 - 2p
3s 1P1) has been experimentally measured by placing a concave mirror
behind expanding, high pressure arc heated plasmas issuing from a
1.27 cm constricted arc tunnel. Negative absorption coefficients
indicating population inversions were observed in both helium-
methane and argon-methane plasmas. To date the largest absorption
coefficient has been ko* - -0.292/cm using a mole fraction of carbon of

" 0.333 in a helium-methane mixture, with total mass flow 2.5 gm/sec,
4.75 atm cathode pressure, and enthalpy about 190 MJ/kg. The
effective area ratio at the observation station was approximately 50.
8 Refs.
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Abstract: The rates of electron impact excitation of bound electronic states are
calculated by interpolating the existing quantum-mechanical theories
and applying an empirical correction. The calculation is done for
hydrogen, helium, lithium, sodium, potassium, rubidium, and cesium.
The resulting rate coefficients are expressed by two parameters, the
values of which are presented in tables. The error of the present
calculations is estimated by comparing with the available experimental
data to be within a factor of approximately 2. 26 Refs.
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Abstract: The nonequilibrium neutral atom excited state densities, electron
densities, electron and heavy particle temperatures are computed for a
fully dissociated partially ionized nitrogen plasma expanding in a
nozzle starting from equilibrium in the settling chamber. The degree
of excitation nonequilibrium at the exit of a convergent-divergent
nozzle having an area ratio of 22 is systematically investigated for
chamber pressures between 0.01 and 1000 atm and chamber
temperatures between 6000 and 18,000 K. Thermal nonequilibrium at
the exit rises to a maximum in the settling chamber pressure range
between 1 and 10 atm, due to competing effects of the three-body
recombination and collisional coupling terms in the electron energy
equation. Increasing chamber pressure above 10 arm produces
increasingly severe and unexpected departure from excitation
equilibrium. 27 Refs.
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Abstract: A gas-core nuclear rocket is described in which fuel containment is
achieved through the application of an MHD-centrifuge scheme.
Solid-body rotation of the gas would be developed in a cylindrical
cavity in order to obtain maximum separation of the fuel gas from the
propellant gas. Heating of the propellant gas would be accomplished
by radiative heat transfer from the fuel region near the wall as the
propellant flows axially through the center region of the cavity.
Encouraging results were obtained from a preliminary experiment to
test the effectiveness of MHD-driven rotation for separating two gas
species in a closed cylindrical chamber. The operating characteristics
and projected performance of a gas-core nuclear rocket engine using
this scheme for fuel containment were calculated and typical results
presented. 17 Refs.
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Abstract: A theory for the heat transfer to the stagnation point of a hemisphere
in a supersonic, high-enthalpy, low-density nitrogen plasma flow was
developed. The theory assumed a flow that is frozen with respect to
molecular dissociation and relaxing with respect to ionization. The
calculations for this partially frozen flow yielded heat-transfer rates
that were generally lower than predicted by other theories for both
frozen and equilibrium flows. Experimental heat-transfer rates from
measurements in a high-enthalpy constricted- arc tunnel agreed with
the theoretical value within 10 percent in the mean. 42 Refs.
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Abstract: A fluid dynamic simulation of a gas core nuclear rocket chamber has
been made with the objective of separating a light and heavy gas by
means of centrifugal force produced by MHD- driven rotation. The
test apparatus, a closed cylinder filled with a mixture of xenon and
helium, uses a radial magnetic field configuration with an axial electric
current passing between 16 pairs of electrodes. By observing the
behavior of the discharge and the luminosity of the gas at different
locations, the mode of discharge was found to be stable and suitable
for effective separation. 16 Refs.

154



159) Title: Computer study of nonequilibrium excitation in recombining nitrogen
plasma nozzle flows

Author: Bowen, Stewart W.; Park, Chul
Corp: Michigan, Ann Arbor, MI, USA; NASA Ames Research Center, Moffett

Field, CA, USA
Source: AIAA, Aerospace Sciences Meeting, 8th, New York, NY, January

19-21, 1970, AIAA Paper 70-44, 14 p. (see A70-18061)
Sponsor: AIAA, Washington, D. C., USA

Doc. Type: Conference Paper
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/ ELECTRON DENSITY (CONCENTRATION)/FLOW THEORY
/ NUMERICAL ANALYSIS/PARTICLE COLLISIONS

Abstract: The nonequilibrium neutral atom excited state densities, electron
densities, electron and heavy particle temperatures are computed for a
fully dissociated partially ionized nitrogen plasma expanding in a
nozzle starting from equilibrium in the settling chamber. The degree
of excitation nonequilibrium at the exit of a convergent-divergent
nozzle having an area ratio of 22 is systematically investigated for
chamber pressures between 0.01 and 1000 atm and chamber
temperatures between 6000 and 18,000 K. Thermal nonequilibrium at
the exit rises to a maximum in the settling chamber pressure range
between 1 and 10 atm, due to competing effects of the three-body
recombination and collisional coupling terms in the electron energy
equation. Increasing chamber pressure above 10 atm produces
increasingly severe and unexpected departure from excitation
equilibrium. 24 Refs.
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Abstract: Theory for heat transfer to stagnation point of hemisphere in
supersonic, high-enthalpy, low- density nitrogen plasma flow;
assumed flow that is frozen with respect to molecular dissociation and
relaxing with respect to ionization; calculations for this partially frozen
flow yielded heat- transfer rates generally lower than predicted by
other theories for frozen and equilibrium flows; experimental heat-
transfer rates generally lower than predicted by other flows;
experimental heat- transfer rates from measurements in high-enthalpy
constricted-arc-tunnel agreed with theoretical value within 10% in
mean. 42 Refs.
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Abstract: The Abel inversion is applied to the transformation of the measured

line-of-sight integrated radiation intensity from an axially symmetric
plasma light source into local emission intensity. Consideration of the
physical features of the plasma light source shows that the most
appropriate approximation of the radial variation of emission is an
even-powered polynomial. Thus, the measured light integrated
intensity is represented by a linear combination of Abel transforms of
even powers. The formula is precise near the axis of symmetry even
when the integrated intensity is known at only two or three lateral
positions. The formula becomes inaccurate at large radial distances
and is suitable mainly when the emission intensity decreases
monotonically toward the boundary. 10 Refs.
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Abstract: The exact fundamental dependence of a chemical reaction rate on
temperature has always been a subject of debate. This work intends to
show that, under the assumption of a quasi-steady nonequilibrium
distribution of electronic state populations, the (collisional) ionization-

- rate equation reduces to a simple form even when the energy-level
structure and inelastic cross sections involved are fairly complex.
6 Refs. (edited)
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Abstract: A fluid-dynamic simulation of a gas core nuclear rocket chamber has
been made with the objective of separating a light and heavy gas by
means of the centrifugal force produced by MHD-driven rotation. The
test apparatus, a closed cylinder filled with a mixture of xenon and
helium, uses a radial magnetic field configuration with an axial electric
current passing between 16 pairs of electrodes. By observing the
behavior of the discharge and the luminosity of the gas at different
locations, the mode of discharge was found to be stable and suitable
for effective separation. A rotating flow with transonic Mach number
was produced, as evidenced by the ratio (greater than 2) of the
pressure at the wall of the cylinder to that at the center. Spectroscopic
measurements of the plasma condition show an appreciable degree of
separation of the two species. The Hall parameter was found to be less
than one. 19 Refs.
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Abstract: Theoretical analysis of a decaying plasma column of atomic nitrogen,
free from external fields and confined motionless in a circular cylinder.
Starting from equilibrium, the temporal changes in the plasma
properties and the population of bound electronic states as a result of
the energy losses by radiation and conduction are calculated on the
axis of the plasma column. The radial distribution of electron
temperature is assumed to be parabolic, and the plasma is assumed to
be optically thin. The collisional excitation rates are derived from the
Born-Ochkur approximation. The results show that a strong
population inversion occurs between 2p3 2P and 3s4P states, giving
rise to 1837 _ line radiation for about 10 ns under the following
conditions: (1) the initial electron temperature is over 14,000 K; (2) the
initial electron density is on the order of 10"'16 cm-3; and (3) the radius
of the containing cylinder is on the order of 0.1 cm. 22 Refs.
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Minor Term: / ELECTRON ENERGY/LINE SPECTRA/PLASMA TEMPERATURE
Abstract: For given ratios of nonequilibrium ground state number density to

equilibrium ground state number density, and given electron
temperatures, the relative populations of excited states of atomic
nitrogen in a collision-dominated nonequilibrium plasma, consisting of
atoms, singly charged ions, and electrons, are calculated by the method
of Bates, Kingston, and McWhirter (1962). This method uses
Gryzinski's (1959) semiclassical cross sections for the collisional
excitation of electronic states of an atom. From the resulting
populations, the spectral intensities of two prominent visible lines are
calculated assuming the plasma to be optically thin for these lines. It is
shown that, with the exception of a decaying plasma at temperatures
greater than 8000 degrees K, the calculated nonequilibrium intensities
disagree with the equilibrium spectral line intensities that would be
conventionally employed to determine the temperature of a plasma in
equilibrium. 31 Refs.
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Abstract: The rate of the three-body recombination of electrons and atomic ions

of nitrogen in a dense plasma is measured spectroscopically. A
nonequilibrium plasma is produced by expanding nitrogen through a
supersonic nozzle of an electric-arc plasma wind tunnel. Electron
density is measured utilizing the hydrogen-beta line broadening
technique. The results show that the rate coefficient is 1.0**minus 26 +
0.5 cm6/sec at a temperature of 10,000 K. This value agrees with that
calculated by semiclassical theory. 12 Refs.

161



167) Title: Relaxation of electronic state populations in expanding flows of ionized
nitrogen

Author: Park, Chul
Corp: NASA, Ames Research Center, Moffett Field, CA, USA

Source: AIAA, Fluid and Plasma Dynamics Conference, Los Angeles, CA, June
24-26, 1968, AIAA Paper 68-734, 13 p. (see A68-33232)

Sponsor: AIAA, Washington, D. C., USA
Doc. Type: Conference Paper

Major Term: /*ATOMIC EXCITATIONS/*GAS EXPANSION/*NITROGEN IONS
/*POPULATION INVERSION / *RELAXATION (MECHANICS)
/*SUPERSONIC NOZZLES

Minor Term: None
Abstract: The relaxation of the population distribution of atomic electronic states

in a fully dissociated and partially ionized nitrogen stream expanding
supersonically is studied both theoretically and experimentally. The
nonequilibrium population of excited states is calculated theoretically
by combining two existing theories; i.e., the nozzle flow theory of Bray
and the electronic transition theory of Bates, Kingston and McWhirter
based on Gryzinski's semi-classical cross-sections. In the experiment,
the electron density and the populations of the excited states are
inferred from spectroscopic measurements of the light emission along
a nozzle. Both theory and experiment show that the excited state
populations deviate significantly from the equilibrium distribution.
Furthermore, the intensity ratios of certain pairs of spectral lines may
not change monotonically along the nozzle, but may reverse their
trend at certain positions. The theory and experiment disagree,
however, on the locations of the reversal points. 17 Refs.
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Abstract: Measurements of stagnation-point heat-transfer rate in a nitrogen
stream at high ionization levels were made in a continuously operated
arc-heated wind tunnel. The stream was thought to be frozen for
molecular dissociation and in equilibrium for ionization in the
boundary layer, and an analysis was made of this partially equilibrium
flow. The results of both theory and experiment show that when the
flow is partially in equilibrium, the total heat-transfer rate is
appreciably lower than would be predicted by previous theories. The
new theory provides a lower limit on heat-transfer rates attainable by a
noncatalytic surface in the ionized regime. 19 Refs.
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Abstract: The rate of the three-body recombination of electrons and atomic ions

of nitrogen in a dense plasma is measured spectroscopically. A
nonequilibrium plasma is produced by expanding nitrogen through a
supersonic nozzle of an electric-arc plasma wind tunnel. Electron
density is measured utilizing the hydrogen-beta line broadening
technique. The results show that the rate coefficient is 10**minus (26 ±

- 0.5) cm6/sec at a temperature of 10,000 K. This value agrees with that
calculated by semiclassical theory. 11 Refs.
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Abstract: The real flow effects, i.e., the effect of boundary layer growth,
radiation, imperfect diaphragm rupture and contact-surface mixing,
convective heat transfer, and crossed electric and magnetic fields, on
shock-wave velocity attenuation in a constant-area shock-tube is
evaluated. The gas is assumed to be an ideal reacting gas of Lighthill's
type in chemical equilibrium, and the characteristic equations for the
modified Riemann's variables for unsteady flow are derived.
Assuming that the above-mentioned real flow effects are small in
comparison with the ideal gas flow properties, a small-perturbation
analysis is applied to the characteristic equations to derive the
deviations from ideal conditions due to the real flow effects. By
making a minimum number of assumptions, it is shown that (i)
imperfect diaphragm rupture causes an initial lag in shock velocity, (ii)
heat transfer from hot gas to cold gas through contact-surface mixing
causes an overshoot in shock velocity, (iii) attenuation of shock speed
due to radiation from the hot gas becomes an important effect at high
density and is independent of the tube diameter. In addition, (iv) the
strengths of crossed electrical and magnetic fields needed to
compensate for the attenuating effect of boundary layer growth and
radiation to maintain a constant shock speed are calculated. The
numerical calculations are carried out for the radiation and wall heat
transfer effect for a range of operating conditions and some typical
values are computed for the rest of the effects. 20 Refs.
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Abstract: Three techniques for diagnosing the high density, highly ionized

nitrogen flow in a plasma wind tunnel are described. These are: (1)
time-of-flight velocity measurement by correlating the light-signal
fluctuations between two points, (2) total enthalpy determination by
spectroscopic observation of a blunt-body shock layer, (3)
determination of free stream kinetic energy from the angle of an
oblique shock wave over a wedge. The principle and the test results of
the velocity measurement by the correlation technique are described in
detail. The velocity determined by the correlation technique agreed
with the value deduced from the shock wave angle within the
estimated + 4 percent accuracy of the measurements. 7 Refs.
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Abstract: Various experimental methods for determining the state of gas flow in
chemical nonequilibrium throughout a plasma-jet wind tunnel are
compared. These methods are (i) using energy balance to determine
gross enthalpy, (ii) using stagnation chamber pressure and mass flow
rate relation to determine plenum chamber enthalpy, (iii) measuring
convective heat transfer with a blunt and slender model to determine
test-section enthalpy, (iv) using shock-wave standoff distance to
determine ionization or dissociation fractions, (v) using spectroscopy
to determine electron temperature. The experimental data were
obtained in a 1-inch plasma-jet wind tunnel, using argon and nitrogen
as working gases, with a stagnation chamber pressure of
approximately 1/3 atmosphere. Reynolds number and Mach number
at the exit of the tunnel were approximately 1000 and 3, respectively.
The various experimental data were compared by means of theoretical
flow calculations (i) for ionized argon by solving the nozzle flow ionic
relaxation problem with a computer, and (ii) for dissociated nitrogen
using the frozen flow relations. The conclusions drawn include: (i) for
argon, the various methods of diagnosis are consistent, (ii) in nitrogen,
the sum of the kinetic energy of the gas and the dissociational energy is
significantly less in a weakly dissociated regime than the total energy
which is recovered by the heat transfer to a test body, and (iii) the
three-body recombination rate of Hinnov and Hirschberg and the two-
body recombination rate of Bond in ionized argon are accurate within
the experimental accuracy in a flow expanding through a nozzle.
27 Refs.
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Abstract: The dissociative relaxation in a viscous shock layer of nonequilibrium
dissociating diatomic gas in the stagnation region of a blunt hypersonic
body is analyzed. The case in which the maximum local dissociation
level is appreciably lower than the inviscid equilibrium value is
considered. A simplified atom concentration equation is derived
neglecting the recombination term in the reaction, and it is solved for a
range of conditions using a digital computer. The procedure for
determining the stagnation-point wall concentration for the general
case of arbitrary freestream and wall conditions, including air, using
the result of these solutions, is described. The approximate solution
based on the simplified concentration equation is compared with the
exact solution and shown to agree approximately when the maximum
dissociation is less than 80%of the inviscid equilibrium value. 10 Refs.
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Abstract: This report is an extension of an earlier note in which a simple method
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Abstract: The possibility of compensating for the attenuation of the shock tube
flow by the application of crossed electric and magnetic field is
investigated theoretically. For this purpose, the generalized Riemann's
characteristic equations for unsteady one-dimensional flow are derived
with the consideration of boundary-layer and electro-magnetic field
effects. And, using the conditions of equilibrium across the shock
wave and contact-surface, the expressions for the attenuation of the
shock wave and acceleration of the contact-surface are obtained in
terms of boundary-layer and electro-magnetic effects. The main results
obtained are: (1) the shock wave decelerates in the same power of time
as the contact-surface boundary-layer thickness in the first
approximation, (2) the general requirements for the electric and
magnetic fields to produce uniform shock wave speed are derived
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