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FOREWORD

As in past years, the 1969 OAR Research Applications
Conference has again produced a number of suggesticns
for the technological exploitation of OAR's research
program. The presentations included in these Proceed-
ings demonstrate the possible applications of this re-
search, even though the full impact of the ideas may
not be telt until some time in the future.

OAR, as the prime research agency of the United
States Air Force, conducts and sponsors a btroad pro-
gram of fundamental research zimed at advancing Air
Force technology. This program encompasses a search
for new scientific knowledge <n OAR's own laborato-
ries, as well as in universities and technical insti-
tutions at home and abroad.

The dissemination of the results of research is also
part of OAR's mission. Although it is often difficult
to predict where research will lead, OAR channels its
work into fields of interest that offer the greatest
promise for meeting current and future Air Force oper-
ational needs.

5%

LEO A. KILEY
Brigadier General, USAF

Commander
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AIR FORCE CAMBRIDGE RESEARCH LABORATGRIES
L. G. Hanscom Field, Bedford, Mzss.

Does research ir the physical, engineering and eavironmental sciences, and conducts specifically assigned
exploratory-development efforts involving the physical, eginesring, and environmental sciences, Contracts for reseaach
and development work which closely supporis and extenls in-house effcrts.

AIR FORCE OFFICE OF SCIENTIFIC RESEARCH
Arlington, Va.

Through contracts and grants, supports programs of extrainural research designed to provide new scientific
knowledge and undeistanding. Areas of researca include the physical, engineering, environm.ntal and life sciences.

AEROSPACE RESEARCH LABORATORIES
Wright-Patterson AFB, Ohic

Conducts research in the physical and engineering sciences, and contracts for research which closely supports and
extends in-house efforts.

THE FRANK J. SEILER RESEARCH LABORATORY
USAF Academy, Colo.

Conducts research in chemistry, applied mathematics, and aerospace mechanics. Fosters, encourages, ».ad supports
related research by the USAF Academy faculty and cadets.

OFFICE OF RESEARCH ANALYSES
Holloman Air Force Base, N. Mex.

Conducts mission analyses tu identify future aeroepace missions; conducts svstems anglyses to determine technical
validity. operational fcasibility, and cost-effectivencss of future Air Force systerns; and conducts resecrch analyses to
identify promising opportunities for relevant rescarch programs,

EUROPEAN OFFICE OF AEROSPACE RESEARCH
Brussels, Belgium

Secures in Free Furope, the Near East, Middle East (including India, Burma and Ceylon), and Africa, scientific
rescarch and Jevelopment efforts in support of the programs of Air Force organizations, and provides scientific liaison
which fosters mutually beneficial relations among the United States and the scientific communities of those areas. (In
December 1968, FOAR will initiate its relocation to London, England, where it will be collocated with comparable
activities of the Army and Navy. This relocation move, scheduled to be completed by midsummer 1970, will involve

shift of FOAR’s mission from one which is procurement-oriented to one which emphasizes more of a scientific
interface with the foreign rescarch com.nunity.)

LATIN AMERICAN OFFICE Or ACROSPACE RESEARCH
Rio de Janeiro, Brazil

Administers research efforts in South America,

PATRICK FIELD OFFICE LOS ANGELES VAND-NBERG FIELD OFFICE
Patrick Air Force Base, FIELD OFFICE Vandenberg Air Force Base,
Fla. Los Angeles, Calif. Calif.

Theswe three field offices above support the acrospace rescarch effort by raaintsining lalson among the scientists,

the launch teams, and the contracte s This permits small scientiftc experiments to be instalicd on rockets fired for
other purposes, thus insuring that the Air ! otue receives mavimum pay-load utilization.




INTRODUCTION

The aim of this 1969 0AR Research Applications Con-
ference has been to emphasize the continuing efforts
of researchers, botn in-house and at universities in

e U.S. and abroad, to solve some of the current
. .ctical problems of the Air Force. The useful solu-
tions stemming from these efforts have helped to fur-
ther the technolocical progres, of both the Air Ferce
and the 00D as 2 whole.

Some of the current or potential applications re-
sulting from OAR research are included in this vclume.
Although they do not reflect all facets of the broad
OAR research program, they do provide a meaningful
spectrum of Air Force interests, and demonstrate the
need to sustain a healthy DOD research program.

vii




CONTENTS

Foreword
Introduction

Application of High Magnetic Fields
Benjamin Lax, D. Bruce Montgomery,
and Henry H. Kolm
Francis Bitter Naticnal Magnet Lab
Massachusetts Institute of Technology

New Developments in Supersonic
Combustion Research
J. Swithentank
Department of Fuel Technology eund
Chemical Enginecring
University of Sheffield, “ngland

Negative lon Reactions of Significance to
the Atmosphere
Dr, Thewmas O, Tiernan and
Dr. 1. Mason Hughes
Chewistry Kesearch Laboratory
Azrospace Research Laboratories

New Atomic Spectroscopic Methods for
Trace Analysis
J. D, Winefordner
Department of Chemistry
University of Florida

Plen Shear Indicator for Real-Time Doppler
Radar ldentification of Hazardous Storm Winds
Graham M, Ammstrong and
Ralph J. Donaldson, Jr.
Metecrology Laboratory
Air Force Cambridge Research Laboratories

‘Stress Corrosinu Cracking of 6-4 Titanium Alloy
Major William £, Craven
Metallurgy and Cersmics Research Labocatory
Av.ospace Research Laboratories

The Spectrum-Analystis Radar
J. L. Poirvier
Mizrcwave Physi-s Laboratory
Ait Force Cambridpy Research Laboratories

B«1

C-1

E-1




Nondestructive Evaluatcinn of Metal Fatigue
R. Barton, W, Lyie Donaldson and
F. N. Kusenberger
Division of Electronics and Electrical
Engineering and Applied Economics
Southwest Research Institute

Application of the Statistics of Ionospheric
S8cintillation to VHF and UHF Systems

Richard S. Allen

lonospheric Physics Laboratory

Air Force Cambridge Research Laboratories

Electrochemical Behavior of a Molten Aluminum-
Chloride/ Sodium-Chloride Electrolyte

Major L, A, King and

Major D, W, Seegmiller

The Frank J. Seiler Research Laboratory

The Magnetic Wind-Tunnel-~-Model

Suspension and Balance System
Eugene F, Covert
Aerophysics Laboratory
Department of Aeronautics and Astronautics
Massachusetts Institute of Technology, and
Fred.L. Daum

Fluid Dynamics Facilities Research l.aboratory

Aerospace Research Laboratories

Research in Electrofluid«dynamic Power Generaticn

Captain John A, Decaire and
Maurice O. Lawson

Energetics Research Laboratory
Aerospace Research Laboratories

The Isentropic-Comgression Tube
F. J. Stoddard
Aerudynamic Research Department.
Corneil Aeronautical Laboratory, Inc,

Supersonic Compressor Research
Captain Konald L. Haugen ard
Dr, Arthur J. Wennerstrom

Fluid Dyaamics Facilizies Regearch Laboratory

Acrospace Regearch Laboratorics

J-1

L-1

M-1

N-1




CONFERENCE PAPERS




APPLICATION OF HIGH MAGNETIC F1ELDS

Benjamin Lax, D, Bruce Montgomery and Henry H. Kolm
Francis Bitter National Magnet Laboratory
Massachusetts Institute of Technology

Cembridge, iHassachusetts




APPLICATION OF HIGH MAGNETIC FIELDS

Benjamin Lax,* D. Bruce Montgomery ard Henry H. Kolm

»*
Francis Bitter National Magnet Laboratcry'
Massachusetts Institute of Technology
Cambriage, Massachusetts

ABSTRACT

This paper presents a number of scientific and device avplications of high
magnetic fields, Scientific applications include research in superconductivity,
nuclear magnetic resonance in chemical and biological systems, and in submilli-
meter spectroscopy. Device applications include quantum electronic devices,
election beam devices, synchrotron radiation devices, plasma source devices
and thermoinagnetic devices., Other areas discussed include the medical appli-
cations of catheter guidance, heart pace-making and measurement of the weak
fields of the heart and brain, and the applicaiion of high fields to electromagne-
tic proof-loading of bonded aircraft structures and to magnetic ore separation,

®Alsc Plysics Department, Massachusetts Institute of Technology.

'Supponcd by the U, S, Air Force Office of Scientific Research,
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APPLICATION OF HIGH MAGNETIC FIELDS

Benjamin Lax, * D, Bruce Muntgomery and Henry H. Kolm
Francis Bitter National Magnet La.b(:ratory"h

Massachusetts Institute of Technology
Cambridge, Massachusetts

1. INTRODUCTION

In the five years since its establishment by the Air Force, the MIT National
Magnet Laboratory has clearly demonstrated the tremendous versatility of high
magnetic fields as a tool for fundamental resezrch. Although the principal appli-
cation of high magnetic fields has been to research in such areas as spectroscopy,
plasma physics, low temperatures, solid-state, and superccnductivity, this basic
work has resulted in considerable practical fall-out. Although many of these appli-
cations are still only conceptual ones, many have great future potential, and al-
ready there have been a number of achievements.

High magnetic fields have now become very important tools in such applied
areas as magneto~hydrodynamic generators, fusion experiments, bubble chambers,
ore separators, and metal forming. In addition, the use of high magnetic fields
promises to be of equal or greater importance in future projects such as radiation
sources, high energy accelerators, electron beam devices, solid state detectors,
transportation, shielding, and even in the testing of aircraft structures,

II, SCIENTIFIC APPLICATIONS

A. The Hybrid Magnet, A Unique New Concept,

A unique ccncept in magnet design is now being implemented at the Laboratory.
Very high power, high field, water-cooled coils are beir ; combined with large
superconducting coils to make hybrid magunet sysiems which will provide more
intense fields than are possible by either technique alone,[1, 2]

The hybrid concept has only recently become feasible due to advarces in
superconducting magnet technology. The attractiveness of combining the two tech-
niques becomes evident when one considers the assets and liabilities of each system

*Also Physics Department, Massachusetts Institute of Technology.
1bSuppox‘ted by the !, S, Air Force Ufice of Scientific Research,
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by itself. As shown in Fig. 1, the water-cooled section is used at the center of
the magnet where it makes most effective use of the dc power input and where the
field exceeds the critical field of any known superconducting material. The super-
conducting coil is the outer concentric section where the field is within the super-
conducting range and where large amounts of d¢c power would be required to pro-
duce an equivalent field in a water-cooled structure. The central field then can be
far higher than could be generated by the superconductor alone, and higher than
could be generated by the core alone under a given limitation of power.

To couple the two systems together requires the uce of a cryostat of novel
design as shown in Fig. 2. The liquid helium cryostat containing the superconduct-~
ing coil must have room temperature access for the water-ccoled core, and in
addition, special provision must be made to support the very large mechanical
forces developed by the magnetic interactions of the two systems. The first hybrid
prototype system is now under construction at the Laboratory, and will be the
first of a series of such systems,

While the first hybrid system will use omnly a 60 kilogauss (kG) superconduct-
ing cail, the next generation of hybrids will incorporate superconducting sections
giving fields twice that high, Such a 120 kG field superconducting magnet is the
practical economic limit at present, but would be sufficiently high to allow the gene-
ration of steady tields over 300 kG in a hybrid system with 10 1ne.gawatts dc power
input, 250 kG with 5 megawatts and 200 kG with 2,5 megawatts representing a four-
fold increase in the number of magnets operating above 200 kG, The hybrid con-
cept, then, can lead to a very significant augmentation of high magnetic field
capabilities for beth basic experiments and applications.

B. High Field Superconductors,

Since the advent of high field superconducting materials, most manufacturers
have made exploratory measurements in the steady state high field water-cooled
iagnets at ithe Laboratory. In fact, the two highest field superconductors known
today, vanadium gallium and niobium germanium aluminum, have been under
study here, the first by Dr. K. Tachikawa [3] of the National Research Institute
for Metals, Tokyo, ard the second by the staff of the Laboratory using material
supplied by Dr. B, Matthias and his colleagues at the University of California, La
Jolla, ard Bell Telephone Laboratories. [4? (Fig. 3). Inthe future, when higher
magnetic fields up to 300 kG are available with hybrid magnets, the measurements
on these and other new materials can be readily extended, Although preliminary
measurements are sometimes made with pulsed magnets.these results are neither
complete nor fully reliable. For example, the measurement of magnetic suscep-
tibility, critical currents and other fundamental properties requires dc¢ techniques.
In addition the large volume water-cooled magnets permit the measurements of
small test coils of such materials, thus simulating the realistic conditions of high
magretic fields, i.¢., forces and pressures which will exist in future magnets
made completely of superconductors, the small test coil representing the jnner
elements of the coil subjected to the most critical cenditions.

With the inevitable advances in high magnetic field superconductors and re-
lated closed cycle refrigerators, such systems will become mobile both for airborne
and ground systemns and because they can be used for shielding electronic equip-
ment anct personnel from high energy particles, may pla, aa important role in
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space exploration.

C. Nuclear Magnetic Resonance in Chemical and Biological Systems,

High field nuclear magnetic resonance (NMR) measurements offer one of the
most unique and promising opportunities for fundamental contributions to the future
understanding of bivlogical and organic systems, owing to the uniquely direct infor-
mation which they give on the electronic structure of molecules. The power of the
method depends on two characteristic interactions: the chemical shift and the
indirect spin-spin interaction. The chemical shift refers to the screening of the
nucleus by currents induced in the extranuclear electron cloud by the external fields.
The indirect spin-spin interaction ("J-coupling") refers to electron spin polariza-
tion by the nuclear magnetic moment, which communicates the quantum state of
that moment to nearby states in the electron cloud.

Both of these interactions represent very small shifts and splittings of the
Larmor frequency — typically less than 1 ppm for protons. The development of
useful spectrometers has thus depended heavily on the development of magnets
having effective homogeneity over the sample as well as time stability, consider-
ably better than 1 ppm,

The NMR signal to noise ratio, other factors being constant, is roughly quadra-
tic with the applied field strength. Thus there is a great premium on the develop-
ment of stronger fields having the requisite homogeneity. Moreover, the chemical
shifts increase linearly with field strength, thus giving spectra taken at higher
field strengths a simpler, better separated, and more easily interpreted form.
This is particularly important in the situdy of large molecules (e.g., proteins) which
give such overlapping spectra at lower field strengths as to be nearly useless,
Recent work [5] has shown that increasing the field strength from 24 to 52 kG
provides a significant step forward in what can be done cn such systems. Further
increases in field strength will be rewarded by further crder-of-magnitude in-
creases in the power of the NMR method.

The importance of these measurements and the difficulty oi producing the
magnetic fields with sufficient homogeneity and stability make the development of
high field NMR instruments a natural project for a major national laboratory. The
development of the magnetic fields of 100 kilogauss and higher, homogeneous and
stable to one part in 10° requires the type of enginecring approach which had led
to the design and constructicn of modest accelerators and radio astronoray instal-
lations. Its construction and exploitation for basic measurements will require a
team appr.ach involving engineers, physicists, chemists, and biologists.

We are proposing a development project which will ultimately culmmate in an
NMR magnet producing 200 kG homogeneous and stable to | part in 10°, This goal
wili be approached in two major steps, the first being the construction of adScm
bore supe;-om.u;ting magnet producing 150 kG, uniform and stable, to 1 part in
10" over 1 cm® of volume. This magnet would itself represent a three times in-
crease in the fields available for NMR work and would be of inestimable tenefit to
biologists ard organic chemists,

A field of 150 kG is the highest field that can be expected from superconducting
magnets in the foreseeable future, but this need rot limit the ultimate goal, The
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hybrid-magnet concept, already being implementad, can be used t extend the
range, In this case a 100 kG, 40 ¢m bore superconducting magnet producing a
highly homogeneous field of 100 kG would be combined with a high homogeneity
copper water-cooled insert to produce a combined field of 200 kG, again homogene~-
ous to 1 part in 10%. Time stability would be achieved by means of a superconduct-
ing shield of high critical field but which need carry only vanishingly small cur-
rents. This last step, that of the hybrid magnet, is clearly the more difficult, but
it is also capable of the more unique contributions.

D, Submillimeter Spectroscopy.

During the last two decades microwave and millimeter resonance spectros-
copy has been exploited as a powerful technique for a wide variety of studies in
solid state physics and chemistry. Such studies required modest magnetic fields
supplied by commercial electro~-magnets, However, tie same techniques have not
been possible in the short millimeter and submillimeter regions unti: recently be-
cause fields of sufficient magnitude were not available, Today therc are three
classes of magnets possible, superconducting, wate.~cooled or hybrid, and syn-
chronous pulsed magrets, and these shoula extend resoni.nce spectrcecopy from
1 millimeter well into the submillimeter regions. The hybrid miagnets which wiil
be capable of providing fields in excess of 300 kG continuously are Leautifully
matched to the cyanide laser which emits radiation at 337 microns or 3/10 of a
millimeter, With this system a high resolution, high precision spectrometer can
be made available for studying magnetic resonance, cycloiron resonance, spin
resonance, etc. The synchronous puls~ system, whose design is now being studied,
will provide 500 kG pulses of a millisecond duration once every second and should
extend submillimeter spectroscopy to even higher frequencies. Although the puise
will result in some loss of resolution, it will nevertheless provide a very important
and effective tool in conjunction with submillimeter and far infrared lasers.

E. Electronic Devices.

A great many electronic phenomena in solids, gases and vacuum tube devices
arise only if a steady magnetic field is first applied to a semiconducting or mag-
netic crystal or to an electron plasma or stream, This age of modern electronics
has come to depend heavily on phenomena such as cyclotron resonance in semicon-
ductors, ferromagnetic resonance, antiferromagnetic resonance, paramagnetic
phenomena for maser operation, the magnetic properties of electron plasmas for
helicon wave propagation and finally, the creation of magneto-acoustic waves which
are a new combination of magnetic spin waves and sound waves in solids. These
are several areas in electronics where one can foresee these combined field and
device systems playing an important part,

Perhaps the best example of a clear impact in the immediate future is in
millimeter and submillimeter wave systems, Here we need the new cyclotron
resonance electron beam radiation source, as well as travelling wave masers,
ferrimagnetic isolators and circulators and, finally, fast sensitive solid state
detectors, all of which require large steady magnetic fields. This submillimeter
wavelength range is one of the few remaining undeveloped sections of the electro-
magnetic spectrum from the applications point of view,
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1. Quantum Electronic Devices,

The area known as quantum electronics involves the use of lasers,
masers, and related devices as useful sources of radiation or as sensitive detec-
tors of this radiation. Basic work in magnetospectroscopy has naturally led to the
conception of a number of detecting devices involving magretic fields. Tunable
infrared detectors using low-gap semiconducting materials and high magnetic fields
are particularly suitable as tunable monochromatic sensors in the submillimeter,
near infrared and far infrared regions of the spectrum, These detectors would use
both cyclotron resonance and interband transitions between quantized magnetic
levels for this purpose and would significantly extend the range of present detcctors.

Parametric effects involving nonlinear phenomena both in magnetic aid elec-
tron systems in the presence of a magnetic field could be used hotii as detectors
and as tunable sources in the far infrared and submillimeter regions. Some of
this work hae already begun with high power gac lasers such as the CO, laser in
electron systems using nonparabolic phenomena in semiconductors in magnetic
fields,

One potential device in quantum electronics is a tunable local oscillator for
a potential CO, laser radar system. Here a semiconductor such as lead-tin-
telluride would be tun=d with a magnetic field in an automatic frequency control
mode. The feasibility of this has already been demonstrated.

Another type of detector or source that high magnetic fields would make avail-
able is the use of the maser in the submillimeter or far infrared region. A CW
gas laser such as the cyanide or water-vapor laser wowd be used as a pumping
source for exciting a 3 or 4 level maser either in a magnetic or electric dipole
transition. This is analogous to the low noise masers that have been developed in
the microwave and millimeter region. Such device::, of course, require high mag-
netic fields for operation.

Some of the mcst exciting quantum electronics phenomena are those associated
with the anaiogous behavior of high energy tree electrons and their interaction with
laser beams or hot electrons in solids. One can make use of the quantum limit of
the resultant inverted population in both semiconductors or zemimetals.

Finally, the tunability of solid state and gaseous lasers in high magnetic
fields offers a high resolution scanning system, This then can act as an ultra-
sensitive tool for resolving fine structure in optical, infrared, and ultraviolet
spectroscopy.

2, Electron B=am Devices,

It is known from electrodynamic calculatiors that energetic electron
beams in high magnetic fields will emit radiation in the submillimeter regions as
well as harmonics which extend into the far infrared. In a recent expeximent 6]
a broad band electron beam device of this type was operated and swept from a
6 mm wavelength to 0.7 mm by employing a magnetic field up to 150 kG, emitting
substantial power from the fundamental transition, This unprecedented range
gives great encouragement for continued research in this area. Crossed electric
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and magnetic field devices of the magnetron variety can also be investigated for
their properties as radiation sources in high magnetic fields not only in the milli-
meter and infrared region, but at higher frequencies as well. Such electron beam
devices with a pulsed magnetic field employing a combined betatron-magnetron
configuration should be an excellent source of pulse synchrotron radiation in a very
cnmpact device,

3. Synchrotron Radiation Sources and Accelerators,

! Beams of electrons, injected from pulsed synchrotrons and orbited in

, storage rings can be unique sources of strong radiation in the ultraviolet, X-ray

1 and gamma ray regions of the spectrum.[7] The concept of high magnetic field
storage rings for use in synchrotron radiation sources was first discussed at the
Francis Bitter National Magnet Laboratory in 1963 and has genersted considerable
enthusiasm and resulted in «u actual experimental syste:n at the University of

. Wisconsin which is now operable. Use of plse fields and high field superconducting

magnets in suitable combinations would result in devices more efficient and vastly
more compact than the adaptation of existing accelerators. The existence of
these strong continuous high resclution scurces would revolutionize spectroscopy
in this region of the spectrum,

High energy physicists have not utilized high magnetic fields for accelerators
because of the excessive radiation loss involved at maximum energy. Therefore
they usually have resorted to systems with large diameter at lower magnetic fields,
For the purpose of radiation devices, accelerators and storage rings can built out
of high field superconducting magnets or pulsed magnets making them considerably
more compact and smaller in size. Furthermore, for these purposes there is an
important trade-off between energy and magnetic field to achieve the same
or greater performance in terms of spectral limits and intensities, For example,
the Cambridge Electron Accelerator with a 6 BeV beam and approximately 10 kG
magnetic field and a diameter of about 30 meters has an upper emission frequency
of about 1 A as a synchrotron radiation source. In terms of a radiation source the
same upper frequency and even greater intensity could be achieved by increasing
the field 10-fold with a superconducting magnet and thereby reducing the diameter
of the device to a modest 3 meters. Infact, such an accelerator combined with a
similar high field compact storage ringe can be made to produce y rays with a
total power output of the order of megawatts, Such an intense y ray source would
represent a tremendous tool for a variety of industrial and military projects.

In addition to their function as sources, these devices themselves would be

. studied in regard to the interaction of photons with intense electron beams and for
stimulated emission of electrons accelerated in a magnetic field, See Fig.4.
For example, a high power laser radiating into these high current, high field
storage ring configurations will produce many more gainma ray photons by the
inverse Compton effec’ than the present low current beam accelerators. In addi-
tion, enhenced radiation can al so be obtained by stimulating emission downward
by beamiug the laser, or the synchrotron radiation, in the same direction as the
motion of the electron beam rather than agairst it. These problems are of great
practical and theoretical interest. Stimulated synchrotron radiation, which is an
entirely new subject, might be utilized to produce extremely intense ncoherent and
possibly coherent sources at very high frequencies which could be used as natural
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pumps to pump lasers at much lower frequencies.

Development of the superconducting magnet technology for high field storage
rings, development of the pulse field cyclotron, synchrotron or betatron injection
devices, as well as the possibility of employing the spectral output of such a
device, make this area a natural one for the exploitation of high magnetic fields,

Another application of high magnetic field accelerators is for heavy particles,
i.e., protons or alpha particles, vhere radiation is not a serious limitation to
energy, The high field accelerators could be considerably reduced in size.

4. Plasma Source Device,

The behavior of dynamic electron plasma devices in magnetic fields in
excess of 100 kG have as yet not been explored. Such devices constitute very
efficiert radiation sources through the electromagnetic spectrum, It will be very
important to study not only the dynamic behavior of such plasmas as a basic prob-
lem, but also the radiation capability in the presence of high magnetic fields.

Such devices can be compact tubes in dc or pulse magnetic fields of rela-
tively small volume, somewhat larger devices involving several cubic centimeters,
or devices in the order of 1 to 2 orders of magnitude larger. Again the regions of
interest are the submillimeter, infrared, and uitraviolet regions where there is
great need for strong efficient sources.

S. Thermomaggg_t_ic Devices_._

Recent theoretical work [8] has demonstrated the importance of high
magnetic fields in enhancing the efficiency of thermomagnetic devices using solid
state materials, The demonstration of this enhancement for energy conversion
represents an important basic physics problem, If the material with the optimum
theoretical properties can be found, thermomagnetic devices can be a highly prac-
tical and promising development., The converse of this device, a solid-state
thermo-electric refrigerator appears to be much mor¢ promising and will receive
a good deal of theoretical and experimental attentioan in tke next five years. The
importance of such devices for certain cooling applicaticns is obvious,

II. OTHER APPLICATIONS

A. Medical Applications of High Magnetic Fields,

There are a number of potential medical applications of magneric fields,
These include magnetically induced forces for the guidarce of catheters thmugh
body cavities, the control of muscles or valves, the reniovai of ferromagnetic
foreign bodies, magnetic forces to gulde and laocalize ferrite powders for X-ray
diagnostics or for use as carriers of medication, the {rductive coupling of energy
into implanted devices and for direct pace-making or defibrillaticn of the hear:,
snd finally, the monituring of bioed flow and the measurement of heart and brain
wave electrical activity, The Laborztory is active in several of these areas,
specifically the magnetic guidance of cathters, magnetic pace-making and defibsil -
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lation of the heart, and the imagnetic measurement of heart and brain wave elec-
trical activity.

An external magnet system capabie of guiding a ferromagnetic-tipped catheter
through vessels in the body would greatly facilitate many medical trearments by
providing access to parts of the body otherwise inaccessible except by major sur-
gery. Such guided catheters could be used both in diagnosis and in clinical treat-
ments, Neurological applications, for example, would include blocking feeded
vessels of certain intercranial vascular malformaticns, and the local injection of
high concentrations of radio-opaque medium or chemotherapeutic agents,

The external magnet system for catheter guidance must be capable of exerting
forces sufficiently strong and continuously adjustable in magnitude and orientation.
Magnetic field gradients in the order of 1 kG/cm are required for full utilization of
the technique, and this requirement for veiy large field gradients opens up a po-
tentially very important new application of superconducting magnets in the medicai
area. The feasibility of this technique has already been Jemonstrated with a "car-
diovascular navigator developed in the Laboratory in collaboration with Massa-
chusetts General Hospital [9] which uses the water-cooled electromagnet shown in
Fig. 5. A system utilizing a superconducting magnet could be vastly more effective
and could open up an entirely new area of medical treatment,

A superconducting magnet system for neurosurgical use cecnsisting of three
orthogonal pairs of coils has been proposed "10] and designed by the Laboratory
and would be capable of producing a gradient of 1 kG/cm in any direction by adjust-
ing the currents in the three sets of coils, The proposed system is shown in Fig.6.

In a second medical area, we have recently begun work in pace-maxing the
heart by means of magnet*cally induced voltages. If a magnetic field is changed
sufficiently rapidly (10® - 10” gauss/sec), voltages can be induced in muscle tissue
of sufficient magnitude to fire the muscle, A preliminary small system is being
built for the University of Vermont fcr animal studies and may very likely prove to
be the forerunner of systems for use in intensive care units where automatic emer-
gency pace-making and defibrillation are current importaat unsolved problems.

We have also rccently become involved in a closely related area, that of the
measurement of the we~k magnetic fields arising from various natural current
sources vithin humans. The following measurements "11] have been made by
Dr. David Cohen of the Laboratory at his facility at the University of lllinois at
Chicago: (1) the ac magnetic field arising from the same ac heart ion currents
which produce the electrocardiogram, with a field maximum of ~ 5 x 10”~ gauss;
(2) the ac magnetic field arising from the same ac alpha-rhythm ion currems
which produce much of the electroencephalograph, with a maximum of ~1x10°°
gauss; (3) the dc magnetic {ield arisirg from a dc current near the abdomen, of
undetermined source, with a maximum of ~ 5 x 107" gauss. A new magnetically
shielded room:, essential for this work, is now being built and the study continued
by Dr. Coten.

One reason that surface magnetic measurements are potentially useful in
medical rescarch and diagnosis is the limitation of surface voltage measurements,
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which cannot uniquely determine the internal charge (or excitable tissue) distribu-
tion. The combination of surfacevoltage and magnetic measurements, while still
not producing uniqueness, does give more internal information than voltage mea-

surements alone,

B. Electromagnetic Proof-Loading of Bonded Aircraft Structures,

The first application of high field technology to the aircraft industry was
made in 1960, when the Francis Bitter National Magnet Laboratory assisted the
Convair Division of General Dynamics in the development of a method for swaging
turnbuckles and clevis fittings to control cables, as well as torque actuating tubes
to splined connectors, by the use of a pulsed magnetic field instead of a mechani-
cal swaging die, [12] Since the induced eddy current force always complies with
the irregulav shape of the ceble, magnetic swaging proved to be substantially more
reliable than mechanical swaging and the technique has been adopted thmo ughout the
industry. The '"Magnaform Division" organized by General Dynamics to supply the
apperztus to other aircraft manufacturers was recently sold to the Gulf Corpora-
tion,

In this swaging process, as well as in other magnetic forming applications
developed subsequently, the metal is sunjected to a pulsed magnetic field. In-
duced eddy currents flow in such a way as to oppose the change in field, or to
prevent the field from penetrating into the metal, In reacting against the field
which induces them, these eddy currents repel the metal from the pulsed field coil,
The method has two basic limitations: there is no way to control the direction of
the force; it is always repulsive., Moreover, the method is very inefficient; since
the instantaneous eddy current is proportional to the rate of change of the magne-
tic field, the current maximum precedes the field maximum. The induced force,
being proportional to the vector product of current and field, is therefore substan-
tially weaker than it could be if the phase lag were somehow eliminated.

Recognition of this circumstance led to the investion of a more sophisticated
method of magnetic forming which makes use of two separately controlled pulsed
fields: a slowly pulsed field which penetrates into the metal, and a fast-rising
pulse which does not penetrate but induces a substantial skin current, The two
pulses can be timed arnd oriented so as to produce the desired force, which may be
repulsive or attractive, Eight years later, in September 1968, a new requirement
of the aircraft industry presented an opportunity to apply this new principle, We
were approached by the Boeing Company with a request for assistance in solving a
problem,

The advent of modern adhesives has made it possible to use bonded structures
in aircraft design which are superior to the traditional riveted structures in several
important respects. They ecliminate stress concentration in skin-stressed struc-
tures, they possess inherent damping against fluttering and vibration, and they
allow the incorporation of honey comb laminations for stiffening ard distributed
reinforcement, Unfortunately the use of bonded structures has been precluded by
lack of a non-destructive testing method. Testing would involve applying a traction
of several thousand psi to an aircraft skin, Boeing wondered whether it was pos-
sible to apply such a proef-loading force electromagnetically, and by means of a
technique appiicable during construction as well as in-service inspection of
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complete aircraft, With support from Boeing, v were able to demonstrate the
feasibility of a proofloading device pased on the double pulse method.

In these prelimirary tests, the background field is provided by a six inch
caliber Bitter solenoid magnet which accommodates an oval traction coil, Supplied
with energy from a capacitor discharge of six microsecond duration, this traction
coil induczs the skin current which generates the proofloading force by interaction
. with the continuous magnetic field, The traction force acts on opposite surfaces of
{ a bonded test panel inserted into the coil, thereby raising a visible blister wherever

a known flaw has been introduced into the bonding layer. Experiments now being
pexformed with this laboratory device are intended to determine the parameters
needed to design a prototype industrial testing machine, Obvicusly this machine
will make use of a traction coil designed to generate an external field so that the

proofloading force can be applied to fuselage, empennage and wing surfaces of
aircraft,

Figure 7 is a photograph of the laboratory device, operating in conjunction
with the Bitter solenoid magnet which provides the background field. Associated
diagnostic equipment is located on a balcony above the magnet and does not appear
in the photograph,

! Figure 8 is & simplified sketch which illustrates operation of the experimen-

; tal system, The traction coil is cornected by means of low inductance co-axiel
tubes to the fast bank, a 2 microfarad, 50 kilovolt energy storage capacitor. The
system is highly under-damped, and a free discharge would therefore oscillate
or "ring" for a large number of cycles. Since proofloading requires a uni-direc~
tional force, it is necessary to terminate or "crowbar" the discharge after comple-

tion of the first half-cycle, This is accomplished by means of a double spark gap

housed in a monolithic, heavy-walled cylinder of lucite submerged in transformer '

1 oil, The gap housing must obviously withstand a considerable shock wave since

' : the plasma is expected to conduct peak currents of 50 to 100 kiloamperes. The
cavity in the lucite cylinder is pressurized with nitrogen to permit control of the

x breakdown voltage and contains three spherical electrodes in addition to two tung-
sten trigger needles, The oil-filled circuit box which surrounds the main gap also

contains two primary trigger gaps with all associated pulse transformers, voltage

dividers and pulse forming circuitry, Only the primary, low voltage coatrol cir-
cuits are housed in a separate, remotely located chassis,

Operation of the system is very simpl2 in principle. The central spherical

electrode, which is connected to the capscitor, is flanked by two other spheres, one

« connected to the traction coil and the other to ground. A pulse of several hundred
kilovolts supplied to the appropriate tungsten trigger needle initiatec a clscharge
through the coil. At the instant the discharge current begins to reverse, s suitably
timed sc “ond trigger pulse initiates 3 second discharge to the grounded sphere.
The cur.ent waveform chserved without and with crowbar operation sre sketched in
the figure, Reliable operation requires careful adjustment of gap spacings and
nitrogen pressure, as well as suitable filtering and shielding again t radio fre-
quency pickup and magnetic induction. It is believed that with some modifications
this basic system can be made sufficiently reliable for plant operation by inexperi-
enced personnel,

Before bonded structures can be used with confidence, it will be necessary to
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establish dynamic (i.e., impact) as well as static test criteria for bond quality.
We intend to assi3t Boeing and possibly the A,S,T. M, in perfecting criteria for
ultimate adoption as industry standards.,

C. Magnetic Cre Separation.

The force which can be exerted inagnetically on a magnetic particle is pro-
portional to three quantities: the eradient of the applied magnetic field, the size
of the particle, and the magn:iization of the particle (whether permanent or induced
by the applied field), In cases involving relatively large particles which are highly
ferromagnetic a force adequate for separation can be achieved by simple means,
and magnetic separators are commonly used to remove such particles from a non-
magnetic medivm in the form of a wet slurry or suspension, a fluidized (gas-
supported) bud, or a simple dry aggregate, However, there are many cases of
considerable interest in which magnetic separation has never been possible on an
industrial scale, due primarily to the very rudimentary state of the art, Such cases
involve particles whi~h are either too small in relation to commonly achievable
gradients, or too difficult to magnetize in relation to commonly achievable field
intensities. There may also be more subtle difficulties.

The Francis Bitter National Magnet Laboratory has responded to several
requests for assistance in solving magnetic separation problems, and even this
casual and purely informal contact with the industry has led to at least one new
industrial process. There is po question that a great deal of economic and even
strategic value .an be achieved by applying mozxe scphisticated methods of magnet
design to magnetic separation, Ironic though .t may seem, it is likely that super-
conducting magnets, in their present state of development, are ready to make a
substantial contribution in the one area which has never been mentioned in any of
the numerous speculaticns concerning superconducting applications: ore separction.

Our most successful intervention in magnetic separation has been in the puri-
fication of kaolin for use in paper coating. This involves the removal of particles
which are very small (colloidal and sub-colloidal), very weakly magnetic (they only
contain trace amounts of iron in the form of stain), and which must be removed to
a very complete degree for the process to be of any value, Fortunately these dif-
ficulties are offset by a very substantial advantage: the cost of the separation need
rot be borne by the very small fraction of magnetic materiai which is removed, but
may be allocated to the bulk of the feed which is thereby purified. Thus a cost
figure which is prohibitive in dollars per gram removed becomes very attractive
in dollars per ton purified, We succeeded in developing a magnetic separator
capable of outperforming the chemical separation process used previously, and
even utilizing grades of kaolin not previously amenable to economic purifi:ation,
The device makes use of magnetized stainiess steel wool to achieve a large volume
of high field gradient, and a magnetizing field somewhat higher than can be achieved
in commonly used industrial separators, The first production capacity separator
is row under construction,

There is a rather interesting scientific hy-product of this application: kaolin
was once ocean bottom sediment, and magnetic impurities contained in it may be
expected to have collected and trapped magnetic monopoles incident with the cosmic
radiation for geoiogical periods of tiine, The clay mining company, in gratitude
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for our assistance, has agreed to make their magnetic tailings available to be
searched for magnetic monopoles,

A second application we have been working on informally for some time in-
volves the removal of non-sulfide molybdenum and tungsten from what is now the
tailing flow from the Climax Molybdenum Company's operation, Only molybdenum
sulfide can be recovered economically by present means, The loss of non-sulfide
molybdenum represents an estimated $20, 000 per day. Unfortunately the situation
in this case is the converse of the kaolin situation: the cost of the ceparation must
be borne by the very small fraction of material which is removed, and in terms of
dollars per gram no process they have tried looks very promising on economic
grounds, There is one ame_ iorating circumstance: the removal need not be com-
plete, as in the kaolin case, On the other hand, the process must accommodate
enornmous quantities of slurry at a high flow rate, Our tests so far have indicated
that the method applied to kaolin will work in principle but fails to achieve prac-
tical through-put rates, It also requires the prior removal of coarse components,
Results obtained so far suggest another promising approach: a contimious flow
process using a quadrupole gradient, We have modified an existing magnet to
e reriment with this technique, but have not as yet been able to fit the work into
our schedule,

A third project, begun only recently, is being conducted in cooperation with
a large copper mining company. It {5 aimed at developing a technique for magne-
tically classifying ores obtained from ocean bottom sediment,

D. Transportation.

During the last few years a number of scientists have seriously proposed the
use of superconducting magnets in conjunction with high speed transportation, [13]
The basic concept involves the location of a series of high field magnets at the base
of a train with the magnetic field oriented vertically. At sufficiently high speed
this magnetic fie.d produces eddy currents in the track bed which contains lonps of
conducting copper or aluminum, The eddy currents so induced set up a field which
opposes those of the superconducting magnet, thereby lifting the train several
inches above the ground, In this way the only friction that opposes the motion of
the train is that of the air, With a proper magnetic configuration and suitably de-
signed track beds, the train could be confined and reach speeds of the order of
300 mph,

The important contribution of this Laboratory would be in the design of a wide
variety of conf.gurations for high field magnets and to related problems of sup-
porting large volume superconducting magnets that are subjected to large cxternal
forces., This problem is not unlike that faced in the construction of the hybrid
magnet,
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Fig. 1,

Fig, 2.

Fig. 3.

Fig. 4.

Fig. S.

Fig. 6.

Fig. 7.

Fig. 8.

FIGURE CAPTIONS

Overall view of the 225 kilogauss (kG) hybrid water-cooled and super-
conducting magnet system, The external helium storage vessel is at
the left and supplies helium to the magnet cryostat. The 8 kW power
supply is shown between the cryostats, A small refrigerator is shown
mounted on top of the magnet cryostat and is used to hold the magnet

at 20°K between scheduled operations. The magnet cryostat is mounted
on heavy springs to allow relative motion between the two coil systems
under fault conditions.

Fourteen-inch room temperature bore hybrid magnet cryostat for the
60 kG superconducting coil showing the cable type of suspension used
to support the large interaction forces between the superconducting
magnet and the copper insert, The helium cryostat is surrounded by

a nitrogen cryostat and access for electrical leads and cryogenic fluids
is provided by the 3 inch tube.

Comparison of critical field vs, absolute temperature for a number of
high field superconductors tested at the Francis Bitter National Mag-
net Laboratery. At a given temperature, the rew NbGeAl alloy has a
much higher critical field than any of the previous materials and at
14°K the critical field is measured as 200 kG, The transition tem-
perature is 20,7°K. The dashed curve below 14°K is an extrapolation
assuming the physical parameters derived above 14°K. Although the
critical field may be as high as the extrapolation indicates, measure-
ments will require very high dc fields.

Universal synchrotron radiation source for a broad spectral range
from the near ultraviolet to the X-ray region. Interse Y-rays produced
by inverse Compton effect of interaction of laser radiation with elec-
trons,

Five kW electromagnet for catheter guidance which permits horizontal
translation and rotation about three axes,

Proposed superconducting 1nagnet system for catheter guidance in
neurosurgical applications, Three orthogonal sets of coils can generate
a gradient in any direction in space as high as 1000 gauss/cm,

Experimental electromagnetic proof-loading apparatus irstalled in 6
inch Bitter magnet at re Francis Bitter National Magnet Laboratory,

Schematic diagram of experimental electromagnetic proof-loading
apparatus,
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New Developments in Supersonic Combustion Research

J. Swithenbank.
Departrnent of PFuel Technology and Chemical Zngineering.
University of Sheffield.

Abstract,

This research programme is aimed at detiiled
understanding ¢f the supersonic combustion process relevant
to scramjets and hybrid engines. The work is particularly
directed at the hydrogen/air system and flight M-ch
numbers 10, A 150 mm. hyperscnic shock tunnel is used to
provide the high stagnation pressures and temperatures (up to
500 bars and 8000° K) which r~re required, and the tunnel
nozzle is directliy connected it~ the supersonic burner, A
typical combustion chamber s " m, x 75 mm., x 1 metre long,
and operates at an entry Mach. number of 3.5, Since the test
section static pressure ie much higher than in conventicnal
hypersonic shocx tunnels, special operating techniques have
been evolved which eliminate the expensive highly evacuated
dump tenk which is usually used.

Novel instrumentation has been developed ac follows:-

1. A high speed (as sampling valve and probe can be used to
monitor the g:s composition in the test section. This has
shown that oxygen deficiency and contamination of the test
gas (air) by tne driver gas (hclium) are significant factors,
and due allowence must be made in the interpretation of
supersonic combustion results.,

2. A hypersonic velocity meter based on an open circuit
electro-magnetically induced voltage is used to determine
the velocities in the supersonic burner,

3. £ low cost magnetic drum recording system has been
developed which can give a large bandwidth capacity on
hundreds of channels for 4O milliseconds. The information
can be recovered as a stationary oscilloscope trace or fed
to a tape punch.

A theoretical study of the turbulent fuel/air mixing
proces. bas revealed a simple principle by which optimum mixing
and combustion systems may be designed, In the zcse of
supersonic systems, this approach revesls that mixing losses
are much rarger than has teen hitherto assumed nnd result in a
severe performance penalty -t the higher spzeds. When applied
to subsonic systems the theory indicates the decign of very
low pressure loss self proportioning gas turbine burners and
low pollution carburation systems for piston engines, In
particular it may be appvlicd to dual-mode scr:: jet burners.
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Introduction,

‘ This paper presents a summary of the research
studies aponsored at Sheffield University by the OSR and
highlights some of the practicel applications.

The prescent generation of asroncutical
propulsion systems has attained a performance plateau, which
will only be surpassed by the introduction of naw devices,

In the case of the gas turbine/ramjet engine, the most
promising new unit %1) is the scramjet (supersonic combustion
ramjet); whilst in the case of the rocket,a new hybrid unit
involving air augmentation appears advaantageous, In order to
exploit these advanced concepts, detailed resesrch cn the
fundamental aerodynamics, mixing and chemical reactions is
required, Since these fields of study are so vast, it 1s
important that the research is confined to the relevant areas
if maximum progress is to be made at minimum coct., Thug the
first requirement is that we correctly simulate the important
flight parameters in our laboratory studies.

Figure 1a shows the flight corridor of an
advanced vehicle, and the corresponding stagnntion pressures
and temperatures are given in Figures 1b and 1c, It may be
shown (2) that a maximum speed of about ilach 15 is likely for
cruise missions, whilst for boost acceleration missions, speeds
up to Mach 20 are conceivable. We are therefore interested in
stagnagion pressures and temperatures up to 5000 Bars, 8000°K
and 107 Bars, 1LOO0°K for ultimate cruise and boost missions
respectively.

If we now turn our attention to the scramjet
engine as shown in Figure 2, we see that this consists of an
intake, combustor and nozzle, which must all be integrally
mounted with the airframe to form a satisfactory vehicle,
Parametric stuiies (2) indicate that for optimum engine
performarice, the combustor entrance flow should be subsonic
below a fiight Mach number = 4,5, and supersonic at the
higher Mach numbers, We thus require the combustion
syster. tc operate both subsonically and supersonically (i.e.
dual-mode) if we are not to have a multiplicity of engines
fitted to a hypersonic vehicle, The subsonic combustion aspect
of the comdustor design will be discussed later in the paper.
During supersonic combustion conditions, the combustor entrence
Mach number i3 approximately one third of the flight Mach
numbcr, and therefore falls in the range 2 to 5. The
corresponding combustor static pressure is in the range 0.2
to 4 Bars (Figure 3a) and thc static temperature is 1000 to
2000°K (Figure 3b), The high overall engine performance
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potential is indicated in Figure 3c as a function of Flight
Mach number,

The important phenomena to be studied in a scramjet
combustor are the turbulent mixing of fuel and air, with
simultaneous chemical reaction, and the interaction of the
resulting pressure gradients with the duct geometry. Fortunately
sufficient is now known about supersonic combustion that the
critical parameters can be identified, and it is found that the
major problems can be studied without duplicating the maximum
flight stagnation conditions. At speeds above kach 10, the
combustion time is sufficiently short that the system is
mixing controlled, and the pressure and temperature can be
reduced with little loss of accuracy of simulation. It is
therefore concluded (4) that for flight speeds above Mach 10,
connected supersonic combustion testing can be adequately
covered by stagnation temperatures of 5000°K and stagnation
pressures of 200 Bars, (Note. The total pressure loss in the
intake does not have to be supplied.)

The Sheffield University Shock Tunnel,

In 1963 a 150mm shoclk tunnel was built to study
supersonic combustion for scramjet operation above Mach 10, and
a general view of the facility is given in Plate 1.

The main disadvantage of the shock tunnel arises from
the short testing time of a few milliseconds. IlHowever, since
the residence time in the combustcr is < 0.5 m.sec., testing
times in excess of one millisecond are adequate to study the
combustion process. The tailored interface reflected shock
tinnel gives the longest running time for a given length of
driven tube, and the capability of such a facility is shown
on Figures La and 4b as a function of primary shock Mach number.
It can be seen that air stagnation temperatures of 5000°K as
required for engine tests, can be produced with combustion
heated helium driver gascs,

Hot helium is used following the technique developed
by General Electric in which a mixture of 70% helium and
stoichiometric hydrogen: oxygen, is igniteu by eight high
energy discharge igniters (5). The combustion rcsults in a
smooth six to seven fold pressure rise over a pcriod of about
10 millisecs., after which time the diaphragm opens, The
maximum driver preesure is rcpeatable within 3., and is usually
about 209 greater than the firnal air stagnation pressure.

B-3




High Speed Gas Sampling,

Recent studies have shown thut contact surface
interactions may cartail the useful running period, in
addition to the tamiliar limitation due to the arrival at
the nozzle of the tail or refiected head of the expansion
wave from the diaphragn., Theoretical studies(6) have
indicated that two phenomena may arise, namely contact surface
instability, and shock bifurcation caused by shock interaction
with the boundary layer. This latter process results in annular
jets of driver gas penetrating the shock heated gas in the
stagnation region, and diluting the test gas flowing through
the nozzle, The theoretical onset of tnese two mechanisms
usually occurs just above the tailoring Mach number, However,
due to the importai~e of gar composition in our studies, we
have investigated this phenomena experimentally (7). A high
speed sampling valve fitted with a sampling probe was mounted
at the exit of the tunnel nozzle. (Plate 2.) A flow of argon
through the valve was rassed directly to a gas chromatograph
for analysis, ané one sample could be taken on each tunnel
firing. The valve was operated by discharging a capacitor
through the solenoid coil, and the opening timc was about
1.5 milliseconds. Some results are illustratcl in Pig. 5 and
it can be seen that driver gas (helium) appeared in almoet
every sample. Although it is felt that a shock tunnel could
be designed to minimise or eliminate the contamination, our
immediate approach is to make allowance for this dilution
effect in the interpretation of cur supersonic combustion
test results. Measurements of oxygen concentration both
with and without hydrogen fuel injection have alno been made
with the sampling valve, and these are reported in Refs, 7and 8,

Starting Transients in the Supersonic Combustor,

Although the test sectior static pressure is usually
close to atmospheric, much higher pressures can be built up
in the startiang shock system, Fig. 6a shows that the starting
shock Mach number in the test section is about Mach 5 for
all test Mach numbers., The corresponding minimum starting
pressure ratio to eliminate the overpressure is shown 1n
Fig 6t together with the running pressure ratio, and it can be
seen that the latter is about an order of magnitude smaller,
Thus the test section must be evacuated to about one tenth to
one thirtieth of the test static pressure prior to firing.
It will be noted that this is a much lower vacuum than is used
on conventional shock tunnels, also the dump tank can be
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replaced by a simple blast tube to atmosphere which further
reduces the facility costs.

The_Measurement of Gas Velocity by Electromagnetic Induction,

When the ionized test gas is passed between the poles
of a magnet, so that the magnetic field is perpendicular to
the velocity vector, then the orthogonal induced voltage is
equal to the product of the velocity and field strength. Since
the latter is known, velocity can be determined. As shown in
Plate 3, our supersonic combustion test section is fitted with
a magnet and up to 150 volts is produced at the electrodes.
Some test results are i%lustrgted on Fig 7 and they show that
the gas impedance is 107 4 10°@, which is in accordance with
the calculated equilibrium valuz (Refs 9 and 10), It appears
likely that the technique can be used widely in aeronautical
testing facilities such as pebble bed heated hypersonic wind
tunnels,

The high electrical conductivity of the gas has been
confirmed by an electrodeless meter based on the dissipation
of ciorgy in a 20 MHz field induced in the gas.,

Low Cost Magnetic Drum Recording System,

The operation of a shock tunnel facility for engine
testing requires a large bandwidth (d.c.- 10 Kdz ; on many
channels (» 20) for a short time ( < 40 millisecs.) The only
commercial instrument which can meet this requirecment ic the
oscilloscope and camera 2t a cost in excess of £1000 per
channel, We have, therefore. developed (Ref 11) a low cost
system based ocn a magnetic drum in which the information is
recorded on separate tracks each having a response of -1 MHz
In order to ottain a response down to zero frecuency, f.m.
recording is used, althougzh instruments such as ionization
gauges may be recorded in direct mode., In addition to low
cost, the system has several other advantages:

a) Since the signal is retained for 40 m.secs., the decision to
retain the test data does not have to be malec until after the
test - rather than before as in the case of thc oscilloscope/
camera systenm.

b) One oscilloscope can bLe used to display all chnnnels in
turn after the firing, ana a stationary pattern ic obtnined,
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c) Orne gountsr timer can be ased to measure all time intervals.

d) By counting cycles through a gating circuit and operating a
tape punch,the data zan be easily fed into a computer for
analysis.

e) Our present drums have a capacity of 370 channels each,
although we only use a few chaniels at present. Plate U4.

Theoretical Studies.

A theoretical study of the fuel/air mixing and
combustion process has been made based upon a2 new interpretation
of turbulence theosy. The application of turbulence theory to
the solution of intermal flow problems is still in an eariy
stage of development, due to mathematical complexity, and in
many cases only an order of magnitude solution can be obtained,
In our treatment, the system is regarded as = clussical stirred
reactor, and energy balance principles are usc’ to calculate the
ninimum input pressure energy required to gern.:.rate the necessary
stirring (i1.e. turbulence intensity).

In general the low-wave number -2 of thec turbulent-energy
spectrum depends on the geometry of the turbulence-producing
device, while the high-wave number region of the spectrum is
almost isotropic, and independent of the source of eddy
formation. The smaller eddies are very important in the
turbulent mixing and combustion process in which fuel, air
and combustion products are stirred together to the molecular
level, Since the Ligh wave-number eddies contain apout 80%
of the total turbulence energy, the ability of different
systems to achieve mixing will depend largely on the total
turbulence energy in each systeme, Now:-

! 2
Kinetic energy of turbulence = j P E(k)dk :13 ou'
[«

where k 1s the wave number,
E(k) is the energy spectrum function.
P is the deneity.
u' is the roct mean square turbulence vclocity.

In general, turbulence is gencrated from the mean motion of a
stream by the shear stress and velocity gradient. In free
turbulence (i.e. jete and wakes), all the velocity energy

of the mean motion that is lost, appears first as kinetic
energy of turbulence and is latcr viscously dissipated as heat.
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The source of the energy necessary to orovide the
turbulent kinetic energy is then the pressure (or velocity)
energy of the stream, In the case of bafflc or bluff body
mixers, as in gas turbine engines, industrial burners, etc.,
the turbulence produced can be calculated by the energy balance,

;(JU.'Q = AD = &% pu2

where { 1s the pressure loss factor.
AP 4is the total pressure loss.
U 1s the stream Velocity.

In the case of co-axial Jet mixing systems, such cs are
proposed for scramjet burncrs, the hydrogen fuel jct carries
negligible kinetic energy duc to its low density, and
practically all the mixing energy comes from the air stream,
The fuel jet , therefore, acts very much like a bluff body
and in principle, fuel injection into the wakc of a suitably
designed stirrer can result in e more rapid re’.ase of the
turbulence, and hence a shorter supersonic burncr, than is
obtained with a co-axial jet system. (Plate 5) Such a bluff

based body will also operate as a subsonic fl-.me stablizer for
dual-mode operation.

The important parameter in the design of a mixing-
combustion system is, therefure, the turk.lence intensity,
which is very approximately equal to the width/length ratio
per fuel injection unit. In order to minimize the friction
} drag on the walls of the combustor,:trsaould be made as short
as possible, and this implies that we should use the highest
possible turbulence intensity, If we postulate that non-linear
dissipation effects would inhibit the formation of supersonic
relative notion of the eddies, then the intensity of turbulence
would be limited to 1/M. Thus we are unlikely to be able to
operate a supersonic combustion system at high turbulence
levels, and turbulence intensity will generally fall in the
range 15- 4OR, At hypersonic flow conditions we can then

. write the energy balance 2 2

g pU' = i— p3 U3 - %pM UM

RS OV SOOIV
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Thus when u'/U = 0.2, UM/U, = 0.94 giving a 6% loss in
velocity ! -

To show what this means in terme of loss of specific 1mpulse,
we can write approximately.

AL, = WAU .. U1 /3 /2')2)

This function is plotted in TFig. 8 and the large loss in
specific impulse-amounting to a few hundred seconds - is
apparent. In order to carry out exact calculations, a kinetic
energy efficiency?]T for the turbulent mixing process may

be defined, thus

np = (H=n /G- )

where H is the total enthalpy
h is the static enthalpy
hmsis the static enthalpy in the mixed region when

expanded isentropically to the initial pressure,
In the case 05 constant pressure mixing, this would reduce to

T oo (Bh/W)° = 1 - 3(u'/v)?

The kinetic efficiency parameternT can then be incorporated
into: engine cycle calculations in”the usual manner,

This theory can be readily extended to lcwer speed
systems such as gas turbine burners or industriai high
intensity combustors, In these, the turbulence velocity is
approximately equal to the mean velocity, hence the length of
the initial combustion zone is approximately equal to the
diameter. It also follows that the scale c¢f the turbulence
should be an order of magnitude smaller than the diameter of
the burner. We can, therefore, calculate the geometry of a
high intensity burner as follows:

Inserting u'/U = 1 into the energy balsnce equation gives:-
2
AP/3pU° = ¢ = 3

Thus a pressure loss of three dynamic heads across the flame
stabilizer will give a minimum well stirred combustor,. The
pressure loss can be expressed in terms of Mach number(M)as: -

AP/o = WM%/2 = 2.1 M°




In the case of a gas turbine burner operating at Mach 0,1

this indicates that an cptimum combustor will have - 2,1%
total pressure loss, if the energy to stir the combustor is
taken from the air stream, Similarly for an industrial high
intensity burner operating at 30 metres/sec, we find that the
fan must provide 2100 N/m¢(8.5"H20) for the stabilizer pressure
drop, plus a similar pressure for the mixing region (if mixing
and combustion are separate) plus whatever exit velocity head
is required from the flame. In addition, friction losses and
the fundamental pressure loss due to heat addition must be
overcome by the fan, but these can be made small,

The blockage of a baffle type stabilizer (combustion
can) giving three dynamic heads of pressure loss can be shown
to be about 60% of the combustor area (12), and this baffle
should be streamlined on its upstreem surface, The requirement
that the scale of turbulencc should be an ordecr of magnitude
gsmaller than the dimensions of the combustion. chamber can
be achieved by distributing the open area of the baffle between
orifices, whose individual dimensions are an order of magnitude
smaller than the chamber dimensicns, Of course, the boundary
velocity gradient to prevent flashback may provide a limitation
on the range of satisfactory operation if mixirg and combusi¢ion
are separate,

When gaseous fucsl is available at high pressure, it is
possible to use the fuel pressure as the scurce of energy to
stir the combustor (Plate 6). In this case only a small
guentity of fuel is available to stir a large jJuantity of
mixture, and the energy balance equation must be modified to
calculate the fuel pressure, thus:

AP = 3yp M2/20:

where ¢ 1s the fuel/air ratio,

For the primary region of a gas turbine can opernting at
altitude, the required fuel pressure is, therefore, about 0.7
bar (10 psi). In order to stir the primary and dilution zones,
fuel pressures about five times larger are required (i.e.
proportional to W secondary/W primary). Howevcr, in larger

gas turbines a cool layer of secondary alr along the nozzle
guide vanes is desirable, hence full secondary stirring is not
always necessary. The potentialities of such a gas turbine
burner are:
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a) An increase in aircraft range or payload of about 1%.

D) A burner with a self proportioning primary zone. This
follows since the primary air flow is determined by the
fuel momentum, and the difference in air flow will
automatically pass to the senondary region.

6) Reduced pollution, The vaporized fuel will follow the same
path at all operating pressures, thus eliminating the rich
core, which oan causc suokc at low altitude,

N.B.(Thc disadvantage ts, of course, the requirement for a flash
boiler or hewat axchanger to veporize the fuel., It will be
noted that pumping liquii fuel to a high pressure requires
comparatively little power, whereas compressing the air to
provide oombuatour atirring energy requires a large amount
of power,!

These anme principles may oo readily applied to the mixing
process {n an autoamobile carburettor, ThiQ process normally
requirea & pressure Arop of about 2500 N/m“ (10" Hp0), and
reduces the maximum engine powcr by about 50. A vaporized high
pressure fuel systom used as indicated above should recover
this power, and also reduce pollution due to the elimination
of large droplets,

Conclusion.

l, A tailored interface hypersonic shock tunnel is a
suitable facility for connected testing of scramjet
combustion systems. It can easily produce stagnation
temperatures » 5000°K and pressures » 200 bar for 2 few
milliseconds,

2, Supersonic combustor static pressures are about equal
to atmospheric, however the test section must be evacuated
to about 1/30 of atmospheric pressure, if thc test section
is not to be damaged by the starting transients. A simple
blast tube can als> be used in place of thc conventional
dump tank.

3. Contamination of the test gas ty the driver gos has been
shown to be a problem, arnd a high speed gas sampling

instrument is essentinl for the interpret~tion of
combustion results from shock tunnels.
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4.

5.

Ig

in electromagnetic velocity meter has becn developed

for use with high temperature *est facilities., It appears
that the gas conductivity is in accordance with the
theoretical vaiue,

A low cost multi-channel magnetic drum recording system
has been developed, which is ideally suited for use with
shock tunnels and other intermittent testing facilities.

Theoretical etudies of the turbulent fuel/sir mixing
process have provided 2 fundamental technique by which
pressure losses due to mixing may be calculated, These
losses are surprisingly large for scramjet systems.

This theoretical analysis can also be uscd to design
short dual mode supersonic combustors, novel gas turvine
combustors, carburation systems, etc,
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ABSTRACT
Measurements of the ionic composition of the ionosphere by rocket §
probes have established the presence of several prominent negative ionic N
species. Very little information has been available concerning either the i
. source of these ions or their possible interactions with other atmospheric ;

constituents. Recent experiments in our laboratory, using mas: spectro-
metric techniques, have examined the reactions of negative ions such as
0%, 0,7, NO~, and OH , with a large number of selected neutral molecules,
with particular attention to natural atmospheric gases. In several cases,
rate determinations for these reactions have been made, and insight into
the detailed reaction mechanisms has been derived by using isotoupically
substituted reactants. These studies provide information which is vital
to the establishment of reliable atmospheric mrcdels and the understanding
of deionization phenomena. These laboratory measurements have important
implications for such topics as atmospheric perturbations by nuclear
detonations.

Introduction

The ionnsphere, that region of the earth's atmosphere which is
electrically charged, extends from the earth's surface to the boundary
between the earth's magnetic field and outer space. This region includes
ions of many types, created largely by impact of high energy photons,

(Y <1027A ), from the sun and alsn by secondary photoelectrons ejected by

the initial impact process but which are sufficieatly energetic to cause

further ionization before reaching thermal equilibrium. Thermalized

a2lectrons also constitute a large part of the ionosphieric medium and these

. survive essentially as free electrons uucii they undergo recombination
reactions with positive ions. Sucli recombinations usually result in
dissociation if the positive jon is diatomic, thereby creating atomic
species which are also highly reactive.

The earliest information about the ionosphere was obtained from
observations of the reflectivity which free electrons in this region show
for radio waves. From such measurements it has proved possible to derive
in considersble detail the electron density as a function of altitude.
More recaently, sounding rockets and satellites have yielded data on the
actual ionic and neutral composition of the ionosphere. The multitude of
ions shown to be present by such measurements could conceivably involve a
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large number of interactions. Therefore, to aid in resolving the chemistry
and physics of the ionosphere and in drawing conclusions about the dominant
reaction processes occurring there, it has been necessary to resort to
laboratory studies in which various experimental techniques are employed to
study reactions of isolated ions and other reactive intermediates. Wwhile
considerable progress has been made in the identification of positive ionic
reactions of relevance to the ionosphere by such laboratory methods,1 much
less data has been olitained at this point regarding the interactions of
negative ionic species.

Negative ion reactions are particularly important for that region of
the ionosphere below 90 kilometers, the so-called "D region". 1In this
region, the concentration of neutral molecules (that is, the atmospheric
density) is sufficiently large that 02' ions formed by electron attachment
to oxygen molecules, which would normally dissociate, are stabilized by
further collisions with molecules which remove some of the excess energy.
Such three-body attachment processes have been well-known for some time as
% consequence of their demonstration in the laboratcry.2 Although these
02' species are presumably neutralized either by photodetachment of electrons
or associative detachment reactions in the daytime, their lifetime at
night in the ionosphere is considerably longer and they are potentially
reactive. Similarly, dissociative electron attachment to ozone molecules
present in the ionosphere creates O~ ions which must also be considered in
any postulated reaction scheme.

Ore of the earlier studies of negati:z2 ion reactions3 ia atmospheric
gases utilized an afterglow discharge mass :pectrometer to examine pure
atmospheric components and appropriate gaseous mixtures. Significantly,
CO,~ and NO4H,” were observed as important negative ion products. The role
of ions such as OZ and NO was also considered. Quite recently,
Fehsenfeld et al.% have applied a flowing afterglow technique to determine
rate constants for various iopic reactiocns of 07, 0,7, 3' and CO.,”. On
the basis of their data, these workers proposed two reaction chains which
would result in the production of Noz' and NO,” as the dominant negative
ion species in the D-region. And, indeed, recent sampling probes of the
ionOSphere5 have identified, among others, ions corresponding in mass to
NO,” and NO;.

The ion chemistry of the "ionosphere" is still very puorly undex-
stood, however. The concentration of neutral constituents such as 04, NO,
Hy0, N,0, etc. in this region is yet a major uncertainty. Also, the re-
actions of ions such as O and 0, with several of these atmospheric
components have still not been adequately probed. In view of these facts,
we have attempted to apply mass spectrometric tecliniques, such as we have
recently employed so su cellfully in our studies cf a variuty of positive
ion-molecule processes, 8 to the examination of salected negative ion
reactions. It is notable that there have been virtually no negative ion
mass spectrometric studies reported in which a heam instrumert such as ours
was utilized. Our success in accomplishing such studias depcnds in large
part on novel experimental techniques devisaua in our latoratory which will
be Jescribed in the following secction.
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Experimental

The instrument utilized for the negative ion-molecule reaction studies
reported here ir the dual-stage ARL tandem mass Spectrometsr, which has
been described in some detuil in previous publications.9'1 A schematic
diagcam of this research mass spectrometer is shown in Figure 1 and Figure
2 is a pictorial representa:iun of the instrument. It consists essentially
of two mass spectrometers of Mattauch-Herzog geometry coupled by an inter-
mediate collision chamber. Thus & mass an’ energy analyzed ior “eam can be
selected in the first stage spectrometer and impacted on the target gas of
choice in the collision chamber. The resulting ionic products from the re-
action are then analyzed and detected in the second stage mass spactrometer.
The unique feature of this ARL instrument is its capability to provide ion
beams of experimentally ureful intensity over the range 0.3-100 eV with an
energy spread of only 0.3 eV. Since negative ion-molecule interactions in
the atmospheric envircnment are expected to occur at near-thermal energies,
the low energy capability of the ARL tandem mass spe_trometer is particu-
larly desirable if reascnable analogiea are to be drawn between laboratory
experiments and actual ioucspheric processes. Th2 low energy limit of the
ARL tandem instrument is made possible because o the unique retarding
"glot" lens which degrades the ion beam energy from its value of about -

180 eV, with which the beam exits from the B--slit, to the desired impacting
energy. Because of the relatively low intensities of ionic products from
ion-neutral interactions in the instrument, it is necessary to utilize an
electron multiplier detector and to employ pulse counting techniques.

while the tandem mass spectrometer described above has been success-
fully applied to positive ion molecule reactions for some time, it is only
recently that modifications were accomplished to permit observations of
negative ion processes. An important consequence of these modifications
was the development in our laboratory of a new ion source and a mode of
source operation with which it is possible to realize negative ion beams in
the tandem spectrometer of intensities of 108 amp or higher, measured at
the B- or energy defining slit (Figure 1). The source is displayed
schematically in Figure 3 and is in most respects a conventional electron
impact source. It is distinctive, however, in that the anode or electron
trap is not isolated from the impact chamber as is customary but is
actually within this region. Under the conditions to be noted below, this
source operates by ejecting relatively large quantitiss of secondary
electrons from the anode which have low energies in the region appropriate
for electron capture by molecules (~ C-10 eV). The necessary operating
conditions are as follows: 1) A rather high impacting electron energy is
required, typically 100-200 eV. The optimum primary electron energy can
be selected by consulting available datall on the energy dictribution of
reflected secondary electrons from metal surfacss, taking in%to account the
metal usad for the anode &and the energy dependence of electron capture for
formation of the negative ion species in questicgi Much of the latter
informaticn is als> available in the literature. 2) The arode must be
at ground pot«ntial. Uring a potential attractive for rlectrons traps
secondary electrons hafors they can vacape the anode surface. 3) High
anode currents rasult in maximun negative ion yields, as would he axpected.
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The mode of operation dascribed improves the effi:ciency of negative
ion formation by about a factor of 1000 over that possible when negative
ions are formed directly by impacting the source molecules with low energy
electron beams for which beam collimrcion and penetration into the ioniza-
tion chamber are significant probleriz., Moreover. the newly designed source
can be operatew. at conegiderably higher pressures than would be possible
otherwise, and this in turn increases the probability of three-body capture
processes which are frequently necessary for the formation of negative
species.

The high efficiency negative ion source outiined here will L.
described in detsil in a forthcoming publication. 3

Results and Discussion

Preliminary data have been obtained on the reactions of 07, G, , NO~
and OH with a large number of rautral molecules. The discussion here will
be limited to reactions with simple inorganic gases which are known atmos-
pheric constituents.

Rate Constant Determinations. The ARL tandem mass spectrometer is
restricted in operation to collision chamber pressures below about 50
microns, owing to pumping system restrictions. While this is quite suf-
ficient to observe products from a single ion-neutral collision, it is not,
except in rare instances, adequate for the detection of higher order pro-
cesses. Some of the ion-moclecule processes observed in the tandem
spectrometer for the reactions of O, O,” and NO are shown in Table I,

Table I
Reaction Rate Constant, k (x10° e’ molecule™! sec™l)
(2) O +H, *OH +H 0.28
(3) 0" + H0 +OH + OH . 0.10
(4) 0 + N0 +NO" + NO | 0.14
(5) 0,7 + NO, »noz' +0, 0.76
(6) NO” + o, o..,' + NO 0.35
(7) NO™ + NO, > NO, + WO 0.23

along with the rate constants derived for thess reactions. Rate copitants

were obtained by novsalizing crose-sections measured in the tandem instru-
ment to the rate «.nstant for the charge tranafer reacti .,

0 + KO, - uoz' + 0 {1
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for which k = 1 X 1077 cm3 molccule—‘ sec”! was reported by Paulson.l4 No

reactions of OH with simple inorganic molecules could be cbserved in the
tandem instrument at the relatively low collision chamber pressures used.
Also, no apparent reactions of O with CO,, CO, 0,, NO, or NO, were
detected under these conditions. The failure in our case to observe com-
plex ions such as CO, , G.~, and NO,~ from such reactions is not surprising
in light of the above discussion sifce previous observations of these
species involved experiments conducted zc¢ much higher pressures.”’ Under
these conditions, such complexes are formec in three-body processes, #s is
now well established.

Reaction Mechanisms. It is of fundamental interest to consider the
mechanisms of some of the negative ion-molecule reactions which have been
observed. Considerable insight into these reactior mechanisms can be
obtained from experiments in which isotopically substituted reactants are
used. As an example, the applicaticn of such techniques for reaction (4)
will be illustrated. The NO~ product from this reaction could conceivably
be produced by several mechanisms. Thus it might be formed by dissociative
charge transfer, by a discrete particle transfer or through an intermediate
ion-neutral complex at the low relative energiee involved., Table II ghows
thelasotopic product distribution from the reactions of 160~ with N21 O and
of 70" with N,7"O. As can be seen, the NO™ pr uct fr°m18°5h reactions
consists of approximately equal components of NNO and N* O . Also
interesting is the fact that 0~ is actually formed as a preoduct in this re-
action. The tandem mass spectrometer is an "in-line" type instrument in
which ionic products are detected in the same direction as the impacting
ion beam. It is evident therefore that this back-reaction product would
not be detected except in an isotopic experiment, because a product ion of
the same mass as the reactant is obscured by the latter which is of much
larger magnitude. However since the oxygen atom which appears in the NO~
product apparently comes from either the ion or the neutigl with ahout
equal probability, it is reasonable to assume that both ~ ¢ and ~ O are
actually formed as products from either of tihe reactions shown in Tahle II.
On this basis, it seems apparent that the resction involves formaticn of an
intermediate (N;07 )* complex in which the energy i:c distributed armong the
various degrees of freedom in randor fashion.
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Similar experiments si.ow that the reaction Té 0~ with NO_ is quite
digfezent frum that discursed above. Thus, when ~ 0 is impocéed on

NTT0,, the reactions obssrved are, -
¥a- s u“’o2 - 16g= , n16018; (8)
A 18, (9)
« 0118 4 18, $10))

The relstive rates f{c: these ceactiun channels are in the ordag kafkgirlo -
0.1770.76/0.07. Clearly, the major charge transfer product N* O, is not
isctopically mixed and therefore must result principally from a long range
irteraction rather thun froa the orbiting complex usually assumed for low
energy ion-neutral reactiovns. Again, there is a bach-reaction yielding
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0", although in this case it is relatively minor.

As in the case of N,0, O” ions apparently react with water molecules
chiefly through formation of an intermediate complex. 1In this instance,
the observed product distribution from the isotopic studies is,

18

165~ H2180 -+ 6oy~ 4 185y (11)
+ 8oy~ 4 160y (12)
-+ 1857 4 nzl"o (13)

where kll/k12/k13 = 0.022/0,020/0.96.

Conclusions. It is apprepriate to consider the negative ion reactions
observed in the present study in relation to currently held reaction
schemes for the inrosphere. Dalgarno'° suggested some time ago that the
associative detachment reactions,

0"+ 0 *-02 + e (14)

0, +0~ 0y +e {15)
might provide an imports mechanism by which, these ions are lost from the
ionosphere. More retentiy, Fehsenfeld et al. havs measured rate con-
stants for these processes ¢l kjgq = 1.9 X 10710 em” sec=1 and Kjg = 3.3 X
10-15 cm3 sec”l respectively, #sing the flowing afterglow technique. The
relativ2ly lurge magnitude of these rate constants indicates that such
associative detachment proc:sses would dominate photodetachmert in the
ioncsphera. However, the rate constants given in Table I for reactions of
0~ and 0,  are ‘n somc instances larger than those for associative detzch-
menc of ghese ions with O atoms. It would seem, therefore, that it will
¢ noressary to ounsider reactions such as those shown in Table I in
formulating a realistic reaction scheme for the ionosphere. This may well
require some modifications to the sequence proposed by Fehsenfeld et al.
Ultimately such considerations will rest on reliable determinations ot the
concentrations of the various irorganic gases in the ionosphere.

The preliminary mass spectrometric investigations described here
illustrate the value of this technique fcr negative ion-molecule scudies.
In contrast to less definitive drift rube or discharge studies, thege
.ethods provide detailed information on the specific reactions of individual
ions without prior knowledge of these processes. Moreover, reliable kinetic
data is readily obtainec¢ by a muc® less tedious experimental procedure than
required in non-mass spectrometric methods.

Future work and Applications

In future investigations, high pressure masc spectrometric techniques
will be applied to study various atmospheric negative ion reactions. At
higher pressures, it will be possible to observe short-lived negativa ion
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complexes and to follow their sequential reactions. It should be possible
to ultimately arrive at a reliable estimate of the cverall reaction schemes
for various regions of the ionosphere by considering competitive reaction
kinetics and the relative coucentrations of neutral and ionic reactants.

Apart from their obvious significance for clarifving the physics and
chemistry of the upper atmosphere, studies of negative ion prccesses have
importance for a variety of topics. Among these are the explanation of
deionization phenomena following the creztion of bursts of electrons in the
atmosphere by nuclear detonations, for example, and related problems such
as radar and communications blackout.
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Figure 1. Schematic of ARL tandem mass spectrometer. P is the energy-
resolving slit and Ml is the magnet of the ion gun spectrometer. D1 is
ion detector monitor for ion gun. QL is quadrupcle lens, EC is movable
electrometer for total ion-current measurement, M2 is mass analyzer of
second stage, and D2 is final detector for product ion analyzer.

Figure 2. Front view of the ARL tandem mass spectrometer.

Figure 3., High efficiency negative ion source. Gas enters source chamber
through inlet, GI, where it is ionizZed. Electrons emitted by filament, F,
pass through source chamber and strike electron trap, T. Secondary
electrons emitted from surface of T, are reflected into chamber where they
are captured by molecules, yielding negative ions. Negative ions are
driven out of source through exit aperture, IE, by a repulsive potential
applied to repeller electrodes, R. Collimation of the electron beam is
accomplished by the field impressed by magnet, M. S is shield for filament.

Cc-10







Z 2an3dy g

C-12




Figure 3

c-13




NEW ATOMIC SPECTROSCOPIC

METHODS FOR TRACE ANALYSIS

J. D. Winefordner
University of Florida, Department of Chemistry

Gainesville, Florida




NEW ATOMIC SPECTROSCOPIC METHODPS FOR TRACE ANALYSIS

J. D, Winefordner
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Gainesville, Florida 32601

Improved methods are being developed for measuring trace amounts
of elemeats in small quantities of complex materials.

Amounts ranging from 10'15 to 10'6 grams may Le measured in
volumes of one mililiter or less of such materials as lubricating oils,
biological fluids and tissues, foods, water and air. In particular,
trace metals* may be detected in lubricating oils used in jet and
other engines and gear boxes. Methcls are being developed to give
more reliable, faster and less expensive methods of analysis of tvsce
wear metale in oils than are now being used in the Air Force SOAP
(Spectrometric Oil! Analysis Program), directed toward detecting
incipient, catastrophic mechanical failures.

Techniques under d:velopment involve (1) selection and prepara-
tion of a solution sariple, (2) intvoductior of the sample solution
into an atomizer to form an aerosol anu (3) measurer2nt of the emission,
absorption or fluuvres:cence of r:diation by the atome of the species
of concern. Since the intensity of the emitted, absorbed, or fluo-
resced radiation is usually proportional to the concentration of the
species of concern, measurement of the resulring intersity by & mono-
chromator-photodetector system can therefore he directly used for
quantitative analysis of the elemental species.

The studies are directed toward understanding the fundamental
aspects of the methoda and of the effect of the instrumental, spectral
and sampling parameters of the instrumental signal and signal-te-noisze
ratio. The objectives are speed and simplicity, rogether with the
fcllowing factors:

* Alumiaum, chromium, copper, iron, lead, magnesium, silicon, tin,
titar.ium, maganese, vanadium, cadmium, zinc, cobalt, bavium, svdium
and calcium.
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ABSTRACT

The importance of trace metal determinations in biological fluids,
air and water pollution samples, and in lubricating fluids is well-kncwn,.
The Spectrochemi.al Analysis Group at the University of Florida has been
especially concerned with trace metal determinations in synthetic samples
by using newly developed spectrochemical methods. The techniques which
have been and are being used include: (1) atomic fluorescence flame
spectrometry, (2) atomic fluorescence spectrometry with a graphite furnace
and (3) atomic absorption spectroscopy with a graphite furnace. 1In the
first two methods, a sample is atomized and the resulting atoms are excited
by a light source. The light emitted when the atoms become de-excited is
measured and is directly related to the number of atoms excited. In the
absorption method, the sample is atomized and the resulting atomic vapor
is measured by a standard light absorption method. In the first technique,
a4 flame is used to atomize the sample, whereas, in tke latter two techniques
a graphite furnace at about 2000°C is used. By using those techniques, it
ia possible to selectively and accurately measure such small amounts as
10-10 grams of some metals in smal)l amounts of solution (0.01 millilitar).
The advantages and disadvantages of these techniques will be stressed,
particularly for monitoring wear metals in lubricating fluids as a means
of indicacing improper engine opersatiosn or predicting engine malfunctions
in diesel, reciprocating and jet engines.
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1. sensitivity: detection of lowest coacentration or amount
of species of concern

2. selectivity: measurem2nt of the species of concern in the
presence of many other potential interferences

3. accuracy: small systematic errors

4, precision: small random errors

To obtain the best possible results in a spectroscopic measurement,
we are interested not only in the final application of the technique
to specific problems but also in improving well eastablished technijues
by a better understanding of the theoretical and instrumental aspects
and in developing new techniques and methodclogy. As a result of

this approach, we have measured fundamental spectral parameters of
elements, such as quantum efficiencies of atoms in flames, collisional
cross sections of atoms and molecules in flames, and collisional
energies of diatomic molecules in flames., These measurements have
resulted in more optimum experimental conditions for analysis and

even in developmeat of new analytical methods. We have also developed
new instrumen.ation, such as light detectlion devices, new sources of
light, and new methodology as a result of this approach.

The current SOAP program has been very successful in predicting
impending failure of a component in a jet engine. In fact, when the
analys” has in the past recommended a j2t engine overhaul, the mechanics
found in 90 percent of the cases worn parts which might have resulted
in losses of lives and equipment if the aircraft had not been grounded
for engine overhaul. In another 5 percent of the cases, parts were
beginning to wear, and the engine would have needed an overhaul in
the near future. In the final 5 percent there was no apparent wsaring
of parts. The two techniques now used for SOAP are (1) emissior spec-
troscopy in which oil is sampled using a rotating grasphite disc. Exci.
tation is by a spasx discharge. (2) Atomic absorption spectroscopy
is carried out by aspirating an oil sample after dilution into a flame
to produce an atomic vapor. The fraction of light from an external
light source absorbed by the atcmic vapor is measured. The first
technique gives rapid and simultaneous results on all metals concernad
but involves expensive equipment, fusay calibration, and gives marginel
accuracy. The second technique gives more relisble results on single
metals at one time and is lez<s expensive, but it is much slower than
the first method and gives marginal results for some slements.
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Spectroscopic Methods Undei Study

The experimental systems used in atomic absorption, atomic emis-
sjon, and atomic fluorescence flame spectrometry are very similar, as
can be seen in Figure 1. 1In all three methods the sample is atomized,
forming an atomic vapor of the sample in an apprupriate manner, as by
means of a flare, arc, or a graphite furnace, since atoms are required.
In all three mechods, the intenzity of light emitted, absorbed or flu-
oresced is measured by (1) a monochromator or filter, which is used to
selective’y isolate the radiation of concern from radiation of possible
interferents, (2) a photodetector, which converts the desired radiation
passing th-ough the mcnochromator into an 2lectrical signal, and (3) an
auplifier-readout system which is used to displey a- electrical signal
proportional to the intensity of light emitted, absorbed or fluoresced.

In all three methodas the resulting electrical signal i{s also pro-
portional to the concentration of the emitters, absorbers, or fluorescences,
which is the basis of quantitative analysis. In atomic emission spe.iro-
metry, the resulting atowmic vapor is excited either by means cf an inde-
pendant system, such as a high frequency-discharge. A portion of the
excited atoms (excitation is mainly by collisions with energetic species)
undergoes radiational deactivation. called emission (see Figure < for
mechanism of process), which is measured as described above. In atomic
absorption spectrometry, radiation from an external source, such as a
hollow cathode discharge tube, an elect:odeless discharge tube, or a
xenon arc lamp (Figure 3), is passed through the resulting atomic vapor
and the intensity absorhed, or the fraction of radiation absorbed is
measured as described above. In this case, the source radiation, which
18 of the correct wavelength (energy), causes the atom tc be excited
from the groundstate to an excited state (absorption process), shich
causes che source intensity passing through the atomic vapor to decrease
(Figure 2). in atomic fluorescence spectror.try, radiation from an ex-
ternal source (Figure ?) is apain allowad to fall upon the resulting
atomic vapor, just ac in the atomic absorption case. However, in this
case, radiation (called fluoresceuce) resulits from the deactivation of
the atoms excited by the external light. This fluorescence is measured
by a photoelectric cell. (The mechanisms of excitation and de-excitation
are shown in Figure Z). In all three methods, the wavelength (energy) of
the emitted, absorbed, or fluoresced light is characteristic of the stom
of concern. Since the emitted, absorbed, or fluoresced spectral lines
are of narrow wavelength, for example 0.1 Angstom, and the spectral range
over which such transitions occur is very great, for example, about 8,000
Angstrom, extremely great selectivity is obtained ir these three spectro-
scopic methods., Minimal interference occurs due to overlap of spectral
lines,

The optical system, vhich is used only to isolste the emitted,
absorbed, or fluores~ed spectral line from other lines, coasists of either
4 3rating or prism wonochromator, or poasibly filters. The detector
system consists of either a d.c. electrometer or an a.c. amplifier {f the
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emitted, absorbed or fluoresced light is modulated. We are currently
evaluating a numbter of detection systems to determine the optimum one for
stomic mission, ebscrption, and fluorescence spectroscopy. For example,

we are currently involved in developing a photon counting system for atomic
fluorescence spectioscopy. Such a system should yield far greater signal-
to-noise ratios and thus allow greater sensitivity of analysis.

The source of excitation of atoms in atomic emission spectroscopy
is also the method of forming atoms, For example, the most common
method 18 to aspirate the sample solution into a flame to produce an
atomic vapor. The sample may, for instance, be sprayed directly into
the flame, This is convenient and safe but results in a distribution of
large droplets, many of which do not have time to evaporate before leaving
the flame gases, particularly in turbulent flames., Or the sample may be
introduced into a chamber to produce ¢ fine aerosol and then introduced
into the flame. Usually the flames are premixed, resulting in a more ef-
ficient conversion of sample vapor into an atomic vaper. This 1is less
convenient than the first method, and also the flame system is suscepti-
ble to flashbacks. The res;ulting atomic vapor is then excited via
collisions ¢ith thermally excited molecules in the flame. This tech-
nique is commonly called gtomic emigsjon flame spectrometry or just flame
photometry. It has been used for ycars in the measurement of elements,
such as sodium and potassium in blood, and calsium and magnesium in soils.
We have developed theoretical expressions for the instrumental signal
and signal-to-noise ratio to allow the analyst to select the optimum
experimental conditions and to even predict the range of useful concen-
trations which can be measured by this technique. We are also calculat-
ing the flame-gas temperatures and compositions to aid in the selection
of the optimum flame type for atomic emission as well as atomic absorption
and atomic fluorescence flame spectrometry. By such calculations we can
estimate the number of atoms of conzern per unit volume of flame gases
and thus determine the feasibility of carrying out a practical determi-
nation.

The excernal sources of excitation (Figure 3) used are generally
hollow cathode dischurge lamps, or electrodeless discharge tubes in
atomic absorption and electrodeless discharge tubes or xenon arc lamps
in atomic fluorescence. Hollow cathode discharge tubes (HCDT) produce
very sharp, fairly intense spectral lines. The basic structure (Figure 3)
censists of a tungsten wire to support the cathode containing the element
of concern and another wire to serve as the anode; the tubes contain an
inert gas, such as argon, at about one mm pressure. A voltage of about
250 volts is applied Letween the electrodes resulting in a glow discharge
within the cathode. The glow discharge accelerates positive ions toward
the cathode causing sputtering of the cathode material; the resulting
atoms collide with other positive ions and are excited to emit charac-
teristic radiation. Electrodeless discharge tubes (EDT) have consider-
ably higher intensities than HCDT's and also sre simpler to construct.
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Thay consist of a quartz bulb containing a sinall amount of the mnetal or
the metal icdide of the species of concern and a pressure of about one mm
of an inert gas such as argon, Upon initiation by a Tesla coil when placed
in a high frequency (microwave) field, electrons are accelerated by the
electric field resulting in excitation and/or ionization of the inert gas.
Collisions of the energetic species result in heat, vapcrizing the metal
of concern, and producing excitation of the metal of interest. The xenon
arc lamp (XE) is a continuous radiation source which has been used in many
scientific inotruments, as well as in street lighting and motion picture
projectoyrs. Sources for atomic fluorescence spectrometry must be cxtreme-
ly intense, since the measured signal depends directly on the source
intensity, My group is cne of the leaders in development of extremely
intense, stable light sources such as electrodelegss discharge tubes for
atomic fluorescence spectroscopy. Elements for which electrodeless dis-
charge tubes have been preparad are shown in Figure 4. Such sources are
now being accepted as the optima® ones for atomic fluorescence speztro-
scony and are also being used rather than hollow cathode discharge in
many atomic absorption studies,

The method of producing an atomic vapor (Figure 5) of the species
of concern is probably the most critical step in atomic emission, atomic
absorption, and atomic fluorescence spectroscopy. Most workers have
preferred to -~ » the flame for all three methods and thus the names,
atomic emission flame spectrometry, atomic absorption flame spectrometry,
and atomic fluorescence flame spectrometry. The flame (Hy-0p, Hp-air,
CaH2-02, CoHp- N20, etc.) can be used to atomize most metals in the
periodic table., It is a simple, precise means of producing an atomic
vapor. However, most non-metals and some metals, such as W, Mo, Tc, Re,
Ru, Os, Rh, Ir, Ta, Wb, Al, Sn, Sb, Bi, Ge, Se, and Te, as well as the
rare earth elements, can not e detected reliably at low concentrations,
To measure such spacies, it is necessary to use a more efficient atomizer
such as a graphite furnace, which consists of a graphite tube containing
the sample, heated to about 2000°K by electrical current. Such a system
has been shown to be extreme.y efficient in producing atoms even for non-
metals and is currently being studied. We have also derived expressions
for determining the optimum experimental conditions to achieve the maxi-
mum instrumental signals and signal-to-noise ratios for atomic absorption
and atomic fluorescence flame spectrometry. We are also considered the
inventors of atomic fluorescence flame spectrometry as an analytical tool
and are leaders in the use of graphite furnaces for atomic sbsorption and
atomic fluorescence spectrometry.
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Sengitivity of Analysis

The sensitivity of analysis of an element by any method is
indicated by the limit of detection. This is defined as that con-
centration or amount of that specific elemert which produces an
instrumental signal which can be just measured above the noise
level of the instrument. Table I shows limits of detection for
a number of elements, measured Dy atomic emission spectrometry with
a flame atomizer and exciter and with a graphite furnace atomizer
and Rf excitation, Table II shows the limits of detection for a
number of elements measured by atomic absorption spectrometry with
a flame atomizer, and with a graphite furnace atomizer., Table III
shows the limits of detection for a number of elements measured
using atomic fluorescence flame spectrometry. Studies currently
in progress include: atomic emission spectrometry using a graphite
furnace atomizer and microwave excitation, to give improved limits
of detecticn for many elements listed in Table I, particularly the
non-metals; atomic absorption spectrometry using a unique graphite
furnace, to give improved limits of detection for many of the ele-
ments listed in Table II; atomic fluorescence spectrometry using a
graphite furnace atomizer, which could be especially suited to wear
metals in oils; and atomic fluorescence spectrometry using extremely
intense pulsed sources, which could produce lower limits of detection
for all elements listed in Tables I, II and III.

Analysis of Wear Metals In Lubricating Oils

Silver, copper, magnesium, and iron in jet engine lubricating
oils were gnalyzed by means of atomic fluorescence flame spectrometry.
The method required considerably less time than methods currently used
by SOAP, and the results are comparable to those obtained in the SOAP
studies (Table IV). Because of poor sensitivity for elements, such
as titanium, chromium, silicon, aluminum, and tin, these elements
could not be measured using the present system. However, studies are
now in progress, in which hotter flames such as Hy-N20 and CaH-N20,
and graphite ~ells, are used in the atomic fluorescence studies. It
is not uareascnable to expect that all trace wear metals in oils could
be measured with no more than five to ten percent relative errors and
within a matter of minutes.




Table I. Approximate Limits of Detection (ng.grams) By Atomic Emission Spectrometry
Element Flame E:missiona’b High Frequency E:missionc
Ag 300 0.01
Al 200
As 50000
Au 4000
B 30000 15
Ba 30 0.1
Bi 40000 b4
Ca 5.0
Cd 6000
Ce 10000
Co 1000 0.3
Cr 100 0.01
Cs 8.0
Cu 100
Dy 100
Er 300
Eu 3.0
Fe 700
Ga 70
Gd 2000 10
Ge 600
Hf 75000
Hg 40000
Ho 100
In 30 0.5
Ir 100000
K 3.0
La 1000
Li 0.003 0.8
Lu 200 5.0
Mg 200
kn 100 0.04
Mo 30
Na 0.1
Nb 1000
Nd 1000
Ni 600 0.1
Os 10000
Pb 3000
Pd 1000
Pt 40000
Rb 2.0
Re 1000
Rh 3060
Ru 3000
Sb 20000
Sc 70
Si 5000
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Table I contirued

Sm 600
Sn yo0cC
Sr 4.0 0.008
Ta 18000
Tb 1000
Te 200000
Th 150000 6.0
Ti 500
Tl 90
Tm 200
- U 10000
v 300
W 4000
Y 300
Yb 50
~ Zn 50000 5.0
Zr 50000
a. Limits of detection are for aspiration of 1.0 ml. of solution into flame.

If volume could be reduced 10-fold, then absolute limits in table would
also decrease by 10-fold.

Data taken in part from Koirtoyann, S. R.; paper presented at The Mid-
American Symposium in Spectroscopy, Chicago, Illinois, 1967.

Data taken from Svoboda, V., Anal Chem., submitted paper.
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Table II.

Limits of Detection (in nanograms) by Acomic Absorption Spectrometry

Element Flame Absorptiond’b Graphite Cell Absorptionc
Ag 10 0.0008
Al 100 0.54
As 500 0.6
Au 100
B 15000
Ba 100
Bi 20 0.2
Ca 3.0 0.5
cd 10 0.002
Co 7.0
Cr 5.0
Cs 50
Cu 5.0 0.31
Dy 200 0.2
Er 200 0.0k
Eu 200
Fe 10 0.02
Ga 70
Gd 4000
Ge 2000
Hf 15000
Hg 200 0.2
Ho 300 0.3
In 50
Ir 4000
K 5.0
La 80000
Li 5.0 0.03
Lu 50000
Mg 5.0
Mn 5.0 0.008
Mo 100
Na 5.0 0.007
Nb 20000
Nd 2000
Ni 10 0.07
Pb 1 0.01
Pd 500
Fr 6000
Pt 500
Rb 5.0
Re 1500
Rh 30
Ru 300
Sb 200 0.1
Sc 200
Se 2.0
Si 200
Sm 5000
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Table 1II continued

100 0.2
A0
6000
2000
300
100

200 0.04
100
12000
100
3000
300
40

2.0 ¢.0008

5000

Limits of detection are for aspiration of 1.0 ml, of solution into flame.
If volume could be reduced 10-fold, then absolu*2 limit in table would
also decrease by 10-fold.

Data taken in part from Koirtoyann, Sr, paper presented at Mid American
Symposium on Spectroscopy, Chicago, Illinois, 1967.

Data taken from Massman, H. Spectrochem. Acta 23B, 215 (1968) and from
Woodriff,R., Stone, R. W., and Held, A.M., Appl. Spectr. 22, 408 (1968).
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Table III. Limits of Detection (in nanograms) In Atomic Fluorescence Spectrometry

Element Flame Fluorescence’ Graphite Ccllb
Ag 0.1 0.0015
Al 25000
Au 50
Be 2000
Bi 100
Ca 20
Ccd 0.001 0.00025
Co 4o
Cr 5000
Cu 1.0 0.45 .
Fe 100 3.0
Ga 500
Hg 2,0
In 100
Mg 4.0 0.0035 »
Mn 6.0
Mo 2000
Ni 3.0
¥b : 20 6.035
Pd €00
Pt 50000
Rh 3000
Sb 400 9.2
Se 100¢0
Se 150
Sn 100000
Sr 30
Te S50
Ti 5000
Tl 8.0 2.0
Zn 0.04

a. Data taken from Winefordner, J. D. et.al. papers.

b. Data taken from Massmann, H., Spectrochim. Acta 23B, 215 (1968) and from
Woodriff, R., Stone, A. W., &nd H:1d, A. M., Appl. Spectr.22, 408 (1968).
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Table IV, Determination of Wear Metals in Correlation Jet Engine Oil Samples
Using Atomic Absorption Flame Spectrometry (AA), Atomic Emission (AE)

With Spark Spectrometry, and Atomic Fluorescence Flame Spectrometry (ar)?

Sample Concentration , ug/ml
Ag Cu Fe Mg

Al A an®| A aEd ma® | a2 mB| ar aE® ol
67-2 0.71 ] 0.9}y 0.7 7.9 8.5 5.6 231 30.1 ] 28.31 4.7% 2.4 3.0
€7-3 0.66 | 0.8] 0.5] 15.0] 16.2] 10.6 20} 15.8 | 19.1] 2.1 o©0.8 ) 1l.1
67-6 0.44 | 0.3 0.7 8.4} 9.6} 6.0 16§y 16.3 | 17.0 2,11 2.2 2.1
67-9 0.46 | 0.1} 0.4} 6.2 9.3] 4.1 34l 27.5 23.7) 10,8 1i.4% |10.1
67-10 0.32 0.4 0.4 9.5 8.3 4.7 26] 27.5 23.6 4.3 3.6 3.8

67-11 1.14 | 0.9] 1.1} 3.8] 3.0y 3.0 13] 9.3 9.5] 1.6 2.2

o
.
—

67-12 0.46 § 0.5{ 0.5{ 3.2{ 4.7 2.7 33| 27.5¢{ 22.7| 2.6{ 1,7 | 2.5

68-2 0.87 | 0.6 0.9] 17.3| 15.5| 15.9 | 2u] 15.0] 21.5| 2.8| 0.8 | 2.8
68-3 0.59 | o.6] o0.6] u.1] wu.ef 2.8 | w3} 22.6| 29.0| 3.2] 1.0} 2.0 /
684 o.40 | 0.4 o.4] 2.¢| 2.9 1.5 | 75| 80.7| ss8.1] 3.7] 3.11 2.5

a. Data taken from paper by R. Smith, C. M. Stafford, and J. D. Winefordner
Canad. J. Spectr., in press.
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PLAN SHEAR INDICATOR FOR REAL-TIME DOPPLER RADAR
IDENTIFICATION OF HAZARDOQUS STORM WINDS

by

Graham M. Armstrong and Ralph J. Donaldson, Jr.
Meteorology Laboratory
Air Force Cambridge Research Laboratories
L.G. Hanscom Field, Bedford, Massachusetis

ABSTRACT

The Plan Shear Indicator (PSY) is a new mode for display of ground-
based meteorological D. ppler radar information which may prove to be
valuable in identification of hazardous winds and turbulence in storms. It
provides real-tiine location and convenient highlighting of regions within
precipitation echoes of abnormally large shear and spectral broadening of
the Doppler velocity. The real-time capability of the PSI and its high data
rate are achieved at the cost of mediocre resolution of ranges and velocities
and the abhility to measure oniy the shear and not the absolute value of wind
components slong tne Doppler beam.

The PSI display for a scanning Doppler radar utilizes an cordinary PPI
scope intensity-modulated by a coherent memory filter. The resultant pat-
tern is a series of concentric arcs, each located on the scope at its ap-
propriate range in addition to an incremental displacement which depends
on the radial component of velocity measured at that range. Radial shear
is indicated by gaps or bunching of the arcs, whereas tangential shear, as,
for example, a vortex, is indicated by wrinkles in the aircs. Turwulence on
a scale smaller than measurable wind shear would broaden the Doppler
spectrum and would be revealed on the PSI by an increase in line widths of
the arcs. The instrument has been used during an outbreak of severe
thunderstorms in New England, with apparent success in identification of
storms that produced damaging winds and hail.
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1. INTRODUCTION

Wind measurement by Doppler radar is dependent on a medium that
can trace the air motion reiiably and, at the same time, scatter sufficient
power back to the radar to provide a detectable signal. These require-
ments are satisfied well by the precipitation in a storm, for determination
of the component of mean wind velocity along the radar beam, in a scale of
resolution attainable by meteorological radars.

The employment of Doppler radar for measurement of winds in a tor-
nado was first reported by Smith and Holmes (1961). Using a cw Doppler
without ranging capability, they measured wind speeds as high as 206
statute miles/hour when the radar was directed toward a tornado that
devastated El Dorado, Kansas on 10 June 1958. The use of pulse Doppler
radar with range-velocity display was suggested by Lhermitte (1964) for
detection of a vortex. Although no pulse Doppler data have been acquired
in a high-speed vortex such as a tornadc, Lhermitte derived the character-
istic patterns revealed by vortices larger and smaller than the resolution
of the radar beam and ranging circuitry. Neither of these schemes, how-
ever, provide the convenience of a map-like presentation of dangerous
wind speeds in real time.

A compromise solution is offered by the Plan Shear Indicator, or PSI,
developed by the authors (1968) for use with the AFCRL meteorolngical
Doppler radar at Sudbury, Massachusetts. This technique reclaims
mediocre range resolution, an inherent limitation, by utilizing the distance
between adjacent range elements as a field for presentation of velocity.

The velocity information is obtained in real time from a coherent memory
filter that performs a frequency analysis at all ranges of the Doppler signal
returned by precipitation or detectable cloud. The display of the coherent
memory filter output on an ordinary PPI scope, as the Doppler radar scans
in azimuth, provides a pattern in which regions of intense wind shear or
turbulence may be located with ease and readily distinguished from a
homogeneous wind field. Although the malggitude of the wind cannot be
measured quantitatively in this manner, the technique is a sensitive
probe of the radial component of the gradient of the wind in space, or wind
shear. The technique has a potential application as an aid to flight safety
because wind shears within precipitation hazardous to aircraft may be
recognized immediately and evaluated. Furthermore, a vortex circulation
of sufficient scale to be resolved by the radar has a characteristic sig-
nature on the PSI display which may be of use in identifying and warning

of severe thunderstorm events ai the surface.

2. VELOCITY DETERMINATION BY THE COHERENT MEMORY FILTER

Spectral analysis of the received echo signal is a basic requirement
for full utilization of the information provided by pulse Doppler radar. The
most common technique for obtaining the required spectra uses a range
gate at the selected range interval, followed by a boxcar circuit to stretch
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the return signal, and then by a bank of parallel bard pass filter= to per-
form the frequency analysis. If it were desirable to view the Doppler
spectrum at all ranges in the field of view of the radar, it would be neces-
sary to duplicate this equipment at each resolvable range interval or,
alternatively, to store the Doppler video for later analysis, thereby losing
real-time capability.

In recent years, however, a novel technique has been developed for
providing real-time Doppler speciral analysis over the entire range
capability of the radar. This circuit is called a Coherent Memory Filter
(CMF) or again a Velccity Indicating Coherent Integrator (VICI). It has
the capability of producing Doppler spectra at all ranges almost simulta-
neously. A simple explanation of CMF operation is sufficient for under-
standing its use in measurement of velocities. However, a more com-
prehensive discussion,together with full mathematical treatment, is available
in a review article by Groginsky (1965), which also lists references to the
basic development work by Bickel and others (1959). Chimera (1960) first
recognized the possibilities for application of the CMF to meteorological
analysis. A concice description of *he CMF arnd an illustration of its use
in a snowstorm have been presented in an excellent review by Atlas (1963).

. The signal which is scattered back from a fixed target exhibits a
constant phase difference, ¢, with respect to the transmitter signal phase.
This phase difference, given by

¢ =4mr/x (1)

is merely the time reguired for radar energy of wavelength A to reach the
target at range r, and return, expressed as a multiple of the time required
for one oscillation of the radar transmitter. In Doppler radar, provision
is made for measuring the phase difference of the returned signal within
the limits of 0 to 27. If the range of the target changes, the phase differ-
ence, ¢, also changes and becomes a function of time. A change in phase
with respect to time is an angular speed 27 fd; therefore, time differen-
tiation of Eq. (1) yields

where fd is the Doppler frequency shift and v . the radial velocity of the
target.

The CMF, as shown in Figure 1, consists simply of a summing net-
work, 2, a delay iine and associated amplifiers, a single sideband mixer,
a frequency generator which produces a frequency whose period matches
the radar pulse width 7, and an envelope detector. Let us neglect the
single sideband mixer for a moment and circulate a series of N pulses
from a stationary target through a delay line whose delay time equals the
pulse repetition interval, T. If we add them together in the summing net-
work, they will produce an output with a peak N times as great as the
amplitude of the individual pulse.
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Figure 1. Simplified Block Diagram of the Coherent
Memory Filter

It is obvious from Eq. (1) that successive pulses from moving targets
delayed by T will not be in phase and will not add directly. If moving
targets are to be detected, the phase of successive pulses must be shiftcd
from 0 to 27 during the time of each pulse width, 7. This is for the pur-
pose of achieving the correct phase relationship for adding coherently during
some portion of the time a particular pulse is present in the summing net-
work. A linear time-varying phase shift is equivalent to a frequency shift.
Accordingly, the compensating phase shifter can be replaced by a scanning
frequency, fg, with a period equal to the pulse width, 7, (that is, ig = 1/7)
and a single sideband mixer whose output is the sum of the input frequency
and the scanning frequency fg. Since the CMF works in the IF regicn, a
simple envelope detector is needed to produce the output video.

There are two inherent difficulties in the characteristics of the quartz
delay line which must ke overcome. First, the signal is attenuated about
60 dB from input to output and therefore must be amplified. However,
harmful oscillations will be generated within the delay line unless the loop
gain from the summing network through thc delay line and back is kept at
unity or below. This is accomplished by sending a pulse through the loop,
monitoring its amplitucde, and adjusting the gain of the delay line amplifiers
accordingly.

The second problem is the variation of line delay with temperature.
This limitation is overcome by circulating the radar trigger through the
delay-line loop 8o that the radar pulse repetition interval, T, becomes a
function of the delay time of the line, assuring that successive pulses will
arrive at the summing network simultaneousiy.
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Figure 2b. Corresponding display of Coherent Memory Filter Output
Video. Note the velocity interval of 0 - 25 m secl every 5.7 usec. Fixed
targets appear at zero velocity while moving targets appear somewhere in
the velocity interval depending upon their radial velocity component

The output signal of the AFCRL CMF, illustrated in Figure 2(b), is a
series of 192 range bins each with a period (7) equal to 5.7 usec. The
Doppler spectrum of the target{s) within each range bin is displayed with
zero velocity at the left of the bin; increasing radial velocity (toward the
radar) is displayed as an increasing displacement toward the right. In the
case of a pulse Doppler radar the phase change, ¢, is measured only at
discrete time intervals T, equal to the pulse repetition period. Therefore,
a phase change of 27 during T would appear as a zero velocity target.
Substituting v, T for r in Eq. (1), one sees that a phase shift of 27 occurs
whenever v, T equals X/2. Inour CMF, T = 1090 usec and X = 5.45 cm.
Solving for vy when ¢ = 27, we get vpgyx, Or maximum unambiguous
velocity, equal to 25 m sec~1. Velocities in excess of 25 m sec-1 are dis-
played #s the diffefence between the actual velocity and an integral mul-
tiple of 25 m sec”

Since the CMF is performing a frequency analysis, its output closely
resembles the Fourier transform of the input time function. In the case
of a pulse Doppler radar, this input time function is a series of pulses.
Thus the Fourier transform is the fumiliar sin x/x spectrum with the first
side lobe appearing 13. & dB down from the main lobe, and its 3 dB-width
is a function of the number of pulses circulated. Ip order to increase the
dynamic range and velocity resolution of the CMF, it is desirable to de-
crease the amplitude of the side lobes and at the same time keep the width
of the main lobe small. This can be done by amplitude-weighting the input
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Figure 3. Plot of the Hamming Function. This is used
to weight the relative power of successive circulations
of the returned Doppler signal in the CMF delay line

pulse train as it circulates through the delay line loop; that is, the band-
width of the delay line and associated amplifiers is shaped to approximate
a time function called the Hamming function. Amplitude-weighting the
pulses with this Hamming function reduces the side lobes to about -42 dB
as compared to -13.5 dB with no weighting. Each time a pulse is cir-
culated through the delay line, it is stepped up in frequency by an amount
fg. Thus it can be seen from Figure 2 that after 20 circulations the pulse
reaches a peak amplitude and that circulations 10 to 30 provide most of
the contribution to the output spectrum.

Another feature of the CMF is its capacity to improve the signal-to-
noise ratio of the radar. In-phase addition from 40 pulses takes place in
our CMF. The addition of noise energy associated with each return yields
a total noise energy which fluctuates about some average value because
noise has a random phase characteristic. On the other hand, in-phase
addition yields a total signal energy that increases as successive signals
are added and consequently an improved signal-to-noise ratio is obtained.

Let us say that the output of the CMF as illustrated in Figure 2(b) is
connected to the Z-axis of a PP! scope with sufficient sweep speed to re-
solve the range bins. As the antenna is rotated in azimuth, a series of
concentric arcs will appear wherever there are echoes. We call this dis-
play a Plan Shear Indicator or PSI because of its capability to detect and
locate regions of strong wind shear from the characteristics of the arc
pattern.
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3. INTERPRETATION OF . LAN SHEAR INDICATOR PATTERNS

The indicated range rp of an arc on the PSI display is the sum of the
true distance of the range element in which the target is detected, plus an
incremental displacement, no greater than the width of a range element,
which corresponds to the radial velocity of the target:

(3)

r = (c7/2) (n - Vn/vmax)‘

where c¢ is the speed of electromagnetic propagation, 7 the radar »ulse
duration and 7/2 the time interval required for the radar waves to
traverse the width of a range element; n is an integer beiween 1 and T/7
which denotes the number of rarge elements between radar and target;
Vmay = A/2T is the maximum velocity which can be detected unamiiguously
by the radar; and vy, is the indicated radial velocity. Velocities are
considered positive for motions directed away from the radar. Hence a
target motion toward the radar will increase rp, as illustrated in

Figure 4.

The true radial velocity of the target will not be indicated correctly if
it 13 positive, or if it is negative (toward the radar) with a magnitude in
excess of vy 5. During the pulse repetition period T, the Doppler radar
can detect phase changes only within 0 to 27, corresponding to

-~ TARGET MOVING TOWARD
~.. RADAR WiTHK SPEED Vp

~

\
N \
/n,
N Y,
INCREMENT = (€ 7/5)(-Va/vmax)

T
c /2

—
n

STATIONARY
TARGETS

RADAR

Figure 4. PSI Digplay for Stationary Targets (left) and a Moving
Target (right). The moving target is located at the same distance
from the radar as the nearest stationary target, but is displaced
from it on the PSI display by an increment which depends on its
velocity
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0 =-vy Svmpax. Velocity ambiguity will occur if the true radial velocity
exceeds this range, and the indicated radial velocity v, will then express
the remainder after the true velocity is reduced by an integral multiple

of vmax until 0 <-vp €vmax. For example, if vpmax = 25 m sec-1 and
a target is moving toward the radar at a speed of 60 m sec”l, its indicated
velocity will be 10 miseu‘ 1, Another target retreating from the radar at

a speed of 20 m sec™* will be indicated the same as a target moving toward
the radar at 5 m sec-1,

Note that the two terms of r, in Eq. (3) differ considerably in mag-
nitude. The increment corresponding to velocity, (¢ 7/2) (=vn/Vmax).
is generally very small compared with the target range n c 7/2. Therefore,
the PSI display cannot be used to measure velocities with acceptable ac-
curacy. However, chan%es in velocity from one range element to the next,
or along a single range element as the antenna scans, are easily detectable
and may be evaluated without great difficulty. As the radar antenna ro-
tates, the PSI presents a series of up to T/7 concentric arcs. The number,
as well as size of the arcs, depends on the area of target detected. If the
radial velecity were constant, as in observation of fixed grounc targets,
the arcs would be circuiar and evenly spaced. If, however, there is a
gradient of tne radicl velocities of the .detected targets along the radial
direction(that ic, -acial shear), the spacing between arcs would vary.
Similarly, if a gradient of the radial velocities exists normal to the radar
beam (that is, tangential shear), the radius of an arc will vary with azi-
muth as the antenna scans. and the PSI display will have wiggles.

Consider first the significance of arc spacing in the PSI pattern. At
a fixed azimuth angle, the indicated distance Ar between two successive
arcs n and n+ 1, is given from Eq. (3):

Ar =r -t = (c ~/2)(1-[v ). (4)

n+1 n+1 "Vnl /Vmax

Substituting A/2T for v 5%, We can express tne change in velocity
Av = Vn+l Vn by

v =(c /2 -06r)Afc T T, (5)

If the y-axis of Cartegian coordinates is assumad to be identical with the
direction in which th2 radar antenna poinis, the true range Ay between
adjacent arcs is ¢ 7/2, and the radial shear »¢ the radial wind component
is given by division of Eq. (5) by Ay:

Av/dy = (1 -2 Or/ct)(A/c T T). (6)

The maximum vaiue of Av/Ay which can be measured unambiguously
is A/c T T, which would be the case if &v = vp,34 and &1 = 0. With our
particular radar and CM¥F, X =5.45cm, 72 5.7 usec, and T = 1090 usec,
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soX/cTT=2.9% 102 sec” . If Av is positive but less than v, Ar

will be smaller than the width of a range element. Positive Ov means that
the air motion away from the radar increases with distance. Consequently,
the bunching-up of arcs on the PSI display indicates a divergent radial
component of the wind and, conversely, a larger than normal gap between
arcs indicates a convergent radial component of air motion. If the magni-
tude of Av exceeds v, ,.,, one (or both) of the velocities is ambiguously
recorded, and the resuﬂant arc spacing cannot be interpreted without
examination of the continuity of airflow in surrounding areas.

Abnormal spectral broadening is indicated by thickening of a PSI arc.
Unfortunately, the width of the CMF output signal, which controls the
thickness of the PSI arcs, is a function of received power as well as the
width of the Doppler velocity speciruin. On the other hand, extremely
wide arcs which fill up practi. %iv ail of a range bin almost certainly re-
veal regions with a very 'arge * ~..ance of the Doppler velocity spectrum,
which suggests, or indicates turbulence of sufficient intensity to constitute
a hazard to 21,~raft (Donaldson and Wexler, 1969).

Now let us interpret the term "wiggles'' in a PSI arc. The slope of an
arc at indicated range r, with respect to the scanning radar beam is
drp/rpndB, where B is azimuth angle of the radar beam increasing with
clockwise rotation. This slope may be evaluated in terms of tangential
shear of the rad al velocity by differentiation of Eq. (3) with respect to
the velocity vy, substituting A/2T for vy, ,:

drn/dvn =-cT T/X . (7)

Tangential shear of radial velocity is defined by dv/dx in Cartesian
coordinates, adopting the convention that the radar points in the y direction.
In polar coordii.~tes appropriate to a scanning radar, dx =y d8. Now on
the PSI display true range yp (= n ¢ 7/2) does not equal indicated range
rp, unless vp = 0 or an integral multiple of vy,,,. However, the maximum
fractional error in approximating yn=rp is 1/n. (This occurs when
-Vn = Vmax.) The average error would be half as large. Since the
velocity resolution of the CMF is no better than 2.5 percent, the approxi-
mation yp ¥ r,, is completely acceptable for any n> 20, or true range of
17 km or more. Even at a range of 10 km the error is less than 5 percent.
Therefore, tangential shear may be evaluated directly from the slope of
the arc with respect to a circle by using Fq. (7) and the approximation

Yo 5 Ty
dvn/dx = an/yn ad = -(AfcT T) drn/rn as (8)

Note that tangential shear as defined in the foregoing is the first of the two
terms, dv/dx - du/dy, which express vorticity in Cartegian coordinates.
Accordingly, positive tangential shear, indicated on the PSI display by
slope of an arc toward the radar, moving clockwise, contributes toward
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positive or cyclonic vorticity. If an arc tilts 45° from a constant-velocity
circuilar path, the magnitude of the shear will be X/c 7 T, or 2.9 X 1072

sec” ! with our equipment.

The maximum value of tangential shear which can be measured un-
ambiguously occurs when the entire breadth of the unambiguous velocity
spectrum is filled with contributions from either side of the radar antenna
beam. It is difficult to state the effective antenna aperture for detection
of velocities, because this depends to a great extent on received power
levels and sensitivity of the radar receiver. It is almost certainly greater
than the traditional half-power beam width but unlikely to exceed iwice
this size. Our Doppler radar antenna has a half-power beam width of 0. 9°,
and vipayx of our coherent memory filter is 25 m sec™l. Therefore, the
maximum tangential shear which can be measured with our equipment is in
the neighborhood of 0.8/r to 1.6/r sec~l, where r is range in kilometers.

Another possible limitation on the angular resolution of the PSI is the
antenna scanning rate. Figure 3 shows that the output powers of the CMF
delay line weighting function exceed one-fourth of the maximum power
during 20 pulse repetition periods, or 20 x 1090 = 21, 800 usec. If the
antenna scans through orie half-power beam width in this time (0. 99/0. 0218
secor 7Trpm) the CMF delay line will limit the angular resolution to the
same extent as the antenna. Generally the antenna scans at a rate of 5 rpm,
somewhat less than the rate at whicu the CMF delay line would have an ap-
preciable effect on angular resolution. However., the CMF output peak
amplitude is delayed by 20 recirculations in the delay line, or 207 =
0.0218 sec. Consequently, at a normnal anterna scanning rate of 5 rpm,
the PSI pattern will be rotated about 2/3 of a degree in the direction of
antenna scan.

The most easily distinguished pattern feature on the PSI display is tne
contrast between areas of little or no wind shear. where the arcs are
smooth and evenly spaced, and regions of intense shear in which tne arcs
exhibit a disturbed and sometimes confused appearance. The interpretation
of a complex tangle of arcs, beyond the recognition that severe wind shear
and turbulence is prese-!, may bec extremely difficult because {1) only the
radial component of wind can be observed by Doppler radar, and only
when suitable tracers are present; (2) careful inspection is required to
circumvent the ambiguity of foldover velocities which exceed the ma~ximum
unambiguous range; and (3) sometimes regions of large shear are also
regions of broad velocity spectra which produce arc segments so thick
that the boundaries between them are ill-defined. Nevertheless, some
simple types of air circulation are revealed by a characteristic PSI nat-
tern. For example, a wind-shift line with relatively smooth air on either
side would show up on the PSI display as a locus of wrinkled arcs cutting
across an otherwise undisturbed pattern, as sketched in Figure 5. 7Tue
PSI pattern for convergent flow or a sink, illustrated schematically in
Figure 6, would have the largest gaps in the arcs where convergence is
greatest. A cyclonic vortex would have the pattern type sketched in
Figure 7, with the certer of maximum vorticity indicated by the maximum
clockwise slope of an arc toward the radar. We must caution, howev.r,
that the appearance of a pattern on 8 PSI display should not be taken as
proof of the existence of the airflow model that correspond: to these
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Figure 5. Schematic PSI Pattern of a Wind
Shift Line (indicated by light dashed curve)
Which Might Accompany a Frontal Passage.
PSI arcs are indicated by thick lines
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Figure 6. Schematic PS! Pattern {or & Sink, or Convergent Flow.
Maximum convergence is located at the center of the pattern where
arc spacing is greatest. Arrows represent wind vectors; PSI arcs

are indicated by thick liries
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Figure 7. Schematic PSI Pattern for a Cyclonic Vortex.
Maximum vorticity is denoted by maximum arc slope,
in the center of the sketch. PSI arcs are indicated by
thick lines. Arrows represent wind vectors

examples, because a singie Doppler radar can sense only the radial
component of the total wind vector.

4. APPLICATION OF PLAN SHEAR INDICATOR TO SEVERE
STORM IDENTIFICATION

Wind shear information has been acquired in a variety of convective
storms, using the PSI display. Armstrong and Donaldson (1968) showed
an example of an ordinary thunderstorm which occurred during the summer
of 1867 near the AFCRL Doppler radar site at Sudbury, Massachusetts,
in which no high winds or hailstones were reported. A few places in this
storra showed minor wrinkles in the PSI arcs, indicating moderate shear.
A line of small rain showers of moderate intensity followed by a wide band
of very light steady rain, observed on 19 July 1968, exhibited smooth,
evenly spaced arcs throughout the entire storm (see Figure 8). Apparently
very little shear was present in this area of precipitation.

The most interesting set of storms observed to date with the PSI dis-
piay occurred on 9 August 1958. Several of the widely acattered thunder-
storms cvoserved were severely damaging. Within range of the PSI display,
one storm released a amall tornado and one-inch hail; a second storm
nearby was not confirmed as a tornado although it caused heavy wind
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Figure 8. Photcgraph of PS! Display on 19 July 1968 in a Band
of Small Showers. Antenna elevation angle is 0°. Circles near
the center and a few nearby circular arcs are signals from
fixed ground targets. This photograph and all of the succeeding
ones (Figures 9-14) were taken from the AFCRL meteorological
radar site at Sudbury, Mass., and show north at the top of the
picture with 5-mile range markers in an eastern sector

damage with hail nearly one inch in diameter; a third storm releasing
marble-size hail struck a harbor, inflicting extensive and heavy wind
damage to small boats; and a fourth storm deposited hail up to two inches
in diameter, although accompanied by only minor wind damage. We shall
label these storms A, B, C, and D, respectively, for convenience or
description. Figure 9 shows the low-level or 0Y elevation PSI pattern

in three of these storms and a little of the fourth befrre any wind damage
or hail on the ground.

In all four severe storms, disturbances occurred in the PSI pattern
aloft for periods of 15 minutes to an hour before damaging winds or hail
reached the ground. The storm A tornado and storm B episode of heavy
wind damage both occurred around 1405 to 1410 EST. Some 10 to 15
minutes earlier, a relatively undisturbed low-level PSI pattern wag shown
(Figure 9), but a minute later with the antenna elevated 7° there was a
broad area of shear covering parts of storms A and B (Fig\u'e 10) at
heights of about 5 and 3 km, respectively, in contrast to the more regular
pattern of storm C. A few minutes later with antenna elevation 29, a con-
fuged shear line just under 2 km in the incipient tornado of storm A was
shown and sharp wiggles at the 1-km level in a couple of the arcs of
storm B (Figure 11). However, storm C, which did not release severe
surface gusts until more than an hour later, still displayed a smooth arc
pattern.
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A PSI pattern suggestive of a cyclonic vortex, as sketched in Figure 7,
appeared ~loft in storm C about an hour earlier, causing severe wind
damage, and persisting for most of this period. Figure 12 shows detail
of the PSI pattern of storm C, elevation angle 4°, when the vortex con-
figuration first appeared in the 1 to 2-km height level. Frequently the
indicated vortex encircled an echo-free hole. Storm D also displayed a
vortex-type PSI pattern around an echo-free hcle which at times extended
well above 4 km, for abou' half an hour before 2-inch hailstones fell on
the ground; see, for exampie, Figure 13, elevation 99, showing a hole
at 3.5 km. A careful tracing of the arc continuity across the hole,
especially in ites southern part, reveals an arc pattern which moves
toward the radar with clockwise change nf azimuth, suggesting cyclonic
vorticity in the vicinity of the hole. Note also the very thick arcs near
the hole, possibly indicating hazardous turbulence. At lower altitudes
the arcs were more s.inooth and the hole opened up, revealing the hook
echo somztimes observed with tornadoes (Stoui and Huft, 1953). How-
ever, no tornado ever touched ground from this storm.

A striking contrast between the shear in two echoes 1s provided by
Figure 14, taken at 22" elevation. The echc to the south, extending up
to about 9 km in height, shows very little if any shear in its PSI pattern.
On the other hanc. the one north of the radar, which has a top at about
13 km, has a very disturbed PSI pattern over much of its arez, indicative
of strong shear. If a Dcppler radar with PSI display were available to
an ajrcraft controiter at a terminai, aircraft could be warned against
eatering the northern echo which would verv likely be uncomfortable, if
not dangercous, to penetrate.

In summary, three applications of the PSI display are suggested by
the observations cf the severe storms of 9 August 1968. First, the ap-
pearance of strong wind shear aloft may provide warnings ¢f 15 minutes
cr more of the occurrer~e of large hail and tornadoes or >ther damaging
winds at the grounc. Ot vourse, many more ca2s2s must be studied to
define the limits of r=liability of this methcd for warning of severe thunder-
storm hazards. The second application is real-time identification of storms,
or portions of storms, in which strong wind shear and turbulence would ad-
versgely affect the safety of penetrating aircraft. Third, che PSI display
offers an or -~rtunity for study of airflow tnroughout the deptb of thunder-
storms, a. 'y inspired by the appeararce in two storms of patterns
suggestive of vortices.

5. DIRECTION OF FUTURE iMPROVEMENTS OF THE TSI TECHNIQUE

The Plan Shear Indicator is currenily i an early stage of development.
This technique, illustrated by the examples selected for Figures 8 through
14, has been demonstrated as a valuable operativnal aid for ground-based
Doppler radur. However, these examples also suggest possibilities for
a number of iwnprover..ents.

One helpfu! change would be 2 clarification of the display in regions
where the arcs are so broad that they appear t~ merge, as shown, for
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instance, in the area south of the echo hole in Figure 13. This could

be accomplished by inserting a peak detector between the CMF and

the indicator, so that only a narrow signal centered around the peak
power of the velocity spectrum would be recorded. Evaluation of shear
would be easier with uniformly narrow P£l arcs. The clarification would
carry with it a built-in disadvantage, however, because the operator
would lose the ability to recognize the broadening of arcs, a character-
istic function of small-scale turbulence. Perhaps the best solution would
be an option either to insert or to bypass the peak detector.

Quantitative measurement of tangential (or radial) shear would be
another useful improvement. This might be accomplished by a scheme
for blanking out any arc segments which indicate shear values below a
preselected variable threshold. Any echoes which remained on the dis-
play would then reveal only those regions with shear in excess of the
threshold.

An increase in maximum unambiguous velocity would be desirable,
in order to eliminate or at least reduce velocity foldover in storms that
feature unusualty high wind speeds. This would provide more certain
identification and much easier meas»rement of tornadoes and other
damaging winds on a scale that can be ~esolved by the radar. Flexibility
of the pulse repetition frequency (PRF) of the radar would produce the
desired result, but this cannot be done conveniently with the present
coherent memory filter. However, the PSI display may incorporate PRF
flexibility in the near future, because of recent developments in spectral
analysis by fast Fourier transformation with digital techniques.

Finally, adaptation of thc PSI display to airborne radar may be con-
sidered. Here the questions of economy, weight, and space are basic.
However, the o} crational advantage may be worth the cost in certain ap-
plications. For example, yilots of subsonic transports may desire in-
creased assurance of passenger comfort during penetration of clouds out-
side the range of terminal-bzsed radar control.

Airborne display of PSI data would be most useful in providing informa-
tion on wird shear within a relatively narrow sector centered around the
aircraft heading. The component of wind observed in this manner would
be directed along the length of thie aircraft. However, airflow continuity
in an essentially incompressible atmosphere requires that a strong shear
vector in one direction be compensated by comparable magnitudes «f
shear in the plane normal to this direction. Therefore, observation of
intense wind shear along the aircraft heading is an indication of the more
dangerous ialeral shear components in the same location.

A complete azimuihul scan of the Doppler radar antenna from a
rapidly moving aircraft would be confused by a multiplicity of velocity
ambiguities, su:ce aircraft speeds may be an order of magnitude higher
than the maximunm unambiguous velocity of the radar. This problem can
be eliminated, however, by restricting the antenna beam motion to a suf-
ficiently smal, scan angle on either side of the aircraft neading. If the
aircraft speed is a factor s times vp,p4, then we can solve trigono-
metrirally for the antenna scan angle ti“)xwithin which the component of

air 'raft speed varies by no more than Vimax:
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cosB=1-1/s. (9)

If an airplane speed is 500 kts, or about 250 m sec-l, and the radar

Vmax i8 25 m sec-1, s = 10 and the solution of Eq. (9) shows that the an-
tenna beam must scan within £26° of the aircraft heading. This restriction
is not at all unreasonable for avoidance of dangerous PSI patterns.

It is noteworthy that airborne Doppler radar cannot measure wind
speeds directly in precipitation or detectable clouds, because the maxi-
mum unambiguous velocity of the radar rclative to the air is exceeded by
an unknown multiple. However, by working within the limitations speci-
fied by Eq. (9), wind shear components may be measured from an air-
craft with nc more difficulty than from a comparable ground-based radar.
After all, it is wind variability or shear, not the magnitude of the wind,
which gives the bumpy ride.
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Figure 1. Simplified Block Diagram of the Coherent Memory Filter
Figure 2a. Typical "A" Scope Display of Radar Video

Figure 2b. Corresponding Display of Coherent Memory Filter Output
Video. Note the velocity interval of 0 - 25 m gsec~1 every 5.7 usec.
Fixed targets appear at zero velocity while moving targetz appear some-
where in the velocity interval depending upon their radial velocity
component

Figure 3. Plot of the Hamming Function. This is used to weight the
relative power of successive circulations of the returned Doppler signal
in the CMF delay line

Figure 4. PSI Display for Stationary Targets (left) and a Moving Target
{right). The moving target is located at the same distance from the radar
as the nearest stationary target, but is displaced from it on the PSI display
by an increment which depends on its velocity

Figure 5. Schematic PSI Pattern of a Wind Shift Line (indicated by light
dashed curve) Which Might Accompany a Frontal Passage. PSI arcs are
indicated by thick lines

Figure 6. Schematic PSI Pattern for a Sink, or Convergent Flow. Maxi-
mum convergence is located at the center of the pattern where arc
spacing is greatest. Arrows represent wind vectors; PSI arcs are in-
dicated by thick lines

Figure 7. Schematic PSI Pattern for a Cyclonic Vortex. Maximum
vorticity is denoted by maximum arc slope, in the center of the sketch.
PSI arcs are irdicated by tnick lines. Arrows represent wind vectors

Figure 8. Photograph of PSI Display on 19 July 1968 in a Band of Small
Showers. Antenna elevation angle is 0°. Circles near the center and a
few nearby circular arcs are signals from fixed ground targets. This
photograph and all of the succeeding ones (Figs. 9 - 14) were taken from
the AFCRL meteorological radar site at Sudbury, Mass., and show north
at the top of the picture with 5-mile range markers in an eastern sector

Figure 9. Photograph of PSI Display on 9 August 1968 (0% antenna cleva-
tion, 1352 EST). Letters A, B, C, and D designate severe thunderstorms
as described. All the remaining figures were photographed on the same
date

Figure 10. PSI Psttern in Storms A, B, and C (i© clevation angle,
1353 EST). Note irregularities in PSI arcs in Storms A and B

Trigure 11. PSI Pattern in Storms A, B, C, and D (2° clevation angle,
1357 EST)

Figure 12. Detail of PSI Pattern in Storm C (4° elevation angle, 1411
EST). Arrow points to characteristic cyclonic vortex pattern, similar
to the sketch in Fig. 7
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Figure 13. Detail of PSI Pattern in Storm D (9° elevation angle, 1607
EST). Arrow points to echo hole around which the arcs curve in a manner
suggestive of cyclonic vorticity

Figure 14. Contrast in PSI Pattern of Storm D, North of Radar, and
Anvil of Another Storm South of Radar (22° elevation angle, 1551 EST)

E-25




STRESS CORROSION CRACKING OF 6-4 T1TANIUM ALLOY

Major Williem E. Craven
Metallurgy and Ceramics Research Laboratory
Aerospace Research Laboratories

Wright-Patterson AFB, Ohio




STRESS CORROSION CRACKING OF 6-4 TITANIUM ALLOY

by

Major William E. Craven
Metallurgy and Ceramics Research Laboratory
Aerospace Research Laboratories
Wright-Patterson AFB, Ohio 45433

ABSTRACT

Stress corrosion cracking is the most insidious and undoubtedly the
most important corrcsion problem facing the Air Force today. This
results from the rapid onset, the difficulty of ite detection, and the
cataclysmic effects of this form of corrosion. To provide insight into
the mechanisms involved in the initiation of the cracking process, the
regeneration of the surface layers on Titanium 6Al-4V was studied
potentiometrically. A small portion of these layers were removed by
scratching the surface with a diamond stylus. The potentials exhibited
during the regrowth of the surface layers indicated that the passive film
regrowth was extremely rapid while the adsorbed layer regenerated at
a muci: slower rate, exhibiting an exponentially decaying return to
quasi-equilibrium potentials. The exponential constants characterizing
these potentials which were indicative of the regeneration rate of the
adsorbed surface layer, were determined over a period of time ranging
from first immersion in the corrosive medium until near tae period of
crack initiation. The regrowth pattern was that of greater sluggishness
as time went on, indicating that the surface chemistry was changing as

the conditions approached those needed to support crack initiation. Future

experimentation was suggested to establish the exact correlation between
the surface layer recovery coefficient and the time of crack initiation.
Alsn suggested were modifications to the experimental procedures to
enable the quantitative study of the passive film growth rate.
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INTRODUCTION

Stress corrosion cracking is the most insidious and undoubtedly the
most important corrosion problem facing the Air Force today. A
cataclysmic disaster such as total engine failure or collapse of a wing
during flight can result from a tiny crack propagating in a matter of 2
few hours through a structure whose surface is shiny and bright ana
displays no trace of corrosion products. Virtually every aircratt in the
Air Force inventory has had some problem invclving stress corrosion
cracking. Twenty percent of one type aircraft were recently found te
have stress corrosion cracks in the aft wing spar after less than fift.
hours of flight time. This problem was alieviated prior to any accid~nt
attributable to this cause, but the potential for disaster is readily
apparent.

Aluminum is not the only metal so affected. Titanium, the much-
touted wonder metal, has lost much of its figurative luster as a result
of its stress-corrosion susceptibility. However, because of its low
density and fine mechanical properties, titanium is still used exten-
sively in our aircraft today, and most of our supersonic aircraft of
the future, including the SST, will be essentially all titanium. Thus
an understanding of the casual relationships and failure mechanisms
involved in this phenomenon is most germane to the Air Force Mission.

DISCUSSION

Titanium, like aluminum, is a very reactive metal which would
rapidiy corrode if it were not for the passive prctective 1.lm which forms
on its surface. This film is not stahle chemically in ail environments.
Fortunately, due to the pioneering work of Marcel Pourbaix using
thermodynamic considerations, the aqueous environments which affect
this metal have been well tabuiated. Figure la. illustrates the regions
of pH and impressed electrical potential where titanium will either be
immune to simple aqueous attack or will form the stable protective
passive film. Likewise auspicious is the fact that the passive region
encompasses the reyiun of neutral pH wherein most water such as rain
or ordinary tan-ws* . lies. Thus titanium in the pure state should be
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quite resistant to corrosion in the environments it is most likely to
encounter. However, to realize the full potential of this metal it must
be alloyed with other metals, each of which also have their stable and
reactive regions in the aqueous environment. Aluminum, up to the
present time, has been the major alloying constituent for titanium, it
being present at six percent along with four percent vanadium in the
most useful aircraft alloy: 6-4 Titanium. Thus, for the aluminum
alloys, cne rnust examine the Pourbaix Diagram (4) for aluminum as
well as for titanium. Figure lb. shows the corrosive, immune, and
pagsive regions for aluminum. Similarly, Figure lc. shows these same
areas for vanadium, which must be considered when the alloy also
contains this third element. It is possible that where ore metal is
passive or immune, another in the alloy is subject to corrosion. This
can result in the selective leaching of that element, resulting in the
physical and cnemical destruction of the allov. Superimposing the
Pourbaix Diagrams for titaniurn, aluminum, and vanadium as in Figure
ld., one can see that there are regions of common immunity and
passivity for all three elements, but the passive region is much more
restricted after the addition of vanadium. This may give a clue why

the -alloy is subject to stress corrosion cracking in certain environments.
However, beiore any conclusions can be recached one must consider the
xinetics of the corrosive reactions. These reaction “inetics are highly
dependent upon the adsorbed molecules on the surface of the metal and
also upon the nature of the passive film which in reality is the surface
of the metal. It was the purrose of this work to examine this region by
removing a portion of the surface layers through the use of a diamord
stylus and trace the regrowth of the films potentiometrically. Prior to
the actual experimentaiion, it was felt that the passive metallic film
would be the major contributor to the observed potentials, but during the
course of the expu:riment, it was found that the passive film rebuilt much
more rapidly than the instrumentation could detect, and that the adsorbed
surface layer did indeed aiter the apparent potential of the corroding
metal to 2 considerable degree.

it is generaily accepted that for stress corrosion cracking to occur
there muet exist three simuitaneous concitions: the susceptible zlloy
muat be in a specific environment under a 1oad of sufficient stress.
Chioride environments are known to produce stress corrosion in both
aluminum and titanium alloys. Not only is chloride present in the salt of
all marine environments, it is most difficult to avoid in any exposed area.
Thus the choice of chlaride in a medium known to produce stress corrosion
cracking in 6-4 titan.im would not only provide the conditions necessary
for the study of the initiation of the cracking process, but also rnight
enable the results of the study to be applied directly to the realistic
problems of stress corroerion encountered by the Air Force.
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EXPERIMENTAL PROCEDURE

A sheet of Titanium 6Al-4V from Reactive Metals, Inc. which had
been annealed at 1450 °F for 3 hours, water quenched, reheated to
1100 for 5 hours and then air cooled (all under gettered Argon),
was sheared into strips, G.25 inch by 2.05 inches. Both surfaces were
finished on 600 grit silicon carbide paper and the specimen mounted in
the stressing jig shown in Figure 2. This buckling device as described
by Weber and Davis {9) induces a tensile stress level in the outer
surface which is a function of its coordinates, thus varying in magnitude
along the length of the sample. The differantial equation describing this
system was first derived by Euler and resulted in an equation of the form:

d%y
dxz P

—Y = @ (1)
: +(d)
dx

where E is the elastic modulus of the material and I is the moment
of inertia of the cross sectional area, P being the restoring force.

R EE

From this equation can be derived another equation which describes the
outer fiber siress at any y coordinate:

S = QZEt

LI (by - tcos @ (2)
3D2u2

where t is the specimel: thick+ess

u is a dimensionless parameter describing the ratio of the
radgius of curvature at y to the diameter of arc.

g is arother dimensionless parameter related to u by means
of a function involving elliptic integrals and tabulated in
this reference.

@ is the slope angle at the coordinate vy

The final length of the specimen was adjusted so as to produce a
stress of 90 ksi in the outer fibers as calculated by equation (2)

The test jig also provided space '0o accommodate an electrical
connector consisting of the same alloy. finished in a similar manner
to the actual test specimen. Thig connector completed the circuit to
the recording electrometer which recorded the potential of the specimen
in relation to a standard calomel electrode immersed in saturated
KCIl1 solution which in turn was connected through a salt bridge
to the corroding solution. This setup 1s illustrated in Figure 3.
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For this series of tests the corroding medium was chosen to be ¢9%
methanol csaturated with analytical grade NaCl. At the temperature
of the tests, 18°C, the concentration of salt is 8.2 grams/liter.

The procedure was to make all electrical connections and then
immerse the entire test jig in the saturated methanol, recording
all of the transient potentials developed while the stressed titanium
specimen arrived at equilibrium with the test solution. With the
alloy under discussion, the initial potential that could be recorded
was close to -310 mV referenced to the standard hydrogen electrode
(SHE). Within a minute the potential would rise to just above -100 mV
(SHE), i.e., hetween -85 mV and -95 mV, at which time a temporary
plateau was established. Over a period of several hours this plateau
would be gradually reduced to about -50 mV (SHE). The procedure for
the first few specimen runs was simply to continue the monitoring
of the freely corroding potentials described above until the specimen
failed due to stress corrosion cracking. Once this base-line data
had been established, future specimens would be scratched in situ
by a diamond stylus, the potentials developed during and after
scratching recorded and subsequently analyzed to provide insight
into the processes occurring during the actual cracking phase.

The diamond stylus used during this portioa of the experiment was
fashioned out of a 0. 0007 inch diameter phonograph needle mounted
in a lucite holder in the shape of a pencil. Cost and availability were
not the only factors considered in arriving at the design. The hard
round diamond tip would produce a rounded groove of specific
dimensions in the surface of the specimen. The non-metallic ncilure
of the tip would preclude charging of the specimen as a result of
disimilar metal contact, and it was nct likely that stylus fragments
would be left behind to contaminate either the specimen surface or
the corroding medium. The rounded groove was considered essential
since crevice corrosion was definitely to be avoided.

Subsequent to the actual corrosion and cracking phase of this
experiment, photomicrographs and electron photomicrographs of surface
replicas were to be made of both the exposed and fractured surfaces.
Chemical analysis of ecither th# spent solution or adherant corrosion
products was not anticipated duri g this first study.

RESULTS

Figure 4 illustrates the typical potential-time curve obtained in
this study. The potential gradually increases unti! just prior to the
E onset of cracking at which time the ‘rend drastically reverses and more
! negative potentials are developed up to the point that failure of the
specimen ocours.  Subseyuent to failure the potential rapidly recovers
; F-5
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to a value near that achieved prior to cracking, and then the potential
continues the gradual trend toward a more positive value.

The results of the potential recovery after scratching of the
specimen surface are shown for a typical case in Figure 5. The
exponential recovery curves labeled A through E are the result o;
scratches imposed upon 2 single sample at different times after
initial immersion of the sample in the corroding medium. These

curves can be accurately described by an e:>onential equation of the
form:

E = A - Be ©T (3)

where E is the potential of the specimen at time, T, in minutes.
A is an arbitrary constant describing the asymptotic value
of the curve.
B is an arbitrary constant describing the ordinate intercept
of the curve.
C is the pertinent constant describing the slope of the curve,
thus describing the rate of recovery of the potential.

Neither constants A nor B are pertinent to the present discussion,
A being Jdependent upon the potential reference system used, and B being
incapable of determination by the slowly responding experimental
apparatus. The constant, C, however, is the point of the whole experiment.
As time progressed nearer to the point of stress cracking of the specimen,
the recovery times of the freely corroding potential became progressively
linger. This effect is summarized below in Table I.

TABLE 1

RECOVERY COEFFICIENT VERSUS TIME

Curve Recovery Coefficient, C Time From Snecimen Ummersion
A 0.698 6 Minutes
B 0.655 1 Hour
C 0.512 3 Hours
D 0.225 4 Hours
E 0.172 6 Hours
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An extremely important result of this experiment came from a
rather casual observation during the course of the scratching operation.
First it was noticed that a single scratch would only produce a decreaae
in potential of about 20 mV, a second scratch another 20 mV and so on
until with a large number of immediataly successive scratches a limiting
value wae reached, approximately -210 mV (SHE). Not only was this the
same potential usually foun¢ when the specimen was iirst immersed,

.t was also approximately the szme value that the specimen exhibited
at the moment of failure by stress corrosion cracking. Likewice
intriguing, was the fact that under no circurnstances couid anywhere
near the equilibrium potential of ~1300 mv (SHE) which metallic
titanium is capable of developing in water be found. Similarly, it was
noticed that agitation of the corroding solution would produce a definite
reduction in potential. Violent agitation was then attempted and a
potential near -300 mV (SHE) could be obtained. This same potential
could be achieved by rubbing the specimen with the back end of the
lucite pencil which is definitely not hard enough to produce a scratch
and expose bare metal. What suddenly became apparent was that this
procedure yielded infcrmation concerning the adsorbed surface layer
of solute molecules rather than the passive film of the metallic surface.
‘The passive film must form so rapidly that potentials from the bare
metal are never obser-ed by the instrumentation of this procedure.
Also apparent is the intimate effect of the surface layer upon the
stress corrosion processes.

Photomicrographe in Figures éa. and 6b. show the apparent stemming
of the advancing crack front by the dispersed beta phase. Notice also the
crack developing ahead of what appears to be the contiguonus crack tip.

The electron microphotographs of the carbon shadowed replicas of
the internal surface of the stress corrosion crack were included
primarily for those more experienced in Fractography than the Author.
The cleavage fan in the lower left corner of Figure 7a. demonstrates
that this failure mechanism adds to the damage ¢f corrosion. Figures
7b. ana 7c., two different magnifications of the same area, are rather
interesting ir that they show leaves of corrosion product which have
apparently grown along cleavage striations. Figure 7d. shows tae
growth of corrosior producte along one side of an abrupt edge.

DISCUSSION OF RESULTS

The main result of this experiment is the tabulation of the cftects
of the absorbed surface lay ers upon the corrosion potential of Titanium
6Al-4V. The exponential growth rates deterinined are certainiy not
inconsistent with the Bockris Devanathan Model of Electrical Double
Layers at electrolytt-meial surfaces and actually may provide some
information concerning their structure. Definite correlations between
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these growth rates and the onset of cracking have not been established,
and as yet 2 definitive experiment has not been devised. However,

Table I shows a definite trend which cannot be ignored. To speculate,
it does not appear unreasonable that che initiation of the stress corrosion
crack may occur once the Recovery Coefficient approaches zero and the
adsorbed surface layer is unable to repair itself as rapidly as it is
disturbed by the cracking process. Also to be considered is the causal
relationsiip that this degraded surface layer may have upon the crack
initiation process itself.

Another result of this experiment is the confirmation of the rapid
regrowth of the passive film. The highly sensitive and fairly responsive
electrometer used in this experiment gave absolutely no indication of a
potential fluctuation. It would be most interesting to repeat these experi-
ments using a high speed oscillograph to record any transient potentials
that develop. Not only would this enable one to determine the constant,
B, in the exponential growth equation for the adsorbed layer, but also
it is quite likely to provide the same informatior. in regards to the
repassification of the metal surface.

FUTURE PLANS

Future experimentation will invoive potentiostatic dissolution
techniques using other alloys of titanium and different corrosive media.
A fast response oscilloscope will be used to augment the potentiometric
studies. Analysis of the corrosion prodicts precipitated in the crack
surfaces will be accomplished through the use of an electron microprobe.
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Figure 6a.
Stress Corrosion Crack in Ti 6A1-4V (X 233)

Figure 6b.
Enlasged View of the Same Area As Above (X 833)
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ur Ta.
Electron Fractograph of Ti 6Al-4V (X 8750)

Figure 7b.
Electron Fractograph of T1 6Al-4V (X 8750)
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Figure 7c.
Electron Fractograph of Ti 6Al-4V (X 25, 500)
(Portion of Fig. 7b.)

Figure 7d.
Electvan Fractograph of T1 6AL-4V (X $750)
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ABSTRACT

The spectrum-analysis radar is a random-signal radar that dees not
require the complex storage or delaying mechanisms normally associated
with radars of this ‘. 32, Instead, signals are processed through a
spectrun. analyzur,

In operation, this tecrnique requires only that the target be illuminated
by a roiselik: signal and *hat a reference signal (a small part of the trans-
mitted signal) be available. The power spectrum of the sum of the refer-
erce and reilected signals 1s a modulated snectrum. The modulation
frequency cepends only on the range to the target; its amplitude is propor-
tiona! to the intensity of the target signal relative to the total received
signail, Alsou, the modulations are coherent even though the illuminziing
signal if urmodulated noise.

This novel technique of radar-ranging is simple and straightforward,
Its usres 2re manifnld: in synthetic aperture appiications, when coherent
cignal-processing is necessary; as a space-dccking radar, when near-
zero riinimum range is necessary; or in interdiction or iigh~densgitv radar
areas, where low mutual interference is necessary,

1. INTRODUCTION

The search for techniques that would improve certain operational
and physical characteristicu of conventional radars has gerarated a
greater interest in random-signal radars. Areas of principal concern
are operation in the nresence of clutter or other interfering signals,
greater use of the target phase informatior by processing both the am-
plitude and phase of the return signal, elimination of range and velocity
ambiguities, and a reduction in gsize and complexity.




Although the use of random (noise) signals can improve radar per-
formance, extraction of the range and phase information from the
reflected signal is not as direct as in conventional radars, Random-
signal radars have traditionally required special processing techniques
that are based on the radar-range ambiguity function, This is determined
by comparing the received sigral with a reference signal in a cross cor-
relator, the refereénce signal being a2n arbitrarily delayed portion of the
transmitted signal. The radar range is then taken as the delay that is
neccclacy to make the refereunce signal maich the received signal.

The cross correlator is a complex mechanism that in practice often
takes the form of a special-purpose digital computer., Processors of
this type Lave a tendency to destroy target phase information,

The spectrum-analysis radar described in this paper needs no cross
correlator or delayed reference signal. It processes an unmodulated
random illuminating signal, yielding the same range information as a
crogs correlator but preserving the target phase information.

2, OPERATING PRINCIPLES

Although the mathematical analysis that describes the operation of
the spectrum-2nalysis radar is lengthy (a synopsis is indicated in Appen-
dix A), the principles of operation are easy to explain, A random signal
is gererated by 2 noise sourc2 and transmitted (see Figure 1). A very
small part of the transmitted signal is coupled off for the reference sig-
nal and applied to one side of the summing tee. The other input to the
tee is the received cignal., TLe puwer spectrum of the resulting sum
signal is modulated, a fact that is not altcg<ther obvious. This modula-
tion forms the basis of the spectrum analys’s radar.

The modulatioa coines abcut because as each component of the trans-
mitted power spectrum propagates ot tn the target and back again, 't is
shifted in phase by un amount pruportional to its frequency, Now, by
definition, tne time-aveiaged amplitude and phase characteristics of any
frequency component of a noise sign~l rer.ain constant, Since the refer-
ence signal originated in the transmitted sigral it is also a noise signal,
and therefor: . standa.d against which to compare the received signal,

The simple addition of the reference and received signals simulta-
neously yields a measuremeant of the rhase shilt undergone by every fre-
quency component ac it propagates out to the target and back. As the
two superpoeged spectra go through cycles of constructive and destructive
interference, a modulation, or fringe, pattern is set up ‘n the sum
spectrum. It shouia ne noted that the presence of these m dulations
necessarily means that the rec2ived ..nd -eferenc signals are completely
uncorrelaied. [t is sigrnificant, however, that tahe frequency difference
between cuils In the modulatior pattern depends only on tk > range to the
target; the modulatinn amplitude ‘epends on the r~ladve intensities of
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the target and reference signals; and the absolute location of the nulls
depends on the total phase shift induced in the transmitted signal by hoth
the range and reflection of the target.

The block diagram of an experimental model that was assembled to
demonsirate these principles is shown in Figure 2. The illuminating
signal, obtained from a gaseous discharge nois« tube and amplified by a
traveling-wave-tube (TWT) amplilier, was band-limited (bandwidth of
about 12 MHz) and had a center frequency of 2800 MHz. An attenuator in
the reference arm maximized the modulation amplitude. Figure 3 shows
the spectra obtained. By measuring the frequency difference between the
nulls, the range to a target 324 ft away wac determined to within 3 ft.

The pnase conerence of the modulation nulls was easily demonstrated
with the same setup. The upper spectrum in Figure 4 was obtained from
a target about 150 ft away. The lower spectrurn was obtained from the
same target after it had been moved about 1/% in, The shift in the null
location is clearly evident. A change of ( 1e-taif wavelength (A/2) in
range moves the null to the adjacent null location, Even with incoherent
noise signals, these modulations are completely coherent and can be
processed like any other monochromatic signal,

3. DISCUSSION

A convenient method for determining the range tc a target is to add
a second spectrum analyzer to the system and then measure the modula-
ticn frequency. The modulatior: frequency is a linear function of range,
and so the horizontal axis of the second spectrum analyzer can be cali-
brated directly in range like an A scope.

The A-scope display of the one target in Figure 4 is shown in Figure
5(a). If two targets are simultaneously illuminated, then the spectrum
modulation will contain two frequency components, one for each of the
targets. Such a situation is shown in Figure 5(b), where the targets of
Figures 3 and 4 are simultaneously illuminated.

The total range displayed on the A scope would be much greater in
practice than cur experiments have indicated. The bottom trace in
Figure 6, for example, shows how a target located at a range of 3000 ft
would look in a range display covering ubout one mile, The upper trace
is a low-dispersion display of the same target.

Under typical operating conditions, the power spectrur moduiuation
frequencies range from about 100 to 10000 Hz. Since this coincides with
the audiofrequency range, why not let the ear determine the modulation
frequency? In certain applications, the second spectrum analyzer could
be replaced by a simple loudspeaker or headphone system, and the human
brain could then directly perform part of the signal-processing. The
idea was tested experimentally. The presence of a target was disclosed
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as a tone whose frequency was proportional to the range of the target.
Multiple targets produce multiple tones. Th: modulation frequencies
correspording to the two targets used in our tests were 100 Hz and 200
Hz respectively. The difference in tones was clearly distinguishable as
the antennas were turned from one target to the other,

The coherent nature of the spectral modulation can be directly ap-
plied to determine the angular location of a target. Two syctems are
used. The location of *he nuli pattern of one is found to be displaced
from that of the other, the amount of displacement being directly relaied
to the separation between antennas and the angle of arrival of the signal.
This is the counterpart of the well-known interferometer used with co-
herent signals except that the result is an interferogram between the power
spectra ingtead of between the amplitudes of two signals.

An arrangement of two systems could be used for simualtaneously
determining both range and angular direction of a target. It would rot be
necessary to operate two systems simultaneously since one system time-
shared between two adjacent locations would suffice so long as some kind
of storage device could be used to remember the null pattern of one loca-
tion for later comparison with that of the other. Once the number of
space samples is extended from two to many, we are immediately led
into application of the spectrum-analysis radar to the synthetic aperture.

4, SUMMARY

The spectrum-analysis radar, a noise radar, determines the range
of a target from the frequency of modulation of the power spectrum of
the sum of the received and reference signals, and it determines the
angle of a target from the location of the mcdulation nulls, The modula-
tion is coherent, even though the illuminating signal is unmodulated noise,
It is therefore possible to use coherent signal-processing techniques
while retaining the advantages of using incoherent signals,

One of the advantages of the spectrinm-analysis radar is ths* tlaio
is litile interaction between it and simiiar radars, and so severai can
be used in the same vicinity without undue interference. Another is that
since the signal it processes is unmodulated, the conventional spectral
signature associated with coherent time-modulated signals is lacking;
the radar may therefore be useful in ccvert applications. Also related
to its use of unmodulated signals is its ability to function at near-zero
range, This property might make it useful in altimeter or space-docking
applications,

The coherent nature of the power-spectrum modulations can be used
to determine the angle of arrival of a target signal, thereby fixing the
exact location of the target in both range and angle. The modulations can
also be processed in synthetic aperture applications.
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An interesting characteristic of this radar is that in certain applica-~
tions rnuch of the signal-processing could be done by ear, The interven-
tion of the human element could lead to significant reductions in size,
cost, and weight of a most useful radar system,

BIRLIOGRAPHY

Cooper, G.R., and Gassner, R, L. (1966), Analysis of a Wideband
Random Signal Radar System, Purdue Rpt No. TR-EEB6-3, NSF
Contract No. GK-189,

Craig, S.E., Fighbein, W., and Rittenbach, O.E. (1962), Continuot .-
wave radar with high resolution and unambiguous velocity determina-
tion, IRE Tr. Mil. Electror, ’9\;‘153-161.

Fishbein, W., and Rittenbach, O.E. (1961), Correlation radar using
pseudo-random modulations, IRE Interntl Conv. Record (Pt V),
pp. 259-277,

MacPhie, R. W, (1964), A new type of cross-correlation radar system,
Paper 11 in Proc, Symp. Signal Processing in Rudar and Sonar
Directional Systems, Univ., of Birmingham (IERE, Bedford Square,
London), pp. 11-1-11-12.

McGillem, C.D., Cooper, G.R., and Waltman, W.B. (1967), An
experimental random signal radar, Froc, Ntl, Electron. Conf., '
Vol, m(Ntl Electron. Conf., Inc., Chicago, Ill.).

Poirier, J. L. (1967), Random Scattering of, Quasi- -Monochromatic
Radiation in a Long Transmission Line, Apt, 53,
Air Force Cambridge Research Laboratomes, Bedford Mass.
(DDC Rpt No. AD-655789),

Poirier, J. L. (1968), Quasi-moncchromatic scattering and some
possible radar applications, Radio Science 3 £21-880.,

Rotman, W. (1968), Effects of Signal Bandwidth Upon the Reflections
From Randomly Spaced Discontinulties in a T ransmission Line,
(AFCRL Rpt to be published).

G-5




S%%I:QE:E > o G TRANSMITTI} G
.__1 ANTENAA
L
SPECTRUM

~7 REFERENCE SIGNAL

ANALYZER / e {

f
RECEIVED NOISE SIGNAL

|/t .
SUM SIGNAL SP¢CTRUM

c RECEIVING
k ANTENNA
Figure 1.

Block L.agram of a Spectrum-Analysis Radar

GASEOUS
Lowg TUSE — AMPLIFIER ANTENNA
4
SPECTRUM
ANALYER h

-

TwT REILEIVING
AMPLIFIER

ANTENNA
Figure 2. Block Diagram of Experimental Spectrum-Analysis Radar

c-6

-




Frequency —e

(a)

Frequency —o

(1)

Figure 3. Experimental Radar Power Spectra:
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Figure 4. Demonstration of the Phase Coherence of Power Spectrum
Modulations (the range to the target in the upper and lower traces
differs by 1/2 in,)
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Targets (dispersion = 25 ft/cm)
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APPENDIX A

Some of the principal expressicns that quantitatively describe the
spectrum-analysis radar are stated here without prcof. For a model,
consider a noise signal whose normalized power spectrum ¢+(f) illu-
minates N targets, each with a voltage reflection coefficient I3, a
phase 6j, and a range /j. It is assumed that Ij includes range attenua-
tion effects and that t; 'is the total propagation time. The reference
signal is the j = 1 term, and k is a dummy summation index. The
modulated power spectrum ¢~(f) can then be represented by

N N .
o~ () =¢+(f)g- Y Y I, T, cos [erf{’c.-t }+ 6,0 | (1)
U k=1 g1 o ety

where I+ and I are the time-averaged transmitted and received signal

intensities. For the case of a single target r,. Eq. (1) can be simplified
to

¢™() = ¢ (f) (2)

From Eq. (2), the range lo can be determined by measuring the
frequency difference between nulls Afm. Thus,

C ’
2 = 5% . (3)
n

Measuring the absolute location f;, of a null establishee the phase of the
target 8o, which is written:

' 2f
6 = {2n+1--23r n=o0, 11, ... (4
RN ,

The fractional modulation amplitude M can be used to gauge the size
I'o of the target by using the relation

f12¥1-m° } .
r

I, " M (5)
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1 it is assumed that ¢+(f) is gaussian, with a variance o, then it
can be shown that the range resolution

AR =77 . (6)

The A scope disp'sys shown in Figure A1l demonstrate the effect of the
illuminating signal pandwidth on range resolution. The upper and lower
traces show the return from the same .arget, the only difference being
that the bandwidth used for the lower trace is twice that of the upper
trace.

The effective modulating frequency f'm at the output of the first of

the two spectrumn analyzers is a function of its sweep speed Ss, and
given by

. 2RS_

fm == (7)

For typical spectrum analyzer swe: ) speeds, f;n is in the audio region.
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(b) Sum Signal
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ABSTRACT

Nondestructive methods and instrumentation have been developed for
evaluation of fatigue damage in metals used in aircraft and space vehicles.
A description of the fundamentals of the ultrasonic, magnetic perturbation,
and electric current injection techniques is presented. These techniques
have been adapted for the inspection of aircraft service parts during over-
haul. In addition to the development and the application instrumentation
techniques to current engineering problems, such techniques are being
applied to the more fundamental study of fatigue in metals, including the
determination of the effect of pressure and atmospheric environment on
fatigue phenomena. Results sujgesting the possibility of flaw removal to
obtain superior fatigue performance are presented and discussed.

Brief descriptions of inspection hardware develuped, on the basis
of this and other research, for several critical components are also
included.

1. INTRODUCTION

It is a well established fact that catastrophic failures of structures
and equipments subjected to alternating stresses are often traced to fatigue
failure of a primary structural element or machine cornponent. Consequently,
the fatigue characteristics of a component or a structure usually exert a
dominant infiuence on the design approaches for aerospace and aeronautical
vehicles and equipments where ''trade-offs' between weight reduction and
acceptable reliability are necessary. To achieve the high reliability re-
quired, stringent quality control and inspection procedures are employed
during fabrication and assembly and, during service, periodic inspections
are specified at which time it is often necessary to completely disassemble
complex systems such as aircraft gas turbine engines to permit meticulous
and critical nondestructive inspection of individual components. Although
such procedures have aided in maintaining reliability of equipmenta, it is
generally conceded by user organizations that such procedures are often
inadequate, unrealistic, and too expensive both in terms of man-hours and
materials. Also, considerable controversy often exists in determining
inspection intervals and methods. Further more, the practice of ''retiring"
or discarding certain critical components on the basie of hours service
rather than on measured detexioration is continually being questionad and
rightly so.
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In fact, a number of studies have been conducted leading to the ideas
of overhaul and inspection on the basis of condition only. In other words,
continue using the equipment, somewhat regardless of service time, 8o long
as there are no definite indications of deterioration in the equipment or
structure. Documented examples of savings in the multimillion dollar cate-
gory have accrued from such practices. However, the persistent questions,
HOW MUCH LIFE REMAINS?, and HOW MUCH HAS THE PROBABILITY OF
FAILURE INCREASED? become increasingly important as service time
increases. At present these questions camot be answered except on a statis-
tical basis, and it is still impossible to predict with satisfactory accuracy the
life of an individual item. The inability of the presently employed nondestruc-
tive inspection mathods to adequately characterize materials and, in parti-
cular, individual components is one of the major limitations in our ability to
predict safe operating life.

Progress is being made toward developing realistic predictive tech-
nique# based on fracture mechanics concepts and critical flaw sizes, but one
factor, cited in a recent (May, 1968) comprehensive report(1 , which severely
compromises these approaches is the inadequacy of the presently used non-
destructive inspection methods for locating and defining small flaws. This
report indicates that all presently used nondestructive inspection methods,
those methods routinely used <-ring fabrication and overhaul, have very poor
sensitivity for detecting fatigue cracks smaller than 0.2 inches. This is
nearly 1/4-inch long, and on cursory appraisai, it would appear that such
cracks should readily be detectable, but the peculiar nature of fatigue cracks,
does in fact often prohibit easy detection of cracks even as long as this.
Figure 1 shows an example iilustrating this fact. This is a magnified view(z)
(100X) of a small region on a T53 gas turbine engine compressor blade which
contains a long fatigue crack. Certainly the crack is not vbvious, and, in
fact, it is impossible to visually locate the crack, even though it extends
almost completely across the region shown and is, in fact, almost 0.05 inches
long. This crack is readily apparent after being enhanced by application of a
bending load which separates the crack interiices as shown in Figure 2. Upon
release of the load, the crack is, of course, closed and presents the appear-
ance shown in Figure !. From this it 18 apparcnt that fatigue cracks may
indeed be difficult to detect.

It is probable that the use of conventional nondesatructive inspection
methods and fracture mechanics design concepts can be uerefully employed on
some structures where relatively short cracks--less than v. 10 inches--are
not critical, but it is certain that high strength components sucn as bearings,
gears, turbine blades, landing gears, etc., may be impending catastrophic
failures long before cracks reach this size. In view of the rather scvere limi-
tations of most presently used nondestructive inspection approaches, it should
b2 apparent that development of better instrumentation methods for the
detection of fatigue cracks and other flaws is desirable and perhaps cven man-
daory.
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FIGURE 1. PHOTOGRAPH (100X) OF T53 ENGINE COMPRESSOR BLADE WITH
FATIGUE DAMAGE
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FIGURE 2. PHOTOGRAPH (100X) OF TS5) ENGINE COMPRESSOR BLADE WITH
FATIGUE DAMAGE, LOAD APPLIED
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Southwest Research Institute has concentrated much research on
developing beiter instrumentation methods for the detection and study of
fatigue dam.age, and some of this research as well as present and future
applications will be reviewed in the following.

II. EXPERIMENTAL APPROACH

Most nondestructive methods become increasingly unreliable as the
law dimensions become smaller, less than approxiinately 0.05 inches, and
this is the area in which the work at Scuthwest Research Institute has been
concentrated. This work has used '"engineering size' specirnens fabricated
from materials that are currently in wide-spread use in the aerospace
industries. Specimens are carefully machined to remove all stress concen-
tration sources, except those inherent in the materiail, and fatigue cracks
are developed in the specimens by stress cycling in uniaxial tension. Speci-
mens are carefully examined optically and with developmental nondestructive
inspection methods before initiation of cycling, and at frequent intervals
during the stress cycling history. As a consequence, a large volume of data
is accumulated from =ach specimen. Ti.e8e procedurc® are time consuming
and it is only possible to examine a limited number of specimens in contrast
to the several hundred specimens usually employed for fatigue programs. The
advantage is, of course, that the detailed history of individual specimens can
be studied and thereby greater insight is gained into those aspects of fatigue
cracks and fatigue phenomena which are important ir their nondestructive
detection.

a
.

Figure 3 shows several of the AISI 4340 rod type tensile specimens
used in the research. Other specimens have been fauricated from: an
18 percent nickel maraging steel, a tiianium alloy (Ti-6A1-4V), and an alu-
minum alloy 7075-T6.

III, INSTRUMENTATION AND FACILITIES

At the present time, four different nondestructive inspection proce-
dures are used in the research. These are magnetic perturbation, electric
currer* injection, ulirasonic surface wave, and high magnification optical
examination.

The magnetic perturbation method essentially consists of establishing
a suitable magnetic flux in the specimen and then scan.ing the surface of the
specimen with a sensitive magnetic probe to detent flux perturbations caused
by {laws in the material. This is illustrated schematically in Figure 4 which
shows the effcct of a small inclusion on the magnetic flux distribution. Hall
effect protes are used to convert the magnetic flux to 1n clectrical voltage.
The n:agnetic perturbation method is applicable only 1) ferromagnetic maie-
rials.
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FIGURE 3.

SEVERAL OF THE AIS! 4340 ROD-TYPLE TENSILE SPECIMENS
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(3) SIGNAL SKAPE AS A FUNCTION OF CONDUCTOR LOCATION

FIGURE 4.

SCHEMATIC REPRESENTATION SHOWING THE IN¥ LUENCE OF AN
INCLUSION ON MAGNETIC FLUX DISTRIBUTION
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A method analagous to magnetic perturbation which is useful on non-
ferromagnetic but eiectrically conducting materials such as titanium, alumi-
num, the super/alloy steels, reiractory mectals, etc., is the electric cur-
rent injection method. This consists essentially of establishing, by means
of electrical contacts, a current flow through the region of the material of
interest, and then scanning the surface of the mnaterial with a magnetic field
sensitive probe to detect and measure magnetic perturbations associated with
the electric current perturbations caused by flaws. Figure 5 is a schematic
illustration of this method.

Another method which has proven to be very useful is the ultrasonic
surface wave pulse-echo method. This is shown schematically in Figure 6.
Among other advantages this apprcach permits continuous monitoring of
specimens while they are being fatigue cycled. A disadvantage is that it is .
necessary to intimately couple the acoustic energy at a very precise angle
into the material being examined. Accordingly, transducers are bonded to
each of six flat surfaces rnachined for this purpose on the specimens.

An overall view of the experimental apparatus is shown in Figure 7.
The vacuum chamber 2nd vacuum control system permits investigations to be
cnnducted at reduced atmospheric pressures and/or with a controlled
atmosphere of a selected gas since the system can be constantly pumped. A
close-up of the specimen showing the probe, microscope, and other items
i8 presented in Figure 8. The microscope is of great advantage in fcllowing
the development of fatigue cracks as a function of stress cycles for crack
initiation and propagation studies.

v, EXPERIMENTAL RESULTS

Examples of selected experimental resulis nbtained during the work
conducted in the last several years will be presented in this section. From
time to time improvements have been made in the instrumentation and .
apparatus and these have permitted morec detailed and comprehernsive investi-
gations. The results to be presented will cover examples of data obtained on
several different specimen materials and also using several different non-
destructive inspection methods. For concisenass, only brief descriptions .
of the results will be made; most results have beer comprehensively dis-
cussed in meveral reports (2-7) which have been included as references.

Figure 9 shows several magnetic inspection records taken at different
intervals of stress cycling and also under two different conditions of magnetic
field. In these inspection records the vertical axis is the signal ampiitude,
and the horizontal axis is the axial distance along the specirnen surface. Firsi,
a comiparison of the two records in the second column shows that they are
practically identical and no changes have occured after 50,000 cycles. The
signal indicated by the arrow is caused Ly a small surface pit or surface
inclusion. By contrast, & comparison ot the three records in the first
column shows that a marked change has occurred after 50,000 stress cycles.

H-10
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PHOTOGPAPH OF SPECIMEN MOUNTED IN FATIGUE TESTER SHOWING
MICROSCOPE AND PROBE ASSEMBLY
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FIGURE 9.

Notes:

Surface
Photograph
No Stress Applied

{1} All records obtained
at 210°* angular location.
(2) All high field records
obtained at 100 mv/cm
vertical sensitivity

(3) All low field records
obtained at 20 mv/cm
vertical senaitivity

MAGNETIC INSPECTION RECORDS SHOWING DEVELOPMENT OF

FATIGUE DAMAGE SIGNAL ON SPrCIMEN NO, 14
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This prominent signal is readily cpparent in the lower left record, and th~
arrow indicates the portion of the record corresponding with this location
on each record. The inspection records in the left column were obtained

at a relatively low magnetic field which has been experimentally determined
to offer the best fatigue damage detection while those records in the second
column were obtained under high magnetic fieid which is sensitive to geo-
metric discontinuities and inclusions. A photemicrograph of the surface
region corresponding with the signal fror the fatigue damage is also shown
witn the minute fatigue ~rack indicated by the arrow.

Examples of inspection records obtained on another specimen are
shown in Figure 10. Again the fatigue damage is detected best at low mag-
netic field, and in fact, after 54, 500 cycles, there is no evidence whatsoever
of fatigue damage on the basis of the high magnetic field inspection records
in the right column. It has been found that application of a stress during the
inspection enhances the fatigue damage signal, and approximately one half
the peak tensile stress used during cycling was applied at the time the records
in the first and second columns were obtained. Note the progressive increase
of the signal amplitude in the first column of records. After developing the
tiny fatigue crack, additional programmed cycling, simulating a predicted
aircraft loading environmeni, was applied to the specimen. Inspection
records obtained before and after this programmed cycling are shown in
Figure 11 along with a surface photomicrograph showing the minute fatigue
crack extending approximately 0.004 inches from either side of the inclusion.
In this illustration the fatigue crack is oriented in the horizontal direction.
The many fine straight lines approximately vertically oriented are from a
polishing operation.

A third example showing fatigue damage development is presented in
Figure 12. The outstanding fatigue damage signal nbtained after 2.76 x 10°
stress cycles is shown in the lower left magnetic inspection record. The
enhancement, an approximate four-fold increase, of this signal caused by
the application of applied stress is shown in the lower center two records.
The signal indicated by the arrow in the twc records in the right column is
caused by a tiny surface inclusion from which the fatigue crack developed.
This is clearly shown in the surface photomicrographs of FFigure 13. This
specimen was continuously monitored during siress cycling by using pulse
echo ultrasonic surface wave methods. Six 10 MHz transducers were per-
manently bonded to the flats on one end of the specimen prior to stress
cycling. These transducers were used tc launch surface o Ravleigh waves
which travel along the specimen surface and are reflected back to the trans-
ducer whenever a reflecting discontinuity is encountered. Much insight has
been gained into the behavior of fatigue cracks by this approach. Figure 14
shows photographs of the ultrasonic signals displayed on an oscilloscope.
For these records the transducer is initially pulsed at the left, and reflected
pulses are then received thercafter. Accordingly, a measurement of the
time interval between a reflected puise and the initial pulse permits a deter-
mination of the reflecting source location on the specimen surface. In the
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FIGURE 10. MAGNETIC INSPECTION RECORDS SHOWING DEVELOPMENT OF
FATIGUE DAMAGE SIGNAL ON SPECIMEN NO, 1%
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Surface
Photograph
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FIGURE 11. MAGNETIC SIGNALS INDICATING FATIGUE DAMAGE BEFORE AND
AFTER COMPLETION OF A PROGRAMMED LOAD ON SPECIMEN NO. 1%

H-18




3.0A High Field
0 Kipsi Static Stress
50 mv/cm Sensitivity

0. 35A Residual Field
127 Kipsi Static Stress
10 mv/cm Sensitivity

0. 35A Residual Field
0 Kipsi Static Stress
10 mv/cm Sensitivity

2.62 x 10°% Stress Cycles

S =

1 ——

2.72 x 108 Stress Cycles
No Sass ; No
Data P = = Data
Recorded - ' Recorded
2.74 x 10° Stress Cycles
No ";:”E '.E: No
Data —=e= = Data
Recorded == " Recorded
3 3 _L.f_‘f.'%
¥ L
T 137
Fr T -
_ZE;L.._; b,

* . 20 mv 'cmn sensitivity
N - transien' noise

FATIGUE DAMAGE SIGNALS SHOWING "LOAD ENHANCEMENT" ON

FIGURE 12.
SPECIMEN NO, 18 H-19




Surface Microphotographs
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Notesa: Inspection rvecords obtained at residual field from 0. 35
ami ‘res applied magnetiting current

Insve-tion records obtained at 2,76 x 100 stress cycles
with 10 mv/cm vertical sensitivity,

FIGURE 13.

SURFVACE PHCTOGRAPHS AND MAGNETIC RECOf DS SHOWING FATIGUE
DAMAGE UNDZIR TWO STATIC LOADS CN SPECIMEN NO, 18
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upper left record it is8 apparent that none of the reflections are very out-
standing, and in fact, the reflection indicated by the arrow, although ccin-
ciding with the fatigue crack location, is certainly no assurance of a fatigue
crack. By comprison the record immediately below shows a very prominent
signal, and it was necessary to chaange the vertical sensitivity to maintain
this outstanding signal on scale. iNote that a stress was applied to the speci-
men during the time this record was obtained. The record in the upper vight
column, obtained under identical conditicns with the record at the left, with
the exception that a 13,500 psi stress was applied, shows a prominent signal
from the fatigue crack. The lower right photograph shows a record obtained
while the specimen was being cycled, and in this instance, the signal is
observed to increase and decrease in synchronism with the applied load. This,
of course, causes a signal to be readily evident, and can provide a warning
that a fatigue crack has developed. It is quite interesting that fatigue cracks
approaching 0.U05 inches long do not act as a reflecting surface even at fre-
quencies as high as 30 MHz because of the intimate contact between the crack
interiace surfaces when no load is applied. Accordingly it is possible for
ultrasonic inspections to''miss’’ gizeable fatigue cracks. This statement
should not be taken as a generalization since the conditions in the fatigue
damage region may vary depending upon the material, the heat treatment, the
loading history, etc.

A graphical presentation of magnetic signals vs stress cycles on two
different specimens is presented in Figure 15. The data from specimen
No. 17 were obtained several yeare ago while thcse from specimen No. 21;
ramely, those three points plotted at the lower left, were obtained recently
with considerably improved instrumentation. It is apm rent that a signifi-
cant improvement has been made and, in fact, it is now possible to detect
magn-tic signal changes associated with cracks which are of the order of
0.00! to 0.002 inches long. Corresponding ultrasonic and magnetic inspection
records are shown for points 1 and 3, and a surface photomicrograph showing
the appearance of the fatigue crack and the inclusion from which the crack
emanated are shown for point 2. The functional relationship is well defined
and provides a reasonable basis for indicating that specimen failure will
occur withu approximately 20, 000 to perhaps 60,000 cycles depending on
the crack length when it is first detected.

A few examples of data obtained using the electric current injection
instrumentation will now bs presented. Figure 16 chows inspection records
obtaired on an aluminum specimen at three differeat iutervals during cycling.
The prominent signal indicated by the arrow in the two lower records corres-
ponded with the fatigue crack location. This signal occurred near tie limit
of the probe scan, and the characteristic signal ahape is symmetricai about
the point just to the left of the arrow. It was necessary to reduce the
recording sensitivity and also io reduce the current in order to mainu.in this
signal on scale. Als0 note that this specimen war cycled and the date obiained
with the chamber maintained at a vacuum of approximately 2 x 107" torr,
When ambient laborat..,ry atmosphere was readinitted to the chamber the
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electric current signal changed dramatically. Thesec records are shown in
the ieft column of Figure 17, ani the change amounts to an approximate
six~fold increase. A surface photomicrograph of the crack is alsc shown.

Flectric current injection records obtained on a titanium specimen
along with surface photomicrographs of the developed fatigue crack are shown
in Figure 18.

Recently experiments have been conducted which dramatically confirm
that fatigue damage is limited to a very local region in agreement with the
work of Grosskreutz(8 9}, In these experiments the local region containing
the fatigue crack and the fatigue damage source is removed by local
mechanical abrasive polishing until no evidence of the crack remains.

Figure 19 shows surface photomicrographs of the crack region at successive
stages in the crack removal operation on specimen No. 18 along with the
curresponding magnetic and ultrasonic inspection records. Note that only a
very nominal magnetic signal is obtained after the second polish. Subsequent
to these records, the crack was completely removed as determined by very
careful microscopic examination, and at this time the magnetic signal was
also completely gone. This required remecval of approximately 0.006 inches
of material in the local region. It is important *o note that only the material
in the immediate or local vicinity of this crack was mechanically polished,
and the remainder of the specimen circumference was unaltered. Stress
cycling of this specimen was then continued for approximately 130, 000 cycles
without any evidence of ultrasonic or magnetic signal changes. A somewhat
similar sequence of magnetic inspection records from another specimen is
presented in Figure 20. Note the prominent magnetic perturbation signal
caused by the fatigue crack emanating from the tiny inclusion. This crack

is oricvnted vertically in this illustration, however, in common with all the
cracks, it developed normal to the tension axis of the specimen. Records ob-
tained after crack removal are shown in the third and fourth rows, records

' obtained after adding an additional 80, 000 cycles are also presented. A com-
parison of the third and fourth row of records shows these to be essentially
identical, and it may be concluded, that no further fatigue crack has developed
in this region. These results are deemed very significant and they will be
discussed in a later section in more detail.

V. PRESENT APPLICATIONS

Much of the information which has already been develeoped has also been
very useful in developing specialized hardware for critical inspection appli-
cations. Some of these will be reviewed now.

Figure 21 shows a semi-automatic equipment using the magnetic per-
turbation method for fatigue damage detection during overhaul inspection of a
large ring gear from the SH3A helicopter transmission. This ¢quipment auto-
matically scans the area of interest and has automatic alarm features when a
fatigue damage region is encountered. Presently, the equipment is being
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evaluated at the Naval Air Rework Facility at North Island, Califcrnia. This
gear inspection equipment uses a special design of Hall probe, and the fabri-
cation techniques previously developed on the AFOSR program were essential,

Recently, a specialized equipment was cdeveloped for inspecting the
stcel structural spar of the CH46 helicopter rotor blade. It was necessary
that the inspection be accornplished entirely from inside the spar in the fully
assembled blade. Figure 22 shows an overall view of the semi-automatic
equipment, and Figure 23 shows the 40-channel probe which is inserted into
the inside of the spar for inspection. Automatic alarms are actuaied when a
specified size of flaw is encountered. One equipment is in use at the Boeing
Company, and a second equipment is vsed at the Naval Air Kework Facility
at North Island, California.

Although no actuai equipment has as yet been designed and fabricated to
perm.it routine inspection of compressor blades using the ultrasonic surface

wave approaches enhanced by an applied btending load, a rudimenta: y laboratory
apparatus which contirms the validity ot the approach has been built. ‘ihis

apparatus is shown in Figure 24 which includes a detachable transducer and

a fulcrum for applying a bending load during examination. A number of com-
pressor blades which have been in service have been routinely examined using
this approach. Typical inspection results obtained on a service biade whick
was stress cycled to develop a tiny fatigue crack are shown in Figure 25.
Note the outstanding signal obtained in the left record which is a reflection
from the platform edge. With a bending load applied, note the signal adjacent
to the platform signal which is caused by the tiny fatigue crack. This crack
is only approximately 0.012 inches long.

Other applications have included use of the ultrasonic surface wave
and also the electric current injection in the detecticn of tenon cracks in an
aluminum compressor disk of the T%* zas turbine engine. Also, recently
the feasibility of inspecting turbine '!ma-; for leading and trailing edge
thermal fatigue cracks using the ele-"ri1c current injection method has been
demonstrated.

Vi, FUTURE RESEARCH AND POTENTIAL APPLICATIONS

It has been found that the 1atigue cracks on these rod type tensile spe-
cimens have invariably initiated at surface or near-surface inclusions in the
absence of other geometric stress concentrators such as gzuges and nicks.
Othesr work has shown 2 similar situation to occur in anti-friction bearings
and several other types of components. While it is not possible at this time
to generalize, these results as well as other research 10-12 suggest that
such sources, inclusions. are the rcal aites for fatigue damage development
in many types of steels. Furthermore, it is reasonable to suggest that
removal of these sites might, in fact, result in specin ens which would exhi-
bit superior fatigue performance.
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As a preliminary step in this direction, a statistical comparison of
the fatigue performance of the specimens used on this program with hand-
book date has been made. These results are presented on the S-N curve of
Figure 26. Although only a rclatively few specimens are involved, it is
apparent that no marked discrepancy exists between the ''lives' o?lt%inlei on
these rod-type tensile specimens and other published fatigue data'" ™’
Only those specimens which have actually failed or which have developed a
fatigue crack were included in the data of Figure 26. Data from all specimeans
including suspended items are shown in the S-N plot of Figure 27. Several
significant aspects of these data will be discussed. The specimens, triangular
symbols, in which the fatigue crack initiated at a source significantly sub-
surface, that is greater than approximately 0.010 inches, all fall well above
the standard handbook $-N curve; in fact, specimens No. 1l and No. 13 are
remarkably well above the curve. It should be noted that the ordinate for
each pcint is determined by the calculated section stress existing at the point
of crack development or failure initiation, and the abscissa include the pro-
jected cycles to failure for unfailed specimens with fatigue cracks. Also, the
suspended items are well above the curve, and several of these have been
cycled to approximately 3 million cycles at which time cycling was terminated.
The open circle points in which the fatigue crack initiated at or near the sur-
face, with few exceptions, fall approximately on the curve for the handbook
data. The points for specimen Mo. 6 and Nec. 19 are quite conspicuously well
below the curve. Specimen No. 6 was one of the first specimens used in the
program a number of years ago and was cycled to failure only to obtain appro-
ximate life cycles to failure. No nondestructive inspection records were ob-
tained and the specimen was not monitored in any fashion. However, in the
cage of specimen 19, which was only recently cycled and, of course, was
monitored, a logical basis - this will be discussed later - has been established
for the occurence of the crack at this low stress, which is well below the
endurance limit for the material.

Results of the crack removal experiments can be shown in a signifi-
cant fashion on this curve. Specimen 20, located at approxi.-ately 130, 000
psi and 103 cycles developed a crack at 68, 100 cycles which was mechanirziiy
removed and cycling continued. The specimen failed at 176,000 cycles. Exa-
mination of the fraciure surface disclosed that the fatigue crack had initiated
at a minute inclusion approximately 0.0005 inches diameter and located
approximately 0,001 inches beneath the surface. Specimen No. 18, slightly
below 130, 000 psi and near the right end of the curve, developed a crack at
a small surface inclusion, see Figures 12 and 13, after 2,760,000 cycles.
This crack was removed and subsequently an additional 130, 000 cycles were
added. This is approximately four times the anticipated number of cycles
which could have L2en added before the specimen fractured if the original
crack had been left in the specimen. Cycling wae suspended after 130, 000
cycles and no significant changes had apparently occurred.

The moest recent specimen involved in the crack removal studies has
been specimen No. 19. During cyciing of this specimen an ultrasonic
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signal indication was observed at 86, 600 cycles at which time cycling was
interrupted for microsc. pic examination. Subsequent studies indicated

that two tiny cracks had initiated from two adjacent subsurface inclusions.
Photomicrographs showing the crads and the inclusions are presented in
Figure 28, illustrations A. Undoubtedly the proximity of these twr inclu-
sions and the consequent stress concentration accounts for the cracks
developing at this low scction stress. After these cracks were completely
removed, cycling was continued until 377,000 cycles at which time another
crack developed from. a surface inclusion or surface pit. This crack region
is also shown in Figure 28, illustration B. After removal of this crack
cycling was again continued until two million cycles were accumulated at which
time cycling was suspended, and no changes had anparently occurred.

It is reasunable to assume that removal of the nucleating sources
for fatiguc cracks, namely, surface and near-surface inclusions and pits,
will result in significantly increased specimen lives, since it has been possible
to achicve extended life on specimens by removal of '"developed fatigue cracks
and th nucleating source. A direct demonstration of such an approach will
be made in the near future. Provided the defect removal concept is sub-
stantiated, it is reasonable to anticipate that practical methods can be develo-
ped by which the life of components and structures may be significantly ex-
tended thrcugh seclective removal of potential fatigue nucleii. Furthermore,
on the basis of results already obtained, it should be possible to salvage many
"fatigued'' parts by sclective removal of fatigue cracks during overhaul in-
spectinn when detection equipment with adequate sensitivity and precision is
available. It should be cautioned that each case will have to be treated indi-
vidually, sincc no general predictive basis has been developed for a wide
range of materials and conditions. Furthermore, it appears that specialized
rather than general purpcse equipment will be required. However, it should
not be difficult to establish economic justification since in many instances
componecnts that would be inspected and ""saved' are extremely costly.
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ABSTRACT

Irregularities in the ionosphere cause multipath, diffraction, and
time jitter of radio waves relayed by satellites. These effects can seri-
ously hamper commurication, navigation, and surveillance systems.
Proposed new systems require information on such properties as depth
and rate of fading, power spectra, and time delay, whereas most pre-
viously accumulated data provided information only on depth and rate of
fading. In addition, the proposed new systems create a need for predicting
the effects at remote locations, new radic frequencies, and extremes of
geophysical conditions,

Using the facilities at AFCRL and at observatories of a cooperative
world-wide group, new measurements are being made with military and
civilian satellite systems in order to apply the statistics of irregularities
to the new requirements. Results provide first-order estimates of the
statistical effects of the irregularities in the ionosphere with the observing
radio frequency, sub-ionospheric latitude, geomagnetic conditions, sea-
sonal and dirunal time, and with solar cycle. Techniques are being de~
veloped for predicting trends and mean characteristics, both of which are
required fcr operational systems. The conversion of the radio star and
satellite observations into engineering data is assisiing systems designers
of communicatiions satellite systems in their choice of modulation schemes,
in their estimates of system capabilities, and in improving system re-
liability.
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1. INTRODUCTION

Irregularities in the ionosphere cause deep amplitude fading, phase
changes, and time jitter of radio signals relayed through communication
satellites. The strength and occurrence of these irregularities are re-
lated to the sporadic geophysical storms that disrupt the North Atlantic
(auroral) and South East Asia (equatorial) radio links. During periods of
gecphysical disturbance, as in Figure 1, the irregularitics are greatly en-
hanced. VHF and UHF communication via satellite can then fade rapidly
to 10 to 20 dB below normai signal level for periods of several minutes or
several hours. Operational users are concerned about the degradation of
present communication and detection systems. Strategic and tactical users
are particularly concerned with the degree to which this degradation is re-
lated to those geophysical events that also degrade other point to point sys-
tems. Designers of proposed navigation and constant surveillance systems
using VHF sgignals relayed through two satellites are concerned that
storms of irregularities could cause time or phase jitter than would force
using agencies to turn back to less precise methods of air traffic control.

Present research on ionospheric irregularities at AFCRL is aimed at
providing pertinent stuatistical information to designers and operational
agencies. Operational users can then forecast the probabilities of future
irregularity behavior from current geophysical data. In addition, AFCRL's
studies can help provide the long term statistical data upon which system
decisions can be made.

e S L L L TR PPy ey

0000 UT 4 NOV. 1968 ‘ 0400 U.T,

Figure 1. Intense Scintillation of ATS-3 Beacon. Deep fades to -10 or
-20 dB can occur at VHF and UHF during periods of ionospheric distur-
bance, as on Nnvember 1968, Behavior is normal the following night,
4 November. latched loads are reference level each hour
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2. BACKGROUND

The amplitude and phase deviations found on a radio wave (Figar« 1)
that has traversed a region of ionospheric irregularities are knc.' as
scintillations. They were first observed during the late fo. ties and early
fifties when it was established that the fluctuations in intensity of radio
stars were caused by irregularities in the ionosphere. Several theoretical
treatnients evolved to explain the observations. A two-dimensional, '"thin-
screen' analysis such as that of Mercier (1962} is useful when the irregu-
larities are weak and appear to occur in thin layers, but during extremes
of geophysical disturbances the thicknees of the irregularity region must
he considered, as in the three-dimensional treatment of Orhaug (1965).

In the model, the effective strength of the irregularities was restricted
so {hr i the radio wave underwent weak diffraction or weak scattering. In
effect this means that at the exit of the irregularity region the radio wave
iniensity averaged over many fluctuations is the same as the ncrmal un-
disturbed level. Yet the converse is more nearly true fer the enhanced
irregularity regions which degrade VHF and UHF satellite relays. Ap-
preciable energy may be diverted from the relay path. In fhat case the
assumptions of existing theory are violated, and the behavior for strong
irregularities cannot be predicted from theoretical characteristics derived
from studies of weak irregularities. Since it is extreme disturbances, when
the irregularity region is enhanced beyond the limits permitted by the sim-
plifying assumptions of these theoretical studies, that degrades the satellite
radio link, other means must be found to predict their effect on the system.

3. OBSERVATIONAL PROCEDURE

A great deal of data on the effects of ionospheric irregularities exists
from scintillation studies made since 1949 with radio star sources and
beacon satellites. Most of this data is in the fo. m of indices for the depth
or rate of fluctuation of the intensity of radio waves. Specific organiza-
tions need data that is not explicitly contained in the reports of these
studies.

Systems now in use and those being develcoped require statistical sum-
maries and reliable techniques for predicting the effects of ionospheric
irregularities at remoi2 locations, on new radio frequencies, and during
extremes of geophysical conditions.

It is not practical to rescale existing data to meet these new require-
ments, nor is it practical to re-instrument all of the observatories so that
they can measure the critical radio frequencies for the latitude-longitude
network needed to collect new data. Rather, enough new measurements
~an be perforried to statistically relate the new requirements, such as
depth and duration of deep fading, to the existing indices. Since existing
theory cannot he used to ext.nd median observations to those expected for
extreme conditions, a world -wide morphology of irregularity effects
must be established, using the various quantitative scintillation indices
presently available,
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3.1 Source of Data

The radio stars Cassiopeia A and Cygnus A were the principal sources
of data in the early scintillation studies at Hamilton, Mass. The 84-ft-
diam, polar-mounted antenna was instrumented to simultaneously record
63, 113, 228, 400, and 1200 MHz; the 150-ft-diam antenna simultaneously
recorded 30, 63, 113, and 228 MHz.

At the latitude of Hamilton, Mass., the circumpolar source, Cassio-
peia A, rotates about the polar star and its elevation angle varies from
about 11 to about 77 deg; Cygnus A rises in the northeast, passes almost
exactly overhead, and sets in the ncrthwest. Results of studies of both
sources are thus confined to the northern sub-auroral region (Allen et al,
1964; Aarons and Allen, 1966).

Observations of the 54 MHz beacon of satellite Transit 4A were made
at Hamilton from July 1961 to February 1965. Observations on the 20,
40, and 41 MHz beacons of satellite BE-B have been made since November
1964. Both the satellites were placed in near circular orbits at about
1000 km height and at high orbital inclination. Results are available for
all locations encompassed by the radio horizon (Aarons et al, 1964).

I’or contrast, note that the radio star sources have finite angular .
size, are at immense distance from the irregularities, and radiate un-
polarized, incoherent noise-like signals. The satellites are point sources,
are close to the ionosphere, and radiate linearly polarized, coherent sig-
nals,

Additional data was obtained from a world-wide network of observa-
tories. The Joint Satellite Studies Group is a 23-member group of stations,
voluntarily cooperating to provide comparative data on the ionosphere.
Sources included the ionospheric satellites (Transit 4A, 54 MHz; BE-B
and BE-C, 20, 4C, 41 MHz), the communication satellites (Early Bird
and Canary Bird, 136 MHz), and the air-to-ground relay satellites (ATS-1
and ATS-3, 136 MHz). This data represents a wide longitude and latitude
sample and, therefore, provides a basis for studying morphological details
of the irregularity region (JSSG, 1965; 1968).

3.2 Empirical Indices

Attempts to establish standard methods for scaling records have been
only partially successful. If each observatory measured the root-mean-
square value of the fluctuation of the received signai there could be consis-
tent comparison of results with other observatories and with theory. Since
few can afford the cost of that measurement, empirical indicies have been
established in several ways.

The arbitrary but consistent indices used by the Radio Astronomy
Branch of AFCRL for reducing radio star and satellite observations can
be described briefly as follows:

Rate is determined by counting peaks. A peak is counted only if it
is at least one third the amplitude of the previous peak.

Scintillatiori Index (SI) is also a relative measurement. £ sample in-
terval containing at least 10 peaks, counted by the above rule, of at least
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5 min duration is chosen from radio sta:r records. A similar sample at
the top of a Faraday peak is chosen for the satellite case. Representative
peaks are established by the third peak down from greatest and the third
up from the lowest. The power scintillation index is then the percentage
ratio of the varying component to the expected steady component:

P -P
SI(%) = (third peak up) (third peak down) _ QFP %

l P(average)

Analysis by planimeter and by point computations has indicated that
this arbitrary index is from 1.5 to 2.5 times the rms value of the power
variation. For radio star observations, the ratio is nearly the sume at
several frequencies but varies from day to day. From a statistical
viewpoint, it may be assumed to have a fixed relation to the rms value.

All members of the JSSG use the same definition; however, some use
th  amplitude of the signal rather than the power.

In addition, many of the observatories tnat have published previously,
and some that are doing current work, have assigned subjective indices.
Simplest are 0, 1, 2 for 7zro, some, and fully fluctuating records. If
samples of actual records are set up to define the class intervals for such
indices and are carefully used during reduction, the final results can be
reanalyzed to provide consistent comparative data.

4. COMPARATIVE STATISTICS

The fluctuations observed on radio waves from distant satellites are
indicators of irregularities that were formed in the upper ionosphere in
response to outside forces. To describe the variation of these fluctuations
in terms applicable to communication problems, it is convenient to use a
morphological apprcach expressed in terms of three classes of variables
that can be isolated in the statistical data. These are stimulus variables
that represent changes in the forces that produce the irregularities, trait
variables that characterize the ability of the ionosphere to respond to
stimulation, and experimental variables that affect the amount of fluctuation
observed for given irregularities.

4.1 Stimulus Variables

The outside stimulators can be any pertinent ener}y source, such as
an influx of charged particles induced by changes of the solar wind, tur-
bulence arising from vertical motions produced by electric field changes,
or other external forces that are presently unknown. Although the prime
sources of all disturbing energies appear to be within the sun, the physical
details of their interaction with the terrestrial atmosphere have not been
determined.
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At the present time it is necessary to use terrestrial responses to
represent changes in solar energy. The variation of the earth's magnetic
field, knc n to be agsociated with variations in the solar wind, has been
useful in tais study. Other responses, such as riometer absorption o1
airglow intensity, may prove useful. The effects of several solar sourc:s
of energy are implicitly included in some of the trait variables discussed
in Section 4. 3.

4.1.1 Variation With Magnetic K Index (Solar Wind)

Magnetic K index is used here to relate the variation in response of
irregularities to variation in the solar energy carried by the solar wind.

Individual observatories characterize the degree of disturbance of the
local magnetic field during 3-hr perioas by indices varying from 0 to 9,
Normalized data from a world-wide neiwork is then corubined in a planetary
index, Kp. Distribution functions for Kp conditional on calendar years are
shown in Figure 2. The highest values represent periods when the magnetic
field displayed major changes identified with period of intense solar dis-
turbance. Note that the significant change with solar cvcle is a change in
the proportion of these high indices.

Just how the depth of scintillation varies with the state of magnetic
activity depends on the geographic latitude and longitude of the irregularity
region.

i o +
LN B .

~
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Figure 2. Variation of
Magnetic Index, 1964-1967.
The planetary index of mag-
netic activity is rot normally
distributed. Note the dis-
proportionate increase of
high K values for years of
increased solar activity over
1964-1965, the period of
solar minimum
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A high geomagnetic latitudes the depta of scintillation increases with
magnetic K index. Figure 3 contairns distributions for sets of observations
conditional on local magnetic K index. They represent the ionosphere
region 51° N. Lat. to about 55° N. Lat., as seen from Hamilton, Mass.,
using the radio star Cassiopeia A. Effects of the increased thickness of
the irregularity region arising from the slant viewing angle have not been
removed; their effect is constant within the sample. sor any statistic in
the data, such as median or decile, ther~ is a nearly linear increase with
the index of the state of magnetic activity.

The change of this dependence with latiiude is summarized (Figure 4)
by data from a study of the 54 MHz beacon of satellite Transit 4A, taken at
Hamilton, Mass., during regularly scheduled periods cach month from
January 1962 to February 1965. Conditional samples were based on sub-
ionospheric (400 km) ranges of +10° Long. and 59 Lat. Mean values were
produced for all data in sub-sets determined by integral values of the local
magnetic K index Ky, from Fredericksburg, Va. Again, the effects of
elevation angle have not heen removed; this is unimportant since the effect
is constant within each latitude sample.

The results for data pooled in this fashion can be summarized as fol-
lows:

At high latitudes there is an increase in depth of scintillation for in-
crease of magnetic K index. The functional behavior of mean values can
be related to the functional behavior of other statistics, such as the medians
of Figure 3.

There is a progressive change in the functional relationship with de-
creasing latitude until, at mid-latitudes, the depth of scintillation does not
increase with K index until the K index exceeds 4 or 5. Studies of a limited
number of magnetic storms indicate that the depth of scintillation at mi1
latitudes increases sharply with very high K index.

As the irregularity region approaches equatorial latitudes, the func-
tional relationship inverts and the depth of scintillation decreases with in-
creasing K index (Latitude interval 30° tc 35° in Figure 4). Special studies
in the equatorial region over Africa (Koster and Wright, 1960) have shown
that there ic negligible change with K index during the minimum of the sclar
cycle, but a strong inverse relationship during solar maximum.,

4.2 Experimental Variables

For identical conditions in the irregularity region, the fluctuations
sound by different observers will depend on several experimental variables.
These are, principally, the frequency and bandwidth of the radio wave sig-
nal and the geometric angle at which the irregularity region is viewed. In
some cases the distance of the source from the irregularities and the sepa-

ration of antennas used for space diversity on the ground can also be treated
3s experimental variables.

If these variables are independent of the trait and stimulus variables,
then some form »f an analytic function can be uniquely determined to
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represent their variation, as is Jd- 1e for radio frequency in Section 4. 2. 1.
Otherwise a set of functions mus: be cetermined, cornditional on the other
variables that influence their bek..vior.

4.2.1 Variation With Radio Frequency

The theoretical prediction of the frequency variation of scintillation
depends 7n several parameters of the irregularity region. Althcugh these
are generally unknown, limits can be derived. If the irregularity region
can be represented by a thin screen, then close to the irregularity region
the depth of scintillation is nearly inversely related to the square of the
frequency; far from the reyion it is inversely related to the first power
of the radio frequency (Briggs and Parkin, 1963). ss the thickness of the
layer becomes more significant, the exponent decreuses toward zero.

Emperical studies of this variation were made by AFCRL at Hamilton,
Massachusetts (Aarons et al, 1967). Simultaneous observations were
taken at 30, 63, 113, and 228 MHz, using the 15-ft radio astronomy an-
tenna, and at 63, 113, and 228, using the 84-ft antenna, ifor the overhead
and northern regions covered by the daily motion of the radio star Cas-
siopeia A. Figure 5 shows cumulative distributions for observations
made through the auroral region. When the irregularities are weak, the
depth of scintillation and, hence, the scintillation indices are low. The

100
CASS A 196] ~ 1964
w Ker® Q!
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Figure 5. Variation of the Depth of Scintillation With Radio Fre-
quency. At low duptns of scintillation there is a nearly inv=rse
square-law-deprudence on radio frequencies for low depth of
scintillation. As the intensity of the irregularity region increases,
the exponent of dependence decreases
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Figure 6. Variation of Frequency Dependence With
Scintillation Index. Observations of Cassiopeia A at
30, 63, 113, and 228 MHz indicate that the mean fre-
quency dependence can be specified in terms of the
depth of scintillation on one of the frequencies

depth of fluctuation then depends inversely on the square of the radio fre-
quency.

As the irregularities are enhanced, the indices increase and the ex~-
ponent of frequency dependence decreases.

Results for the auroral (51° to 55°N. Lat) and for the overhead re-
gions (43° to 45°N. Lat) are summarized in Figure 6. The frequency
variation seems to depend cnly on the effective strength of the irregulari-
ties. No appreciable change was noted between the latitude samples. No
sysiematic difference was found for samples conditional on the state of the
local magnetic field, an indicator of disturbance in the ionosphere.

It is not known if these results will also apply to low latitudes and the
equatorial region.

4.2.2 Geometric Variation

If the distribution of irregularities in the ionosphere were similar to
a reasonably thin screen, the depth of fluctuation would be expected to vary
with elevation angle to the source in the same manner as the apparent
thickness of the screen varied. It is now known that this is not valid at
all latitudes.
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Figure 7. Geometric Variation of the Depth of Scintil-
lation. Derived from simultaneous measurements by
members of the Joint Satellite Studies Group. Mean
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ing the latitude variation. Off-vertical observations
show the effect of elevation angle

When a statistical latitude variation can be derived from mutually
consistent observations, as in the JSSG study to be discussed in Section
4. 3.1, the nonoverhead observations at a particular site can be examined
for geometric effects. Data from the JSSG study shown in Figure 7 were
restricted to common periods of observations for which the magnetic K
index was less than 3 and, therefore, represent the main geometric features
during quiet geomagnetic conditions. At mid-latitudes where the average
depth of scintillation was low, the non-overhead indices increase toward
the horizon more or less as the secant of the zenith angle times the ex-
pected sub-ionospheric depths of scintillation. At sub-auroral latitudes
where the overhead depth of scintillation increased somewhat, observa-
tions southward still increase with the slant thickness of the irregularity
region but northward the increase is less than expected. This is probably
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the result of several factors: a thickening of the irregularity region, a
reduction of slant range to the irregularity, and perhaps alsou a decrease
in the size of the irregularities.

4,3 Trait Variables

Trait variables (T;) characterize ihe ability of the ionosphere to
respond to a given stimulus. For example, a difference in response on
twe different occasions may be due to a difference in the recombination
rotes of ions and electrons and, hence, a difference in the life time for
initially identical irregularities. Physical parumeters, such as re-
combination rates change because of undetected changes in the energy
sources that affect the ionosphere. The changes in the irregularity be-
havior caused by integrated changes in physical parameters can be
characterized by trait variables, such as the cyclic changes over the
day, solar month, year, and sunspot period. Each of these most likely
combine the effects of several parameters, such as electron temperature,
neutral gas density, ionospheric wind systems, and so on. Less easy to
identify in the data are changes in these trait variables caused by a sud-
den change in a single parameter, such as a sudden change in composition
ratio or in temperature.

‘Use of trait variables to determine the degree to which the ionosphere
responds to physical changes indicates the need for a more reliable way
to determine physical parameters and a better thenry of irregularity
formation and behavior.

Since trait varicbles are averages over time or space, they represent
the integrated effects of a number of undetected, unknown, or sporadic
stimuli. An understarding of the physical process a1 work within the ir-
regularity regicns is lost in suczh a characterization,

For just that reason trait variables are desirable for a study such as
this one. By submerging the response of ind:vidual events, they establish
overall systematic trends in the response of the whole irregularity region
without depending’ on a complete physical understanding of individual
processes.

4.3.1 Latitudinal Variation

Early reports of the scirtillaticr. ¢f radiv stars (Little, 1951) and
beacon satellites (Kent, 1959) noted that the depth of scintillation increased
toward the j.ciar region {aster thun would be expected from purely geo-
metric effects. In 2 recent study (/SSG, 1468), observations from several
stations were combined to establish the quantitative aspects of this varia-
tion.

Figure 8 surmarizes the rosul‘s ‘ror’ tvo sets of data. The first set
is from simulianeous observations of the 54 MHz beacoun of satellite
Transit 4A. The resultant smooth variation with geomagnetic latitude is
conditional on nearly identical geo:netric factors over each JSSG s*ation
and on pericds of magnetic activity with K index less t%an 3. .he indi-
vidual observations were spaced from June 1462 tc M .rch 1963 by coopera-
tive observational periods selected without mecningtul bias.
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Figure 8. Latitude Variation of the Depth of Scintillation.
Derived from simnultaneous overhead observations of the

Joint Satellite Studies Group. The 1965-1966 results may
indicate a change of the latitude variation with solar cycle

The secornd set of data is the result of simultaneous observationg of
the 40 MHz beacon of satellite BE-B (S-v6). In this case statistics were
produced for all overhead observations during the period 1 November 1965
to 21 January 1966. The resultant latitude variation is flatter than that in
the first set of data, but further study is needed tc decide whether the dif-
ference is in the prime distribution of irregularities changing with solar
cycle or is caueed by some other factor.

Records of scintillation of the racdi> beacons on BE-B and the syn-
chronous Satellite ATS-3 taken at the AFCRL atation at Thule, Greenland,
indicates that the latitude function does not dip over the polar region, as
do certain auroral phenomenon, but, as yet, there is inswfficient data for
a quuntitative statement.




A second peak of the latitude variation over the equatorial region has
been suggested by unpublished JSSG observations of BB scintillations.
It is expected that the quantitative features will pe determined from cur-
rent studies made by the JSSG using the 136 MHz beacons of ATS-3 and
Canary Bird.

As a final note, the latitudinal variation is a reactive variable, de-
pending on the state of magnetic activity, the time of day, and probably the
longitude of observation as well as other variables. Observations from
Hamilton, Mass., in Figure 4 show this for incremental changes in the
local index of magnetic activity; the other qualifications follow from evi-
dence in other sections.

4.3.2 Diurnal - Seasonal Variation

From the early observations of radic star sources it was apparent
that there was a nighttime peak in the occurrence and mean intensity of
the irregularity regions causing scintillation. A coniroversy on the
existence of a secondary peak during the daytime and the nature of the
seasonal variation has only begin to be resolved by recent observations
of thie beacons of statiorary satellites.

Unfortunately, for observations made with either radio stars or low-
altitude satellites, the effects of seasonal change cannot be uniquely
separated from the effects of diurnal change. For a fixed geographic
position of the irregularity region, the times of day when either type of
source can be viewed is fixed by season; therefore, in any set of observa-
tions, certain pairs of seasonal-diurnal values are always missing. If
complimentary sets of data are normalized and combined, such as data
from several radio stars or satellites, some aspects of the resultant
diurnal seasonal variation may be caused by unintentional bics in the nor-
malization process.

Since synchronous satellites remain at fixed positions, analysis of
their data does not have this limitation, and seasonal and diurnil effects
can be studied separately. Reduced data for observations of the 136 Mliz
beacon of commercial communication satellite Canary Bird are shown in
Figure 9. There is a persistent nighttime peak throughout the year.

The secondary daytime maximum of the scintillations of the Canary
Bird beacon during the months of May, June, July, and August 1067
was a principal feature of observations made with the commercial satel-
lite Early Bird during the same period of 1965, The daytime maximum
is not significant in similar observations for 1968 made with Canary Bird
and with the 137 MHz beacon of the ATS-3 communication satellite.

Comparable daytime scintillations of the Canary Bird 136 Milz beacon
were observed at a mid-latitude station in Florence, Italy, but they were
not found in observations taken at Kiruna, Sweden, near the auroral zone
nor in observations taken at Accra, Ghana, at the magnetic equator.

Like the latitude variation, the diurnal-seasonal variation is
also a reactive variable. There is a dependence on the latitude of
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Figure 9. Diurnal-Seasonal Variation of Scintillation.
Continuous observation of the 137 MHz beacon of a
synchronous satellite show that the diurnal and seasonal
variations are interrelated. Note the secondary maximums
during the day hours

observation, the state «f magnetic activity, and the phase of the sun spot
cycle. Details of the dependence of the diurnal-seasonal variation on these
other variables are still being determined.

4.3.3 Variation With Phase of the Solar Cycle

RBriggs (1064) has shown that the depth of scintillation of 38 MHz sig-
nals of Cassiopeia A received at Cambridge, Fngland, varied systematically
with the solar cycle from 1950 to 1961. Since his data was classified by
semi-logarithmic indices ranging from 0 to 5 and averaged over each
period it is difficult to extend his results to other frequencies, times,
or latitudes,

In order to compare the mean values of his semi-logarithmic class
intervals with statistics derived from linear indices, as in the present
study, a conversion is necessary.  From the sample records that defined
the Cambridge cluss intervals, linear indices can be established using tne
arbitrary rules defined above,  The Cambridge index i1s then a translated
logicrithm of the AFCRIL. index.  Since the studies of the ilamilton observa-
tions have shown that the logarithm of the depth of scintillation is nearly
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Figure 10. Variation of Scintillation With Solar Cycle,
There is a linear dependence of the logarithm of
scintillation index with the yearl: mean sunspot number.
The proportionate increase is the same in the auroral
zone as near overhead at Cambridge, England (after
Briggs, 1964)

normally distributed (Figures 3, 5, and 8), the mean value of the data re-
duced Ly Briggs is nearly the median value of the distribution function of
the depth of scintillation for each observation period. Therefore, Briggs'
data can be transformed as in Figure 10. The logarithm of the depth of
scintillation depends nearly linearly on the yearly average of the sun spot
number.

This variation with sun spot number (or with the phase of the sun
spot cycle) can be extended to other frequencies ty using the emperical
frequency dependence discussed in Section 4. 2. 1.

The differences between the behavior for the overhead and lower transit
observations in::.~ates that this variation is dependent on the latitude of
the irregularity regicns and requires further study.

5. APPLICATION TO SYSTEM PROBLEMS

A current example will demonstrate how the morphological data can
be applied to a system requirement. Corsider an aircraft over the North
Atlantic depending on FM voice communication and a pulsed navigation
system, where VHF signals are relayed between the aircraft and a syn-
chronous satellite. What predictiuon can be made for {ading greater than
3, 6, and 10 dB below normal signal level?
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In a special study at AFCRL, the 228 WiH: be: con of experimental
communication satellite LES-5 was used to es!” - ¢! a link between the
emperical scintillation indices and the duration of fading. ~or observa-
tions between 1 August and 31 December 1967, each 15-min sample was
scaled for a scintillation index of from 0 to 100, as defined in Section 3. 2.
In addition, the duration of fading 3, 6, 10, and 20 dB below normzl level
was measured for each sample showing intense scintillation.

Table 1 compares the duration of deep fading with scintillation index.
The 228 MHz beacon faded 3 dB below its expected intensity only about
0. 15 percent of the 1100 hr of observation.

Table 1. Minutes of Fading Below Set Levels

Fading Level Range of Scintillation Index

40-56 57-79 30-100  Total

= 3dB 5.0 21.1 66.2 92.3

= 6dB 0.9 5.5 29.3 35.17

= 10 dB - 0.8 9.5 10. 3

= 20 dB - 0.1 2.0 2.1
Observation

Time 480 195 240 915

Although the data in Table 1 represents results for a particular set of
conditions, it can be used for comparative analysis. For instance, when
the scintillation index of a sample period is greater than about 57, the
signal will be below the 3 dB level about 20 percent of the time, or below
the 10 dB ievel about 2. 5 percent of the time.

The morphological results of Section 4 can be used with Table 1 to
predict fading for an example such as an aircraft flying over the North
Atlantic somewhere between the southern tip <{ (_reenlans and lceland.
This flight path is at the edge of the regior ¢f maximum auroral distur-
bance, say at 60°N. geomagnetic latitudr. The raypath to a synchronous
satellite, however, is low to the south. The geometric analysis of the
JSSG data, Figure 7, suggests that the median depth of the slant southern
path is about four to five times the median depth cbserved overhead at the
penetration point, near 50° N. geomagnetic latitude. Since the best data
at hand for a VHF comparison are the Canary Bird or ATS-3 observations
made at Hamilton, [dass., it is preferable to use the smooth iatitude
variation to estimate the depth at the penetration point. From Figure 8 it
can be seen that the depth of scintillation would be twice that measured
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on ATS-3 signals at the Hamilton observatorv, which represent the be-
havior between 50° and 52° N. geomagnetic.

The estimated cumulative distribution representing this case is shown
in Figure 11. For about 7 percent of the time the scintillation index for
137 MHz signals would be greater than 57, so that ar aircraft at £0°N.
geomagnetic transmitting at 137 MHz to a synchronous satellite would ex-
perience fading gieater than 3 dB orly abuut 1. 4 percent of the total time.
Since the diurnal study of sigr.els at this latitude, Figure 9, shows that
the occurrence of strong scintillation in the daytime is rare, this esti-
mate can be doubled to represent the night hours.

Other deteils can be estimated by using the variations established in
Section 4. Ahout 90 to 95 percent of the time the K index of magnetic ac-
tivity is less than 5 (Figure 2), and the effects of geomagnetic variability
will not be noticed at this latitude. Therefore, while moderate geonhysical
ac.ivity at the edge of the auroral zone may seriously degrade local HY¥
and VHF communication, it should not degrade the VIll® satellite iink.

The occurrence of deep scintillations does increase for K indices greater
than 5, Lut the statistics are not estabiished yet.

The estimated cumulative distributions ol Figure 11 caun be translated
for cliznges in the radio frequency by using the emperical dependence on
raaio frequency of Section 4.2, 1; changes in soiar activi!y can be fruns-
lated by using the dependence on mean annual sunspot numbeyr of
Section 4. 3. 3.

6. CONCLUSION

Irregularities in the ionesphere cause changos in sipnad choracteristics
that are of coneern to svetem designers and users,  The effects of wach
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irregularities have been studied since about 1950 using radio stars and
since 1957 using low-altitude satellites. The reduction techniques used
for these ohservations have submerged characteristics of the irregulari-
ties of interest to specific communication, detection, or navigaticn sys-
tems.

Often a relationship can be found that statistically relates the desired
new characteristic and the older index used to characterize the scintilla-
tion caused by these irrejtularities. In that case, a morphological siudy
of existing indices will provide a framework for prediction.

Using existing studies of AT RL and the Joint Satellite Studies Group,
a cooperative network of foreign stations, a morphology of the irregu'arity
region has been developed. An index based on the cepth of scintillation
was used to establish the variation of the strength of irregularities with
magnetic K index, the radio frequency of observation, the latitude of the
station, and cyclic variables such as time of day, season, and phase of
the sun spot cycle.

Not every feature can Le determined from available data, but the
nresent results can be used to estimate the behavior of proposed VHF
systems, as for instance fading on an air-to-satellite radio link.
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Figure 1. Intense Scintiliation of ATS-3 Beaccen, Deep fades to
~10 or -20 dB can occur at VHF and UHF during periods of
ionospheric disturbance, as on 3 November 1968, Behavior is
normal the following night 4 November. Matched loads are
reference level each hour

Figure 2. Variation of Magnetic Index, 1964 ~ 1967, The planetary
index of magnetic activity is not normally distributed. Note the
disproportionate increase of high K values for years »of increased
solar activity over 1964-1965, the period ot solar minimum

Figure 3. Variation of Scintillation Index With Local Magnetic
K Index. The probability that a given depth of scintillation is
exceeded increases nearly linearly with local K index for
observati_ns at the southern edge of the auroral region

Figure 4, Latitude Change of the Magnetic K Deper.dence, At
high latitudes above Hamilton, Mass., the mean depth of
scintillation increases nearly linearly with local magiietic K
index. Overhead, in the region 40° to 45° geographic, there is
no cbange until K is greater than about 5. Southward, 30° to
359, the mean depth of scintillation decreases with increasing
K index

Figure 5. Variation of the Depth of Scintillation With Radio
Frequency. At low depths of scintiilation there is a nearly
inverse square-~law-dependence on radio frequencies for low
depth of scintillation, As the intensity of the irregularity
region increases, the exnonent of dependerice decreases

Figure 6, Variation of Frequency Dependence With Scintillation
Index. Observation of Cassiopeia A at 30, 63, 113, and 228

MHz indicate that the mean frequency dependence can be specified
in terms of the depth of scint!llation on one of the frequencies
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Figure 7. Geometric Variation of the Depth of Scintillatior.
Derived from simultaneous measurements by members of
the Joint Satellite Studies Group., Mean overhead vzlues are
linked by a smooth curve representing the latitude variation.
Off-vertical observations show the effect cf elevation angle

Figure 8, Latitude Variation of the Depth of Scintillation.
Derived from simultaneous overhead obser-rations of the

Joint Satellite Studies Group. The 1965-1966 result. may
indicat: a change of the latitude variation with solar cycle

Figure 9. Diurnal-Seass: Variation of Scintillation,
Continuous observation of the 137 MHz beacon of a
synchronous satellite chow that the diurnal and seasonal
variations are interrelated. Note the secondary maximums
during the day hours

Figure 10, Variation of Scintillation With Solar Cycle. There
is a linear dependence of the logarithm of scintillation index
with the yearly mean sunspot number. The proportionate
increase i3 the same in the auroral zone as near overhead at
Cambridge England (After Briggs, 1964)

Figure 11. Estirnated Scintillation for an Air to Satellite Relay.
For a mid Atlantic Synchroncus satellite and an aircraft over
southern Greenland, tihe cumulative distribution of depth of
scintillation at 136 Mnz is estimated frocm scaled data taken
with Canary Bird at Kamiltcn, \ass.
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ELECTROCHEMICAL BEHAVIOR OF A MOLTEN ALUMINUM
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ABSTRACT

The electrochemical oxidation of aluminum hoids promise for the design
of sources of electrical power having high theoretical energy density.
Aluninum anodes operzte successfully in fused mixtures of aluminum chloride
and sodium chloride, and the system is current and power limited only by
the properties of the electrolyte. This paper discusses the electrochemical
behavior under open-circuit conditions of aluminum chloride, sodium chloride
melts. Some speculations are offered on the structure of these melts.

INTRODUCTION

We are studying aluminum metal electrodes operating in aluminum

chloride based molten salt electrolytes as part of a general researcih program
aimed toward providing new high energy density electrochemical power supplies,
Aluminum anodes in such molten ionic media are able to provide extremely high
electric current densities with very low losses due to electrode polarization
or related limitirg processes. The electrical transport properties of the
electrolyte itself are limiting, and we are firesently examining the structure
and some of the physical properties of the fused electralyte.

PRESENT STATUS

Electrochemical power sources comprised of low equivalent weight metallic
anodes and reactive, low equivalent weight oxidizing agents at the cathode
should operate at high energy or power densities. A particularly attractive
anode candidate is aluminum. The metal is readily available, easily purificd,
inexpensive, and capable of being fabricated into any reasonable shape. Some
examples of high energy density power sources, along with equivalent data for
some conventional batteries and fuel cells are shown in Table 1.

Many workers have tried to utilize aluminum anodes, but none has bheen
able to circumvent either the inevitable aluminum passivation in acidic
aqueous electrolytes or aluminum corrosion in basic aqueous media. Zaromb [1]
has operated successfully an aluminum-air cell with alkaline KOH electrolyte
at an estimated 200 watt-hours per pound. However, he found it necessary
to drain the electrolyte into a reservoir to prevent dzstruction of the
aluminum anodes when ro power was being drawn.

We are sware of no work with non-aqueous electrolytes specitically
directed toward the use of aluminum in electrochemical power sources, cxoept




our own and a newly awarded NASA contract.* Previously in our laboratory

a number of organic compounds and molten salt mixtures were examined as
candidate electrolytes. King, Brown and Frayer [2) studied the electro-
chemical behaviour of aluminum anodes in six such electrolytes, and selected
the mixture 4O mole percent sodium chloride, €0 mole percent aluminum
chloride as their most promising model electrolyte. The objective of their
effort, following the selection of an electrolyte, was to determine the
current and power limiting properties of th¢ anode-electrolyte system. They
reported that aluminum exhibited its thermodynamically calculable potential
versus a chlorine electrode in a NaCl-AlClz melt. We now have extended
these measurements to several temperatures and melt compositions and still
conclude that the agreement between theory and experiment i1s good,¥*

TABLE 1. Energy Densities of Batteries and Fuel Cells

Theoretical Energy Densitya
Cell (Watt-hour/Pound)

Commercial Batteries

Lead-~Acid 112
Nickel-Cadmium 107
Zinc-Air 500

Advanced Systems

Na/ceramic/S,NazS5 600
Al + > Clo + AlCls 600
Li + #Clz = LiCl 1050
2A1 + 32 Oz + Alz04 1610

8calculated from thermodynamic data.

King, Brown, and Frayer [2] also found that aluminum did not passivate
in their NaCl-AlCl; melt until anodic current densities as high as 800 ma ¢m™2
were reached. They reported that an extremely small fraction of the overall
polarization in an operating cell was attributable to charge transfer or

*NAS 12-88, with Tyco Laboratories, Waltham, Mass.

##The potential exhibited by aluminum in aqueous media is generally
significantly lower than the theoretical value.

J=3




diffusion polarization associated with the aluminum anode, electrolyte
interface. These workers observed that aluminum dissolved anodically with
approximately 100 percent current efficiency, and did not self-discharge
upon standing at open circuit conditions.

In summary, the aluminum anode, NaCl-AlCls electrolyte system is neither
current nor power limited by the processes which are usually detrimental to
aluminum anode, aqueous electrolyte combinations. Inscead, the electrical
conductivity of the electrolyte is the limiting process,

EXPERIMENTAL WORK

Electrolytes

Only after several attempts were we able to prepare sufficiently pure
molten salt mixtures. The purification of AlCl; was particularly trouble-
some, and was accomplished by repetitive sublimation of "Baker Analyzed"
reagent grade AlCl; in dry argon along the length of a 60 cm long, 5.4 cm
o.d. Pyrex tube and finally into a receptacle which was capped with a
standard taper plug. 'Baker Analyzed" reagent grade NaCl was dried by
fusion in air., The two chlorides were stored, handled and mixed in a glove
box filled with dry air and equipped with a recirculation train which
passed the box atmosphere over a molecular sieve for moisture removal.
Electrolyte compositions were fixed by weight. All weights were known to
at least three significant figures. Water-clear, colorless molten mixtures
were obtained.

Cells

The Pyrex concentration cells used were similar to that shown in
Figure 1, with standard taper tops used in some cases in place of the
Teflon sleeve seals, The asbestos fiber served as electrical contact
between the two melt compositions. We found that the pressure equalizing
capillary eliminated any detectable mass transnort of melt through the
asbestos fiber. The electrodes were made from "Baker Analyzed" reagent
grade 0.032 inch diameter aluminum wire. The melt in each arm of the cell
was stirred with a Teflon-covered magnetic stirring bar. Celils were immersed
in a well-stirred constant temperature silicone oil bath., Melt composition
ratios were changed by adding known weights of either A1Cl; or NaCl to one
of the arms of the cell. A new, steady cell voltage was reached once the
added salt was dissolved and well mixed.

The aluminum chloride formation cell was also a two-compartment con-
figuration in which the melt composition was identical in both compartments.
Dissolved chlorine was prevented from diffusing into the anode compartment
by plugging the opening between the two compartments with Pyrex wool and
granular aluminum.

Apparatus

The oil bath was heated by an external hot plate and an imrersed
Nichrome wire coii. Temperatures remained constant with no more than
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one Centigrade degree drift per hour. Bath temperature was measured with
a mercury thermometer which had been calibrated against a Chromel-Alumel
thermocouple. Vertical temperature gradients in the bath were measured
by moving a bare Chromel-Alumel thermocouple about the bath volume. The
total temperature variation over & 10 cm height in which the cells were
suspended never exceeded 0.5°C. Cell voitages were measured with a Leeds
and Northrup K-3 potentiometer and a Leeds and Northrup Electronic DC
Null Detector,

RESULTS

We indicated above that the electrical transport properties of the
electrolyte itself constitute the current and power limiting factors
associated with the anode electrolyte system, The electric conductivity
of NaCl-AlCls melts has been measurad several times [3], but considerable
disagreement exists in the results. The conductivities of representative
NaCl-Al1Cly compositions at various temperatures were measured in our
laboratory [4], and fell between 0.2 and 0.5 ohm™! em=!. These values are
in agreement with published values, but our experience led us to suspect a
marked dependence on melt purity and composition, both of which are exceed-
ingly difficult to specify unambiguously.

We decided first to determine the activity coefficient of aluminum in
various NaCl-AlCls; melts. The most direct route to this information is by
means of a formation cell:

A1/A1C13(x, ),NaC1/Pt,Cl>

Here the net cell reaction is the formation of AlClz at mole fraction x;

As x, approaches 1.0, the observed cell voltage should approach the standard
EMF of formation of AlCls. The deviation from the standard voltage at any
particular x, yields the activity and activity coefficient of the A13* jon by

e, =€ +Xuma,

and
8 =" Nnx

where €, and €° are the observed and standard voltages, respectively; a,
and y, the activity and activity coetficients, respectively, and the
remaining symbols have their usual significance.

Formation cells were first applied to molten halide mixtures by
Hildebrand and Ruhle [5). Unfortunately there are some practical problems
associated with using formation cells. In the present cage, difficulties
arise in measuring £ for A1Cl,, a near insulator. There also is a prcblem
due to changes in the melt composition ceused by bubbling chlorine gas
through the volatiie electrolyte.

The bulk of our work is with concentration cells of the type

A1/AYCig(x, ) ,NaCl//A1Cl5(xz) ,NaCl/AL
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vhere ¢ = % on (81/82)

and a, * 71%; 82 = ya=x2

Murgulescu and Sternberg [6] discussed the applications of concentration
cells to molten salts; these cells avoid the difficulties inherent in
AlCl; formation cells. Since concentration cells give activity ratios,
a series of such ratios together with one absolute valuc measured with a
formation cell will provide the needed activity and activity coefficient
data.

The principal difficulty with this type of concentration cell is
due to the possible existence of a junction potential across the asbestos
fiber. The magnitude of the junction potential depends on the relative
differences in mobility of the current carrying species on the two sides
of the fiber. For melts of similar composition in which the current
carrying species are present in high concentraticns on both sides, the
junction potential should be negligibly small. Murgulescu and Sternberg
tested five binary melt systems, each over virtually its entire composition
span, and fouund junction potentials never exceeded their limit of experi-
mental error (approximateiy 0.001V). We will eventually test our electrolyte
system for a junction potential, but this determination requires vapor
pressure data which we are presently gathering.

Eighteen successful runs were made with concentration cells, most of
them with composition ratios varied as described in the Experimental Work
section. All voltages were reproducible (within approximately 0.005V),
tut were found to be surprisingly large. This may be seen by examining
some typical data, as are shown in the first three columns of Table 2.
The fourth column gives the alumirum ion activity ratios required to
calculate the observed voltages from the Nernst equation. The fifth
cclumn gives the aluminum ion activity ratics calculsted by assuming
that the activity ratio is equal to the appeorent mole fraction ratio;
that ir, the stoichiometric mole fraction ratio. The great differences
betwe :n the activity ratios given in thegse twu columns emphasizes the
neer: to invoke marked structural changes involving aluminum chloride ixa
these melts as sodium chloride is added.

The remarkable increase in (N'/N) 1. 28 the apparent mole fraction
ratio increased deserves close attent{S3.  Aluminum dissclves with 100%
current efficiency (n = 3) from aluminum arodes in A1Cl:, NaCl melts.
Aluminum metal also may be electroplated from such melts. Whatever the
voltage determining aluminum species is, its activity shouvld be dependent
upor the concentration of some chloro-aluminum principal melt ~onstituent.
It is reasonabie to expect this dependency to be similar in both arms of
a concentration cell, and therefore to mathematically cancel in the
Nernst equation for the cell. Hence, we should be able to exjlain obeerved
cell voltages un the basis of ratios of activities of principal melit
censtituents, providing activity roefiicients rewain near unity.
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Murgulescu and Sternberg [6] reported activity coefficients for
eight binary halide melts, over wide concentration ranges. In the most
extreme cases they reported (AgCl, KCl and AgBr, LiBr), y varied from
0.45 to 2.65. Por their four reported univalent-divalent halide systems,
y varied from 0,90 to 1.07. A number of univalent-divalent, vnivalent-
trivalent, and univalent-tetravalent halide systems also were discussed
by Lumsden [7]. Again, approximately ideal mixing (y=&1) was reported
for these systems. Accordingly, we tentatively have assumed unit activity
coefficients in the Al1Cly, NaCl system.

Data Analysis

Five different assumptions were made regarding melt structure. Each
of these {s presented below, together with an expression for the alumin'm
activity ratios which result. Ratios calculated by each assumption are
alsc presented in Table 2 for comparison with the ratio calculated from
the Nern:t equation.

Let r moles 2f AlCl, be mixed with one mole of NaCl. Then

S and r = M
M=

1-M

where M is the apparent mole fraction of AlCls in the electrolyte. M =
(moles A1Cl;)/(moles AlCly + moles NaCl).

Assumption I: Neither AlClsz nor NaCl is significantly icnized.

r

Nici, = 71 & M
(N'/N)I = M'/M (1)

-3
Assumption II. All cf the NaCl added to AlCiy forms Na+ and AlCl,.
(valid for M»0.25)

Marci, © i—}

oo WMl
(W'/N) gy = T (11)

Assumption III: All NaCl present dissociates to Na* + C1 . All
aluminum is present s Al.Cly, which slightly dissociates.

K +
AlaCly = 28173 + 6C1°

LN L 20w
Migey " T Yo E-;n




M’ 1-M \6
( b-5M ) ( h-3M)
6 ¢ AN (111)
M 1-M'
(h-5M ) (R-su')

(N'/N)

Assumption IV: All of th: NaCl added to AlCl; forms Né+ and AlCl, .
(Valid for M20.5)

N = -r—.-l
AlCls r+1
oM'-1 (1v)
J W [ ce—————
(N'/N)gy = (&T)

Assumption V: All of the NaCl added to AlClgj (AlgCle) forms Né+
and AlxCL . (Valid for M»C.667).

-2
Nalcls ™ 5=
(w/w), = (=B M (v)

All activity ratiovs calculated from these assumptions (except V)
and several others prove grcssly inadequate to explain the cell voltage.
We believe some species such as AlzCl, (Assumption V) must be formed, and
that it partially dissociates into simplier species to an extent required
to yield the aluminum activity ratios calculated from observed cell voltages.
The mathematics required to extract the pertinent dissociation constants is
probably too formidable for the precision of our experimental data. Rather,
this treatment will await the assignment of atgolute activities irom
formation cells.

FUTURE WORK

Cur immadiate objective is to explain the very high cell voltages in
our concentration cella. This presumably is a result of the equilibria
in the melt in which A13* participates. Among the new ~xperimental data
needed will be vapor pressure and density of the melts, transport numbers,
and spectroscopic information.

More distant objectives include extensinn of our data gathering to
other melts. We are especially interested in the ternary sodium,
potassium, aluminum chloride systems. Extremely low melting points are
accessibie, down to 70°C [8].
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APPLICATIONS

We believe the use of alumizum anodes in AlClz-based molten salt
electrolytes will permit the development of electrochemical power
supplies having volume and weight energy densities in excess of anything
presently In use.

The typ- of electrolyte we have chosen may be amenable to back-pack
applicationa. A wide melt composition range is available at temperatures
above about 160°C [9] and a ternary Al1Cls, NaCl, KCl system melts at 70°C [8].
Sucl low temperatures should be easy to maintain with a minimum of thermal
insulation. Even £ units small encugh to hand-carry are not practical,
the light weight of aluminum and the halides should make a portable system
feasible. For example, a quiet, portable central power supply could be
carried in the field by ground forces for recharging smaller secondary
back-pack cells.

With a variety of melting points available from 70°C to about 130°C,
the possibility exists for producing a series of high energy batteries which
become activatced at specific elevated temperatures. Applications would
include inexpensive thermal batteries of .udefinite shelf life, and warning
or alarm devices which are thermally activated at pre-selected temperatures.

Finally, high-energy systems operating in the tenths of volts range
may be develcoped from simply exploiting tihe relatively high voltages
ottained from concentration cells., Electrode fabrication in this case
wc.1d be extremely easy; very inexpensive batteries should be possible.
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ThE MAGNETIC WIND-TUNNEIL=-MODEL
SUSPENSIOW AND BALAKCL SYSTENM

by
LUGENE E. COVERT (iMIT) and FRED L. DAUM (ARL)

ABSTRACT

The magnetic wind-tunnel-model suspension and Lalance system
is a unique aerodynamic testing tool which affords a method for
obtaining test data whicih 1s avsolutely free of model support
interference effects. 7The suspension system is comprised of mul-
tiple pairs of electromagnets which surround the test section and
provide the magnetic forces required for balancing the aerodynam-
ic and gravitational loads acting on the model. Control of the
magnets 1s accomplished through feedback control locops which
receive signals from a set of model positlion sensors which may
employ either optical or electromagnetic principles. 7The magnetic
forces generated are proportional to the coll currents required;

a measure of these currents provides an indiczation of the model
forces. by inserting artificial position sensor signals 1into the
control feedback loops, the magnetic fieids may be controlled so
as to force the model into various motions and oscillatory modes
such as pitching, plunging, or rolling. Thus, the magnetic bal-
ance system is adaptable to dynamic, as well as static, testing
situations. Ko longer merely a laboratory curiosiiy, the magnetlc
suspension and balance system has been born as a useful aerodynam-
ic wind tunnel test instrument.

INTRODUCTION

The use of small-scale models in the development of compll-
cated systems 1is very common. [luring the desipn of a new alrplane
nor missile it is not uncommon to test small-scale models in wind
cunnels for many hundreds of hours. The scaling laws that relate
the aerodynanic characteristics of these models to the aerodynamic
characteristics of the prototype are well known. llowever, Lefore
thesec scaling laws can be used to cxtrapolate the wind tunnel data,
the aerodynamic engineer nust correct the cdata for the advcrse
effects of acrodynamic interfercnce between the model and its sus-
pension system on the measured aerodynamic charactericties. Wnile
the correction procedure is stralghtforward in low-speed flow, it
becomes difficult in transonic testing. In testing at supersonic
and hypersonic speeds, the model 1:c usually cting cupported; how-
ever, in this casc there 15 an incrcasinpg tody of evidence
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suggesting that the flow near the base 1s seriously altered by the
presence of the sting. Consequently the drag and the stability,
for example, may not be measured as accurately as desired.

Two alternatives have been used to determine model aerody-
namic characteristics without the presence of support interfer-
ence. One of these 1s a free-flight technique where the model 1is
literally flown in the wind tunnel test section for a few milli-
seconds. The aerodynamic characteristics are deduced from the
observed motion of the model. Another approach, to be discussed
here, is similar in appearance to the free-flight technique but
rather than being in free flight the model is firmly fixed in the
test section by magnetic flelds and magnetic field gradients.
Since the aerodynamic forces and moments acting on the model are
balanced by magnetic forces and moments which are measureable, the
instrumentation for the latter technique is commonly referred to
as a magnetic suspension and vpalance system.

The basic operation of a magnetic suspension system can be
explained by elementary considerations. First, recall that a mag-
netized bar, or magnet, acts approximately as if its magnetism
were concentrated in a pole at either end. One pole is a source
of magnetic flux lines while the other 1s a receiver, or sink, of
these lines. Experiments have shown that like poles repel and
unlike poles attract each other. Thus, 1f a magnet 1s placed at a
random attitude in a uniform external magnetic fleld, a moment
will act on the magnet tending to align the axis connecting the
two magnetic poles with the direction of the external magnetic
field. (The common north-seeking compass illustrates this idea.)
A magnet placed in a uniform magnetic field feels no net force
because each pole experiences the same force. If the external
nagnetic field is not uniform in strength, that is, if there are
rradients in the field, then a different force acts on each pole.
Thus, a net force may exist. This force will tend to move the
magnet bar toward the reglon of higher field intensity even if
the magnet is allpgned with the external magnetic field lines.
Theretfore, it 1is possible to develop forces acting normal to the
line connecting the magnetic poles. In this way, that 1s by con-
tvolling the magnet!< fleld intensity and gradients, forces and
moments can be madc to act on the magnet. Second, a little
reflection leads one to realize that the interaction force between
the magnetic fleld and thc magnet 1s unstavle. For example, it 1s
impossible to suspend a nail in space below a permanent magnet; 1if
too near, the nall will jump to the magnet and if too distant, the
nail will fall. Illowever, it is pnssible to sense the position of
the magnet and by means of a suitable automatic control system,
adjust the external fleld to just balance the magnet apainst the
applied forces and torques. This control also can provide a means
for measuring the extcrnal forces and meoments.

The princlples underlying a magnetic balance and suspension

system are not difficult. Conceptually, thc ideas are straight-
ferward,; the problen 1lies in putting the ldeas into practice. The
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first practical magnet system was developed at the University of
Virginia by Holmes and Reams [1] as a replacement for bearings in
an ultra-centrifuge. Lu.ing World War II, Beams suggested apply-
ing this tec” -ique for wind tunnel model suspension but his sug~
gestion was not ilmmediately followed up. The first actual suc-
cessful magnetic suspension system for wind tunnel use was deveil-
oped by ONERA (TFrance) by Laurenceau and Tournier [2] and they
reported interference-free drag measurements in 1956. In early
1957 MIT was granted permission to make an exact duplicate of the
ONERA system. However, results of dctalled studies sugpested that
a number of improvements would be necessary if the magnetic sus-
pension were to become a practical instrument. At MIT, Covert,
Chrisinger, Tilton, Stephens, et al, began concentrating on theze
studies and starting in 1960 this work was supported by ARL.

Since that time the development has led to a practical, accurate
system that has been used to measure static and dynamic aerodynam-
ic characteristics as well as detailed characteristics of wakes
[3-5]. Further, the considerable experiencc which has been frainea
with these early systems has been applied to the study of rnew con-
figurations such as that now proposed for an ARL hypersonic wind
tunnel. Before discussing this proposed third generation magnetic -
suspension and balance system a number of the baslic 1cdcas involved
willl be presented to put the design in its proper perspective.

FUNDAMENTAL MAGNETIC FORCE AND MOMENT RELATIONS

The torque acting on a volume V of magnetized material
immersed in a magnetic fleld of strength B is

T = fy(dM X B) (1)

The magnetic force acting on the same volume (l.c., tending
to translate the body) is

F = fy(dil o 0)B (2)

To design a six-degree-of-freedom system, it 1s nccessary
to develop the necessary uniform mapnetic flelds with respect to
the three coordinate axes as well as the regquired field gradients.
A difficulty arises immediately due to undesired coupling between
the components. For example, consider the equations:

Roll Torque = [y(B;dM,-BydM,) (3)
Pitch Torque = [fy(BydM,-B,dM,) (&)
Yaw Torque = fy(BydMy-BydM;) (%)

In looking at the above torque equations, two thouprhts
become clear. First, a cross-coupling appears Letween tlic
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componcnts anc, second, commor: terms appear. TFor example, the
loni-itudinal component of mapnetization My appears in both the
nitch-torcue and yaw-tcraque equations. lowever, 1if My is made
very larpge compared with iy anc [z, then the pitch-torque is
essentially determined by iix and bz and the yaw-torque is essenti-
ally determined by iy and By. Thus, the coupline between these
two torqucs may be rreatly reduced. Dy adopting the point of view
that lix will be the dominant mapnetization, it follows that if My
werce constant, tne problem becomes simplified. Thercfore, Park-
er's ldea (C] of usinr a separatc set of coilc to apply a mocdel
rarnetizinge fiele appecars particularly attractive. ('This idea
permits the use of a sirmpler nower supply for mapgnetization and it
is cconomically attractive as well.) A further conseqgnence of
keeplne oy and Iz small is that the roll-toraue that can Le devel-

Y
oped tecomes very srall. An zlternate arnproach has L.een used.

Cf the various nossible approaches for generating roll-
torque [73], the most promising appears to be that which in princi-
plce operates as does an induction motor. For example, consider
the two pairs of opnosecd colls shown in Figure 1. A closed loop
ol wire 15 susncended hetween the colls and can rotate around its
lons axis as shown. ‘wo-rhase a.c. clectrical power 15 used with
one phase goiny to ecach set of coils. 'lThe cyclie current, which
lars the voltarce by 96° in each pailr of coils, is also shown as a
function of time. £As the current rises and falls 1n each set of
colls, a marnetic field bullds up and then collapses at the same
freagueney ns the a.c. The chanping mapnetic flux lines associated
with this alternatlng marnetle field lnduces a current flow in the
closed wire loop with the direction of flow depending on the
dircction of the mapnctic field. The dircction of the magnetic
ficld, a{ each GU® of one clecctrical cycle, is shown in Part B of
the figure and 1t is seen that for this case the mapnetic field
rotates at a stcady rate. "he closed loop 15 carryire a current
and, being located in a marnetic fleld, has a foree acting on it
which will causc the loop to rotate at Lhe same rate as the
applied fleld. 'that is, the planc of the loon will try to remain
alipned with the resultant mapnetic ficid. 7The roll position con-

: trol system rnust account for the slip whlch will oceur by varying

the power applicd to the colls.

In the marnetic model zuspension system, the model will have
a closed loop of wire vuill into the model and the colls used to
nroducc two magnetic fields liy and H,, for controlling yaw and
niteh respectively, will Le used for reneratine roll-torque. 'Mhe
pitehr and yvaw system will employ direct current while an alternat-
ing current of about 400 H, will be uscd for roll control purnoses.
WVith this aprroach it 1s possible to obtain hipgh model spin rates,
un to 400 rps. Also, the rmapnetice torgue produced Ly this effect
may be calculated using the following expression:

‘ 1z . kv (wL/i)?
o= - — nin 2 — —
A p el [ Do :' [H(wL/R)’} (©)
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where
De= c~axls demagneticing factor

w = excitation freqguency

Ly
n

inductance of loor In body

resistance of loop in vouy

=
]

v = volune

he nign frcauency of the a.c. nroduces a neglipitle ripple
on the d.c. "nls equation innlles that a toraque exists whenever
tniecre is an angle 6 tetween the fleld and the nlane of tihc coil.
In this case there 1s a restoring rolling roment whicii 1s a func-
tion of the roll angle measurcd from the cquilibrium position.
ilence, through the use of position scnsing and a control system
the marnetic filela lines can bLe made to produce a roll-torque
that Just baliances the applied toraue, therecby nolding the model
fixed “r. the roll directicn, when so desircd.

WhL DERAGHELTIATLICH PACYCH

when a ferromagnetic (or parararnetic) bLeay is immersca in a
uniform marnetic fleld, a marnetic fleld 1o induced in the interl-
or of the vody. “hls internal field¢, or magnetlzation, acls to
oppose the applicd ficld so that the actual rmarnctic fleld induced
in the body 15 lJess than expecled frorm the sinple product of Lhe
permeability v anu the field streneth H.  llnce the internal fleld
is proportional to the marnetization, tne sinplest formula for the
ragnctlzation is

= uh - D'L (7)

where D' represents a tendency of the induced field to counterbal-
ance the effects of the applica flela H. Since ftor y = 1, M = H
and it is then Letter to write tie (7) as follows:

I = pli - {u-1)DM (8)

D 1s called the demarnctlzation factor. In rencral, D depends on
thie shape of the volume to be rapnctlized and the permeabllity .
If the model i of arbitrary shavc, then D 1s dlfferent in diffoer-
ent directions. 'fo avoid the problem of cross-courling it is best
to use an ellirsold of rcvolution as a marnetiuzed core for tihe Lod
In this case D is independent of p. She wvalues of D in the direc-
tion of the major axis are denoted by Dy ard the trancsversoe con-
vonents bty Dy and Dg, vhiceh arce ecual. I7 orne component iz Inown,
the other mar be comruted, since

Dy + D;,' + Dg =1 (9)
K=6
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The fact that ellipsolds are mapnetized uniformiy and D 1s ince-
pendent of u results in further sinpliflication;

re
i)

l + TU‘ljbx (10)

and, when u>>1, then
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(12)

[

by
hernce the rapnetization is essentlally independent of u to a
first order and is consequently essentlally independent of tem-
reraturc as longe as l E_Z_Ei is neglipivly small.  In practice,

1 .::‘x
E? if’measurcd vy mountin~ the body in a fleld and measuring
" x B through the angular mction of tne vody. liot only are there
advantares in using an cllipsolidal core due to control of the
demapnetization factor, Lut also it 1s ecasier to use a mininum
volume of marnetic material, thercbLy maning the ccll currents to
Le measured as larre as nossilble, thus enhanclng the aceuracy of
the foree neasuring systerm (8], Also, the rapnetization level
in the interlor will bLe known guite accurately; recalling that u
must be larpe and that p becomes increasingly smaller as the
naterial approaches saturation, it Lecomes clcar that from the
standpolnt of rodel core denirn it is desiratle to xnow the val-
u: ¢cf the interior field auitc accurately. “he demagnetization
effeet for a simple body shape 1s i1llustrated in Flpure 2. ‘The
desirn of marnetic wing tunnel medels 1s discussed in Feference 8.

wide BODREL PCSINICH SELCOP AL SYSTRIT . GWROL

“he final detalled matter to bte dlscussed is that of mocel
position sensing and system stabilization. Criginally, the model
posltion was deterrmincd optically and this technigue has been made
to operate satisfactorily. Indeed, during routine operation, the
rodel position is known to within, at the most, + 0.001) inches.
“he primary problem assoclatecd with the optlcal sensing systen is
its strong dependence unon reometric detall. Thus, a better sys-
ter. was souphkt. Subsequently, Stephens of :IT applied the princi-
ple of the differential transformer to tnis problem. Lis solution

was quitec successful and nas Leen adopted bty otner study groups in
q £ D

the U&A and other countries. Basically, the model 1s magnetized
51liphtly by a 20 kilo ifz uniform field generated by a iielmholtz
pair. (/ lelrmhboltz palr consists of two coils of the sarme diame-
ter which are separatcd Ly a distance eoual to a coll radius.)
“he Lipgh. frequency alternating marsnctic f'leld of the marnetized
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model 1s sensed by a set of 12 colls 3o arranged that the outnuts
from these colls may be appronrlately added or subtracted to pro-
vide translation position indication in the x, y, z dircctions,
pitech angle o and vaw angle %. It 1s noted that GiikEA (France)
has also been successful in detccting roll ansle of models without
axial symmetry, using this approach.

The signals from the clectromagnetic rosition sensor are fed
to an automatic contrcl or compensation system. “This system is
needed to provide systen stability and to control the current in
the suspension and valance coils. In addition to the usual conm-
ponernts of the output signal due Lo positlon error ratc, rate of
position error, and nirher derivatives of position error, a sirnal
is also penerated wnich is prenmortional to the interral of the
nosition error. One conseguence of the use of the interral of
position crror sifnal is thot the model may be held in a desired
position for any arprlied load. Thus, th: current in the coll 1s
proportional to tne applied force (i.c., in ¢ffect the interral of
position error pives infinite stiffness); hence, it is possible to
determine thie appliecd forces and moments conveniently. Further,
the use of this type of compensation system simplifies the intre-
duction of input control sirnal Lo rive a desired model motion far
dynamic stability testinr. Introduction of a blas or forecing sic-
nal at the input to the interrator acts like a false error sirnal.
The compensation systen obtediently calls for additional current in
the force and moment coils, thereby inducing the desired motion in
the model. Arbitrary model metlions can be renerated un to limits
set by the power supply.

he results to date determined by usc of the elcctrorarnetic

position scnsor and the associated control system show it to be
very sensitive (# 0.0002 inches and # C.0%°). In routinc opcra-
tion the position crror of the installed system 1t + 0.0C0E inches
in translation and + 0.1° in anrle. In addition to 1ts lack of
derendence on model reometry, the sensing coll assembly 1s cxceed-
inrly compact and does not close off all optlcal patns desirabvle
for Schllieren photography.

THE THIBD GELLLRATICH FIT/ARL
MAGHETIC SUSPENSIOH ALD LALALCE SYOLTLN

It 15 instructive toc explain the evolution of the newest
magnetic suspension and balance systems by consildering morce ele-
mentary systens first. (A pood review of the total cffort under-
vay in this study arca may be found in Reference ?2.) In its sim-
plest form, consider the marnetic suspension system for a vertical
tunnel, with the wind tlowlng downward In the gravity dircction.
This systemn consists c¢f 2 sinpgle coil located above tiie test sce-
tion, as shown 1n Flpure 3. This coll produces a diverrine fleld
and so will attract the model toward itself. A5 an instrument,

K-8
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this system will have a quadravlic callbration since the mocel map-
netization and the drag gradicnt ficld are eacn proportional to
the coll current. This calibration can be linecarized by use of
separate magnetizing and pradlent coils. Ttowever, this systenm is
not practicable because 1t lacks lateral control and no controlled
woments can be applicd to the rmodel. -

"he first suceessful system, that at OLELRA, (and the initial
Ml system) consisted of the use of five coils, five optical posi-
tion sensors, anc five control systems and power supplies, one each
for dras;, forward niten, forward yvaw, aft pitcl, and aft yaw (FPig-
ure Ut). he stavtility and flexibility of Lnis system can be
improvec by a simple change in loric. PRather than dealine with
position sipnals frorm forward 1lift and aft 1ift, for example, the
two position sipnals may ve in the following way:

1if¢, or nplunge

forward 1ift + aft 1lift

forvard 1ift - af't lift.

moment, or pltceh

'his step provices rclatively simple adjustment ol tne control
loop for tihe range of slender nodels (marnetically stiff in piten
and magnctically soft in plunge) to quasi-spnerical models (mar-
netically soft in pitcih and magnetically ostiff in plunge). This
step 1s also applicd to yaw and side slin. Two important consc-
quences follow. IFirst, there 1s the natural flexibility in
adjusting the contrel system for a varlety of shapes. Second, and
perpaps most inportant, it leads naturally to the orthegonal
arproach [L] to magnetic ficld synthesis. From the test section
out, an ortnogonal system consists of (lihe layers of an onion);

a. West sccetion wall.
t. slectromapnctic position sensing ctructure,

¢. ionrent colls (calleu saddle colls vecause of their shape)
(sec Firurce 5).

AL Ccacll ena of this asscnbly are localced
a. dagnetizinge andg drap rpradicnt coils,
b. LiIft and side force coile.,

he nevi complex marnet system 15 best illustratcee vy the
exploded view shown in Figjurc ¢. Only cnc-half of the system leg
shown since Lie othier half is identical., wWitain thne leinmnolte
coil assenuly snown, whicn 1s onc-half of a ivimholtz palr, arc
two sets of colls; one provides the maln flclo Hy for magnetizing
the rodel and the olher nrovides tne pradient ficid dlyg/9x for
balarncing tuce drag force. owoth magnetizing colls are oxcited Ly a
sleady currcnt 1In the same sensce, or direction, in each coll. UYhe
{wo drasg colls arc excited in opposite directions and nroduce a
pure fleld gracicent avout the center of syrmmetry which makes neo
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contrivution to the marnetizine field. The 11ift and:side force

coll assemblies are iron-cored magnets located at botlh enas of tihe
system and these form gquadrapoic arrangerents to furnish the
required 98lix/dy and 2lix/9z gradient fivlds whieh do not intlucncc

the mapgnetlizing field. The lnner and outer saddlc coils are
located inside of the main lLelmholtz co’l asserbly and generate

the fields lly and Lz necded for controliing ihe pltching and yaw-
ing moments. These same saddle coils arc also used for control-
ling the rolling moment as described earlier, ‘The saddle colls
are at 45° angles in order to allow a clear horizontal space

» through the magnet system for viewing with a Selilieren optical
- system. A sketceh in Figure 7 shows this €-component system in a

simplificd form as it would appear When adapted to a hypersonic
:ipd tunnel.

A/ function vlock diagram for this third generation valance  «

‘1s shown in Figure ¢ to indicate the various desipgn items which

must be taken into account. ‘'he compensator system shown gives

the systenm the desirec stability and frequency response. The tem-
perature anc pressure scanning devices and indicators are part of

a coil-system protection arranrement. ‘e model driver computer )
is the device whieh generates sirnals to te fed into the model
control unit when it 1s reguirgd to magnetically forece the nodel
througn various modes of oscillatory motions. The model injector
will mechanically insert the rodel into the flow after the tunnel

is started and will rcmove the model after tine test run is com-
pleted. There are three possible rcasons for using this device.

They are:

a. Avoid model distortions due to relatively long runs 1ln a
licated test medium,

b. Avold model) loss if the suspension system cannot accomo-
date the ctarting and stoppings loads.

¢. 1he tunncl may not start with tie rodel in place.

‘“he first reason, hopefully, will Lc the most common necd for the
model injector,

COLYRGL OF THIFD GELLRATVICN SYOULE

“he sipnals derdived fron the position sensing systow must Le
rmodificd by reans of a linecar dynuamic compensatine network. ''he
compensation networik parameters arc adjustavle to provide stable
closed loor performance, with zcero cteady-svate position eiror of
the suspehued nodel, anu a well-dampud, rapld transient responsce.
“he compcnsation networhn output sirnals control tue railn pewer
amplificrs, whicen In turn control tue marnet coll currents.

For the translational corvoncnis, urar, 1ift, and slde forec,
X-10
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a separate magnet systenm controls each component, ,Coﬁéeﬂuemﬁfy;"~{$
thie axial position signal controls~the»magnet1¢;drgg~rppge;btheg~“
lateral position sifnal controls the ragnetic side force, and the

A
S

vertical vosition sipnal controls the magnetie 11ft forcc.

For the control of piteis and yaw components, two pairs of
nagnet coils are used. fdgeh pair-contrivutes to the control of
pltebin;- morent. ‘Thus, the sirnal controlling pitehing moment
will be used to control two power amplifiers and sirmilarly the
sirnal controlling yawing moment will be used-te control the same
tvo power amplifiers. £ "eross-over" nctwork is needed, there-
fore, to perform tils control-snaring funetion. *

COOLING SYSULK RLQUIRENMLIMTS

iie ragnet coilc, and the conductors which form the inter-
connections uvetween colls, must bLe provided with a means of remov-.
Ing tie heat whienh is dissipatea in them due to ohmic losses. 'The : b
cooling system must be reliavle and of moderately hLirh powepr-den- e
ity capabllity. “The most sultable choice of cooling mediums 3
appears Lo te water and, in order to rmalntaln ortimum heat trans-
fer ciaracteristics, the coollns water siould be demineralized,
delonized, and deaerated. “he cooling water actually eirculated
through the mapnet coils is contained in a closed loop and heat is
reroved from tiils water with a neat cxchanger. The neat is remov-
€U from the lcat exchanger Ly unpurlficd water, whlch is eireule-
ted throust a cooling tower. )

“he lnner "coollns loop" (pur'filec water loop) 1is rrovided
withh & bigh-pressurc clrculating purp to force the puriflec water
throush the rasnet coils. 4 reservolir is used to accommodate
cnanfes in volume of the ecoolant due to expransion, and a portion
of the ecoollng fluid flow is circulated throurh a small demincra- 4
llzer and deacrator to mailntain- tic required purity. Pressure, SR
terrerature, and flow indleators are provlded in order to protect R
thie marnet systen from over-neating, should the cooline systen
fail. ‘

VL POWLE SUPPLY

Yne power suppiles necded fopr drivine the electromapncts
neca sreclal attentlion.  Yor the winc tutnel applicntion betlngy
conslaurva Ly »bi, Liw pover reguirenerntls are comparaltile to tle .
wind tunnel rower reculrercnts.  Jorc carv rust (e tallen to ensure
that thce peolarity, in 2 u.e. elreult carryin-~ hundreds of amp.cres,
can te reverscu safely at freaucheles of Several hundrec Hg. “he
total cstirateu jower for o marnctle susrension gyster il o would -,
aceonrodatle a le=Inen nyrerzon'e neosle oreratinge at iaen lu witn
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a dynamlic pressure of # psi is about 3.6 regpavatts. 1t is the
unstecady performance requirements, however, which push the power
requirement to the high level. Tor example, the pover requirec
varies as the squarc of the amplitude of tihec motion and as Lhe
fifth power of the frequency. 'thus, in order to attain desiruble
reduced frequencies of about 150 Hz, the amplitude must bLe linit-
ed to 0.1 inch becausc of the severe power requirements.

The control magnet colls are energized by five larpe d.c.
power amplifiers which control drag, 1lift, siac forece, pitci,, anc
yaw. In addition, two a.c. power amplificrs are used Lo control
rolling moments. “he d.e. amplifiers are required to operatc in
all four gquadrants of voltagce and current. 7hus, pipolar volt-
ages and.currents arc avallavle and power may be appliced to tie
magnet load or wlthdrawn in the form of reactive power. The two
a.c. pover amplifiers are conneccted to Lie saddle coll palrs
through coupling networks which scrve to mateh the impedance of
the amplifiers to the coil load, and also isolate tiie a.c. from
the two d.c.-power supplies which arc also connectcd to ttiec cad-
dle colls. The magnetizins blas windings of the llclmholty coils
are cncerglzed by a repulated d.c. power sunply. ‘i'he current lev-
el can pe controlled over a wide rangye, but remain stecady <uring

a test. Currcnt ripple 1is maintainecd at a low level vy the use of-

riultiple-phase a.c. rectiflcation, and due to the incuctive nature
of tnhe load.

The d.c. powver amplifiers must have a continuously variable
voltage and current output whnerce the output current is lincarly
proportional to an input voltage contrcl signal. Fach of thie
amplifiers must be capable of revercing output voltare ané current
when the control sipnal polarity reverses. A fast response vhen
operating into an inductive-resistive load 1s reguired. ‘o nreet
the responsce requirements, these unlta must e avlec Lc absori
reflected enercy by inverter action from the load durin; chances
in output level.

o meet the requircments of tie systerm, tiese amnlificrs
must have a srmall sifnal response of output voltare versus input
signal, flat to within three ¢éuv from d.c. to 200 Lz, with C ¢uL per
decade attenuaticn above 200 iz, The voltare rise tlme from 0 to
full output should be of the order of 5-10 milliscconds.

A smooth transition tihrough zere current and voltuage is
éesirable, as some of the ampliflers will operalc ncar zcro at
times. A low level circulating current from the forward reetifl-
ers to the reverse rectificrs ray te used to obtalin a suooth,
reversal of povier. Chokes In series with euch tridre may provide
an impedance for contirol of the circulating currents.

CALIBRATION

At the present time Lwo alternate nrocecdures arce availatcle
K-12
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for calivrzting the magnetic suspension and balance system. ‘'the
first procedurce is essentlially an adaptlion of the standard wing
tunnel calibration technigues. In the classical wind tunnel cali-
Lration case, threc forces and three torques are applicd at the
resolving center of the balance. 'The resolvinpg center 1s a fixed
point, determined by the balance geometry. For calibrating a mag-
netic suspenslion and balance system the modcl 15 suspended magnet-
ically anc¢ a varlety of forccs and torques are applied mechanical-
1y to tne model {4]. 'he currento reauired to resist the applied
loads are recorded and measurcd. ‘The interactions are determined,
in effecct, Ly recallovbrating each component with varying levels of
force and torque on the remalning components. Frequently the
¢etermination of the interactions is inconplete because of the
larre nurber of possible conditions. ''he magnetic suspension and
tralance system possesses an additional depree of freedom which
compilceates calibration. Whis depree of freedom comes about
tbccause thls system has a resolving volume rather than just a
resolving point. VWhile this affords considcerable increase in the
xlexibility of the system and type of testing possible, 1t sup-
rests that new approaches to the calibration procedure are needed.
ls a first step in this direction, a small G-component air-bearing
talance has been constructed. After the wind tunnel tests are
complete, tue model is - located in the same position it occupied
during the tests, the same clectrical currents are applied, and
thie forces acting on the model arc thien measured by the air-bear-
ing balance. 'This simplifies the peneral calibration procedure
and affords excellent accuracy. (At MIT, experience with this
particular valance calivration system hao indicated that an accu-
racy of 0.27 can bte achieved without difficulty.) Ultimately it
is hoped to further simplify the calivration procedure by using
necasured fields and fileld gradients together with experimentally
determined uvemapnetization factors and then compute the forces and
torgues witi.out further callbration. Tiie developrient of tnis sine-
plified procecure will follow once experience 1s gained witn the
new air-bvearing force and moment neasuring balance.

In cithier case, the cdata handling for the magnetic suspen-
sion and valance systcm 18 no more complicated than any existing
vind tunnel balance system whose output 1s in the form of an elec-
trical signal. "he data handling system must record currcnt level
from the force-torque ccils and the voltage -level from the clec-
tromarnetic position sensor and the transducers inutalled in the
air-bearing calibration equipment.

A TYPICAL MAGHRTIC oSATANCE DESIGH

I, order to acquire a feel for the '"numbers” related to a
typical third generation magnetic suspenslon and talance systen, a
design preparcd for ARL by #I'' will be briefly discussed. 'The
desipn was aimed at satisfyinpg the following conditions:

0%
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Test segtion diémetcr 15=inch §
 Operating lach numter 10 é
Operating stream dynamic pressure ﬂ psi é
Finimum test nodecl size ~ 1einch spherc ’3
Mazimum pltching frequency 150 1Lz %E
Haximum plunging frequency 150 liz '5
Humbér of degrees of frcedom - 6 |

ine nmagnet system for this balance 1s sirilar to that shown

in Fipure 6. The limiting magrnetic fields and gradients are pre- o
sented in Table I.  kheferring to this table, it 1s noted that the
roll control power winich would bLe applied to the saddle coll is

not shown; however, both the inner and outer saddle coils would
require about Hu x'lowatts of a.c. power. Tihis would btring the
total maximum power requi-ement for the balance to 4.84 megawatts. -

The balance would require approximately 13 tons of hollow
copper conductor for the coils and about 5 tons of iron would ve
used for the magnet cores. 'The over-all dimension of tie magnet
coll systern would be anproxirately 7x7x7 feet. Cooling water
would oe required at the rate of 400 ral/min at 500 psis pressure.
About 50 of the total cost of tine suspension systen wavld Le
needed for the power supply systerm with tihe rmagnet coll crstem
representing avout 307 of the total cost. 0 serious studies have
veen made of the size limitation for such magnetlce susrension and
balance systerms. Freliminary design studles .ave sugrested that
such a systen feasibly can be bullt for a 30-inch wind tunnel.
dinece the power requlred increcases at least lincarly witn size,
econoric considerations suprest that an upper size limit cxists.
“here is also an upper 1limlt on thie dynamie pressure for which the
nagnetic balance systems can ve uscd. UYinls dynamic pressure level
i3 reached vhen tuc sur of the flelds acting in the nodel cause
the rodel to Le saturated. lio case nas teen found to date for
whieh this limlt 15 recachec. .liowever, it would Lecomc important
for large systerms opcrating at lach number near unity. .

APPLICATIONL

A Lecause the ragnetic susnension anu Lalance systerm ray Le >
appliea over a test volume, it I3 idcally sulted for determination.
of dynamic astatility parancters, in addition to mecosurement of
atatic aerodynamic parameters and yrorertics of waked ueilnu the
todies of arbltrary shanc. “he nmotion of th.e model can be con-
trolled in 8ix desreuvs of frecdom. “hls allows several aynamie
stalliity raramcters to Le separatued, wialch nave previously had to
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te treated as a lunped constant. Turther, the acility to con*rol
the rotlon affords a unique opportunity to" rceproduce transvers

and rotational flipht motions for the study of roll "lock-in" and
for investigating previously unsuspected aerodynamic cross-coup-
linrs.  Tnils may prove invaluable in studles of missile inter-
stage scparation and store scparation studies. Also, tnis may be
particularly useful for acrodynamic investigatlions of spin-stabi-
lized gystems and rescarch on magnus cffects. With its hipgh accu-
racy and sensitivity, the balance will be useful at low test-medi-
unt densities: it bhas alrcady produced useful drap data [9] in the-
airh Knudsen nunber regime (high altitude satellites). Through
Lelemetry s,,tcnv, which have been tried and proven in connection
witn opzrau-up in conjunction with a magnetic balance, body sur-
face pressure and teniperaturce measurements can be made. Through
tiic application of tele-control devices acrodynamic control sys- -

terms may be evaluated. Those study subjects where the presence of “
a support sting or strut crecates deleterious effects are of specl-.
al Interest. R v 4 - .

B

The wmagnetic suspension and talanec system 1s certainly not
expected Lo rcplace'thc conventional wind tunncl balances. ow-
ever, there ave particular study areas, as indicated above, for
wilen Lhe mapmetic system is ideally suited, and for some studies
triere sinply arce no other satisfactory test methods available.

-

Shown ir Firmure 4% 1s a test model wnich was used to obtaln
roll data with tase early MIT balance [10]; the roll-damping moment {
coefficlent data shown in Figure 10 is not only in excellent
arrcement with data obtalned previously by others,’but the over-
all scatter is considerably reduced. Il:xamples of 1lift, drag, and
nitching moments for this samc model are presented in Pigure 11°
and show a scatier of well under l%. Additional early test
results may bLe found in hkeference 1l.

i‘any of the promising features of Lhe magnetic suspension
and balance system have materialized as working experience with
tiie system has bteen gained. Clearly, this new and unique wind
tunncl acrodynamic testing tool, which is still very much in 1its
infancy, offers considerable” pronise in the futurec.
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FIGURE CAPWTONS

Illustration of Development of a Potating i‘agnetic Field
Using Two-Phase Induction ifotor Princirle.

Influence of Body Share on llarnetizing Force lequired to
Procuce a Given Induction Showins Demapnetization Effect.

Simnle Drage Dalance on a Vertical Wind Tunncl.

Initial ONERA !'agnetic Balance Cysten. i

Saddle Coils.

Fxploded View - Third Gencration Uix-Clormronent Syster.

Illustration of Zix-Component Ealance and Suspenslon Oysten

on a Wind 'unnel,

Function Dlock Niagram.

Basic Finner ‘‘cst ilodel.

Poll-Damping Morent Coefficient TLerivatives Obtained with

Early MIT lapnctic Palance.

Aerodynamic Data Obtalned with larly [LIT lMarnetlc bialance.

fa) Lift and idrag Data.

(b) Pitching i'oment lLata
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ABSTRACT

Electrofluid dynamic (EFD) power generation, wherein fluid dynamic
energy is directly converted into electrical energy, is being investigated
at the Aerospace Research Laboratories. The basic process consistc of
electric chargzes of one polarity being carried to a high potential by a
fiowing gas. Fundamental characteristics are moderate gas temperatures,
high gas densities, high electric potentials, and low electric current den-
sities, ARL research is directed toward a unique two loop, two fluid
generator cycle which promises attractive performance for space and

remote area applications. EFD generators will also be suited to & vari-
ety of specialized applications.




INTRODUCTION

The Aerospace Research Laboratories' initial interest in electro-
fluid dynainic (EFD) power generation processes began in the late 19508
in connection with electric propulsion concepts. At that time, increas-
ing awareness of the space frontier and the associated power system re-
quirements of high power-to-weight ratio, high reliability, and long life-
time had led to a great interest in diract energy conversion processes,
that is, those processes which generate electrical energy without the
necessity of moving mechanical components. Subsequently, large scale
research efforts were mounted worldwide into the areas of photovoltaic
thermoelectric, thermionic, and magnetofluid dynamic converters. The
earlier research results in electrofluid dynamic converters had proved
largely discouraging and these processes thus received only scant atten-
tion. Feasibility studies however, indicated that E¥D processes might
be an important coinplement to other direct energy conversion processes
pending the results of further research in several fundamental areas.
Moreover, these research topics were well-suited to exploration with
relatively modest facilities. As a result, an EFD research program was
initiated about 1961-1962.

In the following text, the major aspects of the ARL-EFD research
effort are given. Basic characteristicr «f EFD power generation pro-
cesses and the fundamental nature of a special two-loop cycle are re-
viewed. The major resultc of theoretical and experimental studies are
presented and pctential application areas are discussed briefly.

THE BASIC EFD GENERATOR PROCESS

In the basic EFD process, a flowing dielectric /electrically insulating)
fluid* transports slectrically charged particles of one polarity through
an electrostatic field. Figure 1 schematically illustrates the operation
of a one-stage EFD power generator, It consists of three basic sections:
charge production, energy conversion, and charge collection. Just up-
stream of the channel entrance electrode, electric charges of one sign
(positive or negative) are seeded into the gas stream, e.g., by a corona
discharge as shown. These charges are viscously coupled to the neutral
gas molecules (momentum and energy transfer through coilision) and are
therefore carried dowi.stream through the energy conversion section

* In principle, the fluid may be either a liquid or a gas. However, vrac-
tical considerations usually dictate the use of gaseous working media.
The process is thcrefore also commonly referred to as the electrogas
dynamic (EGD) process.

L-2




against the action of the electrostatic field due to the potential of the col-
lecior electrode. Downsiream, the charges are neutralized, jverhaps as
shown, when they migrate to a surrounding metal surface, Because of
the external load, charges accumulate on the collector until a steady
neutral’zing current is established through the load resistance.

The EFD gernerator then is simply a ''fluid dynamic Van de Graaff"
iz. that the flowing fluid performs the function of the mechanically-driven
e’t in a conventional Van de Graaff generator (indeed, Van de Graaff con-
sidered the possibility of fluid charge carriers in his patent [4]*. Es-
sential differences are that the coupling of the charges to the moving
eleme .at is viscous rather than rigid and that much higher electrostatic
field intensities are utilized, The basic electrical performance charac-
teristics are similar, specifically very high voltage, low current D, C,
power; however, the power densities of EFD generators can be far higher
than those of conventional Vin de Graaff generators.

A realistic physical model of the EFD process is sumple and straight-
forward because the working gas is at a relatively high density level and
can therefore be characterized by macroscopic parameters--temperature,
pressure, molecular weight, breakdown field intensity, and charge mo-
bility. Fundamental relationships between the major aerodynamic and
electrical parameters are illustrated in Figure 2 where, for definiteness,
a cylindrical conversion channel geometry is represented. Basic equa-
tions relating these purameters are listed in the lower part of the figure.
Also listed are the fundamental limiting conditions associated with elec-
trical breakdown, slip due to the non-rigid nature of the viscous coupling
interaction, and charge deposition on insulator channel walls,

From the basic equations and limiiing cunditions, the general require-
ments on gas properties and flow conaitions in the channel are as follows:
[6,9,11,14,18,19,21]

The breakdown field intensity (Eb) of the gas should be high. Typ-
ical values of E. at atmospheric density are listed in Table I for some
common gases. For many gases E_ is linearly proportional to the den-
sity level over a wide range above atmospheric density.

High gas densities are favorable over the range for which E_ is
proportional to the density. For otherwise constant conditions, the pow-

er output increases with the aquare of the pressure level,

The slip velocity of the charges relative to the gas flow should be

*The numbers in brackets refer to references in the Bibliography at the
end of this paper.
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small., This condition indicates a low charge mobility which normally

requires charged particles which are large compared to molecular ions
(see Figure 3)[12,23],

. The flow Mach number (M) in the channel should be low in order
to have a high ratio of electrical forces to friction forces and thus a high
stage efficiency. The choice of Mach numbers however, must reflect a
compromise between efficiency and power density since the maximum
power density (for a given stagnation pressure) is obtained at M=0.7[9].

. A low molecular weight gas is favorable since flow speeds are then
higher for the same Mach number.

The basic channel geometry is also a major performance determinant,
Three main classes of channel configurations are shown in Figure 4. The
relative performances among these channels varv with the charge genera-
tion capability, the electric field structure in the channel, and the neces-
sity to keep the charged particles from contacting the insulator walls of
the channel therebhy placing a limit on the length-to-hydraulic radius ratio
of the channel [8].

BASIC PERFORMANCE CHARACTERISTICS

Based upon the above considerations, the major performance char-

acteristics for EFD power generation processes are itemized in T . ble II
(10, 18,19,21, 22].

A high output voltage, on the order of 100,000 vclts and higher, is
perhars the most notable characteristic of this energy ~onversion pro-
cess. Highest power (ensities are achieved with field intensities in the
conversion section approaching the dielectric strength of the gas. At
high gas densities, the potential gradients are typically about 100, 000
volts per centimeter,

The characteristic of low electric current density results from rela-
tively low transport speeds of the charges vhich correspond approximately
to the gas velocities (in comparison to electron speeds in vacuum), as
well as to space charge effects, The sclf-generated field of the charge
is limited in principle to the dielectric s'rength of the gas, and further,
may be more strongly limited by the current preduction means itself,

The very high numé;er of neutral molecules per elementary charge,
order of magnitude 107, is primarily an effect of space charge. More-
over, if the available energy per ne tral molecule is approximately 1/100
of an e¢lectron volt, then to transpor: one elementary electric charge a-

gainst a potential ot, e, g, 107volts, the combined fluid dynamic cnergy
L-4




of a great number of neutral molecules of the working gas is required,
on the order of 107,

The characteristic value of power density is on the order of one kilo-
watt per square centimeter--the value depending principally on the de-
sired efficiency, the gas or working medium properties, and the gecr.-
etry of the channel,

A favorable power-to-weight ratio of the process is indicated because
of .l1e extremely high power output per unit volume of the conversion sec-
tion. This high power per unit volume of the conversion section comes
about because of the relatively short conversion section lengths (order of
10 centimeters) and the power density of 1 kilowatt per cm®, In addition,
no heavy magnetic or cryogenic equipment is required.

The EFD process is primarily suited for relatively low values of pow-
er levels. Typically, the power output can be increased by making the
channel larger [19]. Unfortunately, this is also accompanied by an in-
crease in the output potential, In most cases, a practical upper limit on
output potential dictates individual channel sizes corresponding to power
outputs in the kilowatt class. By paralleling channels however, a wide
range of power can be covered--from kilowatts to megawatts.

Temperature levels are relatively moderate since the gas tempera-
tures in the conversion duct must be below thermal instability values so
that the gas is a good e¢lectrical insulator., Thus, clesed cycle applica-
tions are feasible including the application of nuclear or isotope heat
sources,

The basic EFD process is an inherently weak conversion process (a
low total pressure ratio capabiiity) which transforms only a small por-
tion of the tota) thermal energy (enthalpy) of the gas {8,18,21]. Incor-
peration of an EFD generator into an overall energy conversion cycle
from heat into electricity then, represents a major problem, since there
is a leweyw limit on the thermal efficiency required for cach application.

THERMODYNAMIC CONSIDERATIONS

The overall energy conversion cycle trom heat into electrical power
can be regarded as a two-step processt (1) heat s transtormed into fluid
dynamic cnergy and (2) tluid dynamic energy ts transtormed into elec-
trical energy by the FI'D process.  tihwcient energy transtormation in
the first step requires a high expansion pressure ratio process (e, g., a

high Mach nutiber expapsien) which, as mentioned above, 14 incompati-
ble with the Jow pressure ratio ot an EFID coaversion channel,
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One possible approach to resolve this fundamental incompatibility is
a multi-stage EFD generator, wherein individual EFD channels are
placed in series in ovder to accomplish an overall high pressure ratio
[18,13]. However, in view of the extremely small pressure ratio ger
stage, a very large number (hundreds) of stages are required to achkizve
an attractive thermal efficiency. This is a major objection for space
and remote ar:a application where simplicity and compactness are high-
ly derirable features, Moreover, multi-staging in series will be difficult
to accomplish with working gases containing charged particles. Key
problem areas are the production of the proper charge-to-size ratio par-
ticles in sufficient number densities at low subsonic speeds and the col-
lection and neutralization of these particles, These processes must be
highly efficient electrically as well as being accomplished with electrode
and ducting configurations corresponding to extremely low aerodynamic
drag losses. Other problem areas are the control of surface currents
and breakdown in the initial stages where the gas is at its highest tem-
peratures, the scheduling of the stage size to account for the change in
flow properties through the generator, and the operational stability of
very large numbers of interdependent channe!s.

In view of the above considerations, the EFD research at the Aero-
space Research Laboratories is concentrated on a special power genera-
tion cycle which employs two flow loops with two working media, one for
the thermodynamic process to transforin heat into fluid dynamic energy,
the other for the EFD process to transform fluid dynamic energy into
electrical energy [18]. In such a special cycle the conflicting require-
ments cf the thermodynamic and EFD processes are essentially uncou-
pled and favorable conditions can be provided for each individual process,
The net result is that an attractive thermal efficiency can be achieved
in a single stage EFD generator. Figure 5 shows a possible schematic
of this two-loop power generation cycle. The primary flow loop ior the
thermodynamic process uses a steam (e.g., a metal vapor) of high mo-
lecular weight which is expanded to a high Mach number in the ejectcr
nozzle. The high speed flow discharging from the nozzle induces a re-
circulating subsonic flow in the secondary loop which is filled with a low
molecular weight gas of high dielectric strength {(e. g., hydrugen) at a
suitable temperature and pressure level. The temperature level of the
recirculating EFD gas is kept sufficiently low to effect condensation of
the thermodynamic gteam. To complete the thermodynamic loop, the
condensed steam is separated from the EFD medium and returned to the
boiler (e. g., by a jet jump). The heat excharger brings the EFD gas
back to the anpropriate temperature level while the waste heat is rejected,

In this two-loop cycle, the recirculating EFD gas has no available
entnalpy of its own Lo be converted into electrical energy but rather acts
only as an encrgy storage device (a gas flywheel), the kinetic energy of
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which is sustained by the continuous driviag action of the thermodynamic
steam from the ejector nozzle. This primary flow must supply just e-
nough energy to make up for the kinetic energy removed by the EFD pro-
cess and fluid dynamic losses in the channel (including electrodes}, dif-
fusor, and recirculating duct. The energy transfer by the flow mixing
process can be accomplished efficiently because thc speed difference be-
tween the working media can be kept reasonably small. For example, the
speed of the thermodynamic steam should be less than tw.ce the speed of
the EFD gas [18]. This requirement does not conflict with the require-
ment of a high expansion pressure ratio for the thermodynamic medium,
provided its molecular weight is sufficiently high i comparison to that of
the EFD working gas. Preferably as shown in Figure 5, the thermodynam-
ic steam may not only be used for energization cf the EFD gas but also for
forming low mobility charged droplets by condensation around ions.

The design of ARL's experimental test generators has been based upon
simulation of the closed cycle, two-loop system by using only one working
fluid as shown schematically in Figure 6 [20]. A high pressure gas is ex-
panded supersonically through the ejector nozzle and sets up a recirculat-
ing flow in a closed duct system. A mass flow rate equal to the inlet
mass flow is bled out of the system to maintain steady flow conditions.
The relative pressure levels between the inlet primary flow and the re-
circulating or secondary flow is controlled by means of an adjustable
throttling valve located in the bleed line. To date, the experimental tests
have used air as the working medium since it is routinely available at
high pressures (<200 atmospheres) from the ARL bottle farm. Fortu-
nately, ai: has a rather high value of breakdown field intensity which
moreover is typically closely proportional to the density level over a wide
range (p/pnz 20), Thus, although a major decrease in performance is in-
curred as compared tc the use of two fluids, the air-air simulation serves
satisfactorily to verify the major performance trends for the EFD process.
In addition to low drag loss geometries, primary experimental emphasis
has been given to the electrical aspects of the generator; that is, unipolar
charge genecration and electric field structures since these are fundamen-
tal considerations which are in essence, the foundation upon which the suc-
cess of EFD power generation rests.

ELECTRIC FIELD STRUCTURES

Basically, attraciive performance is indicated for the two-loop recir-
culating ELFD generator if sufficiently large number densities of low mo-
bility charyed particles are produced (the transverse Coulomb* field as-
scciated with the particles should approach the dielectric strength of the

TM’spplymg the principle of superposition, the electric field in the EFD con-
version section is composed of two components; (1) the Couiomb field
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gas), if the average axial electric field intensity (upplied field™) is made

to approach the gas dielectric strength, and if the charged particle cloud
{not channel) of a large !length-to-hydraulic radius rat:o {the initial hydrau-
lic radius should be small to keep the length small and thus the output
voltage from becoming prohibitively high).

Typically, however, the axial electric field associated witit 2 uniform
unipolar charge distribution of large length-to-hydraulic radius ratio is
greatly intensified in the end regions of the charge cloud with only mild
field strengths over the major portion of the length [4,16]. In the EFD
channel, these over field strengths are particularly strong near the en-
trance where the charge density is typically highest., Moreover. the
Coulomb and LaPlzce {ields are additive*., Breakdown {ield intensities

~may be approached with relatively low values of charge density and aver-

age axial field intensity, corresponding then to a severe degradztion of
the generator performance.

The situation can be greatly improved however, by providing electrode
shielding surfaces which effectively smooth out the potential gradient along
the channel length. One possibility is to use field grading electrodes sim-
ilar to those used in Van de Graaff generators, However, in EFD gener-
ators, the required potential distribution for the scheduling electrodes
will be difficult to maintain, A much simpler approach is to utilize a
single fixed-potential electrode surface which extends along the charge
cloud in the manner shown schematically in Figure 7. In the region of
charge production, the shielding electrode surface should be immediately
adjacent to the charges. The electrode surface should slope away from
the outer boundary of the charge cloud such that an increasing distance
occurs as the collector is approached. The lateral spacing along the con-
version section depends on the charge density, the LaPlace field, the de-
sired potentiznl gradient, and the basic channel geometry [2]. With this
electrode shaping, a relatively uniform potential gradient can be obtained
over the complete length of the channel.

The qualitative aspects of these electrode shielding requirements were
recognized early in ARL's research effort. An entrance shielding elec-
trode has always been incorporated in the design of experimental channels
(see Figure 8). Quantitative information however, has only recently been
determined. A notable contribution has been the development of a numer-
ical computer program to calculate the LaPlace and Coulomb fields due
to complex electrode shapes and charge distributions which have cylindri-
cal or two-dimensional symmetry [3]. This program is being used to

#(cont'd)which is due to the charged particles. This includes the effects
of induced ""image' charges on the electrodes. (2) the LaPlace field which
is due to potentials applied to the electrodes by external circuitry (loads,
power supplies, etc.)
: L-8
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determine the field strengths corresponding to electrode shapes in the ex-
perimental EFD generators.

UNIPOLAR CHARGE GENERATION

A major research objective has been to demonstrate the cagpability ‘o
generate sufficient numbers of unipolar charges in the dense, high speed
flows. Tha charging method most extensively studied is the corona dis-
charge process which was illustrated in Figure 1 (see also Figures 8 and
9). Although this process is extremely complex, the gross characteristics
can be understood as follows: a high potential apgplied to the attractor elec-
trode results in a very intense electric field in the immediate vicinity of
the sharp pointed tip of the grounded corona electrode. Ionization of the
gas occurs locally in this high field region with subsequent charge separa-
tion as the icns move toward the electrode of opposite polarity. The ions
moving toward the attractor electrode are swept downstream by the viscous
coupling interaction. Typically, the expansion nozzle for the primary flow
serves a dual purpose as the attractor electrode. Because of the super-
sonic expansion, the .ow rnobility charged particles (droplets) can then con-
veniently be pruduced by free condensation upon the ions of the corona pro-
cess [12]. A small mass fraction of a vapor (e.g., water, alcohol) added
to the primary air becomes highly supersaturated ia the Ligh Mach number
expansion. Preferably, the ions of the corona then act as condensation

nuclei for this vapor component, resulting in small, primarily singly-
charged droplets*.

Experimental testing has primarily been conducted on the cylindrical
charne]l EFD generator shown in Figure 8, A more detailed view of the
electrode and conversion saction assembly is shown in Figure 9. Primary
construction materials are stainless steel and a resin-impregnated fiber-
glass. This test generator is clearly designed as a basic research tool
rather than a generator with specified performance characteristics. All
major components of the conversion section are easily irterchangeable
over a wide varieiy of shapes and sizes. Typical sizes are a 1/4 inch di-
ameter nozzle designed for nominal Mach 2 operation, and a 1-1/4 inch
diaraeter conversion duct 1 inch long. For cunve::ience, long ducts are
used as a simple and inexnenaive outlet for the high voltage of the EFD
process and also tu provide a large charge collecting surface. The aiu-

minum shields pre vent corona losses from the sharp edges of bolts, langes,
etc.

#Homogeneous condensation (where the vapor provides its own condensa-
tion nuclei) may occur in which case the ions attach tc preformed droplets.
Higher mobility, multiply .charged droplets are ther srobable,

L-9
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The cororna current-attractor voltage characteristics have been inves-
tigated for both ions and charged droplets by the free condensation meth-
ods (using water vapor) over total pressures of the primary air up to 80
atmospheres [7,14]. Typical total temperatures have been relatively low
(0-150°F), limited primarily by the heat resistance of the solid insulator
materials, Figure 10 shcws representative test results as a function of
the total pressure level. For ions, the maximum current is linearly pro-
portional to the pressure as expected. Above 40 atmospheres however, a
special corona electrode geometry was rec *‘red. This tcok the form of a
sharp-edged disk rather than a singie sharp point. The expansion waves
produced by the air flow over the disk edge generates a favorable low den-
sity in the corona region. Even with the special electrode, the maximum
currents for the charged dioplet case deviate from the expected linear re-
lationship above about 40 atmospheres [17], This is due to the non-lin-
earity of the maximuin attractor voltage (sparkover voltage) for the corona
electrodes.

The effect of geometric scaling on the corona current production has
also been investigated. Generator configurations photograthically scaled
for inlet nozzle critical diameters of 1/8, 3/16, 1/4, and 5/16 inches were
tested. Figure 11 shows current and attractor voltages relative to the
largest configuration. As the solid curves show, the smaliler configura-
tions yield higher currents than would be predicted from a linear scaling
relationship [17]. These test results are thought to be largely due to an
experimental inability to scale the sharpness of the ccrona electrode and
to the well known increas= in gas dielectric strength with very small elec-
trode spacings. In any case, the previously indicated interest in small
flow geometries is strengthened.

Initial experimental tests have also been conducted with etectrohydro-
dynamic spraying as the charge generation process. The electrode ge-
ometry is essentially the same as that for the corona process, except that
the corona electrode is replaced by a capillary tube, As an electrically
conduc tive liquid is expelled through the tube in the presence of the high
electric field, the liquid is inductivaly charged and disintegrates into small
droplets in the dense flowing gas. Current levels obtained with this pro-
cess have been comparable, but somewhat less than the currents obtained
with the corona process. Unfortunately, the charged droplets apparently
bave a broad, highly non-uniform range of charge-to-mass ratios {5].

HIGH VOLTAGE CONSIDERATIONS

The output potential of the test generator si;own in Figure 8 is practi-
cally limiied to about 400,000 volts at which sparkovar occurs from the
large sphere along the externsl surfaces of the long ducts. Thus, with
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the current levels indicated above, the highest power levels attained with
this generator have been about 1/2 kilowatt. In order to be able to experi-
mentally work within a somewhat higher voitage limitation, an encapsulated
EFD test generator was designed and built. The overall construction of
this generator is shown in Figure 12. A grounded steel tank surrounds the
basic generator assembly which is supported by four iong (=2 feet) rylon
'"legs''. Within the voltage limitations of this support structure, the pri-
mary electrical insulation medium is now the secondary flow inside the
tank which typically is at 10 atmospheres pressure,

Initial ""'shakedown'' tests demonstrated a voltage capability of the col-
lector support structure in excess of one million volta, Initial experimen-
tal tests however, with conversion duct lengths up to 6 inches (otherwise
retaining *he same generator components as in the original generator)
yielded aa increase in voltage from slightly greater than 400,000 volts at
one inch, to only about 600,000 voits at 6 inches, The basic limit is spark-
over cn the insulator walls of the channel,

One hypothesis advanced for this low voltage performance was charve
deposition on the walls., The recircuiating air is extremely dry because
of the large increase i~ specific volume accompanying the expansion frorm
the primary to sec--u.. . r condition, Charged droplets which diffuse into
the secondary ‘isw tend tc evaporate and travel rapidly to the channel walls.
Even a very small current uie~position will lead to very iarge wall charge
accuriulations 3ince the reverse drift velocity of the charge on the wall is
very srall compared to tae main flow velocity. The test generator was
mocified to aliow control of the humidity of the secondary air. Introduc-
tnry tests with special conversion ducts have shown that there was indeed
a substantial current to the duct walls and that it is significantly reduced
by increasing the moisture content of the secondary flow. High voltage
tects are presently continuing with secondary air humidification.

NORKING MEDIA

In addition to the research outlined and already mentioned atove, ARL
has cenducted static high pressure investigations intv the breakdown velt-
age characteristics cf th2 low molecular weight gases, hydrogen and heli-
um, and of mixtures of these gases with trace amount of highly electre-
x{megative {breakdown inhibiting) gases (sulfur hexafluoride and freon 12)

14,15] .

TWO-DIMENSIONAL CHANNELS

With the improved understanding of the fundamental requirements of
EFD processes developed from the theoreticel and experimental redearch,
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the past year has seen a shift in emphasis to two-dimensional channels in
the special form of a radial outflow gzometry [!]. The configuration of

the test generator is schematically shown in Figure 13. The principle of
encapsulation has been carried over in the design; the primary nozzle is

a 4 inch diameter disk nozzle which discharges radially outward. This
particular geometry was selected for 1its high mass flow capability, even
for small bydraulic radii, and because it can be relatively cheaply and
easily manufactured with extremely close raachine tolerances which is of
paramount importance since the main interest is ia very small hydraulic
radii nozzles; that is, slot heights of only several thousandths of an inch.
Initial experimentai tests with this nozzie have indicated that corona charge
production may have to be accomplished with the corona electrode external
to the primary nozzle., Present research is emphasizing corona charge
production immediately downstream of the nozzle and the influence of coro- .
na electrcde geometry and secondary flow relative humidity on charge pro-
duction,

POTENTIAL APPLICATION AREAS

In view of the early stage of experimental investigations in EFD power
generation, a discussion of specific application is quite premature. How-
ever, as shown in Table III, the potential of EFI) processes with regard to
both small and large powers, both closed and open cycles, and various
energy sources point toward many attractive applications, particularly in
space and other remote infrequently services ~reas. Several possibilities
which might be envisioned are listed in Tab 2 1Il. High voltage application
such as electric propulsion, fluid dynamic Van d - Graaffs, and high power,
burst type systems (where efficiency is not an important consideration) are,
of course, naturally suited to EFD generators. Other application areas,
such as air and space vehicle power, will requir: the development of com-
pact inexpensive power coaditioning equipment,

ACKNOWLEDGEMENTS

The authors gratefully acknowledge the guidance and help of
Dr. Hans J, P, von Dhain - ARL’s Chief Scientist and also Research
Leader for Eneigy vonversion. Appreciation is also expressed to
Messrs. Siegfried Haringrr, Krishan Joshi, Capte J. R. Wirall and
D. T.Smith, Jr. for many hours of <rit'ca' discussion on electrofluid
dynamic research and toc Mrs, Marcia Homan for the typing of the man-
uscript,




BIDLIOGRAPHY

The following is only a partial list of EFD references. An extensive

bibliography can be found in Reference 14,

1.

~J

M. O. Lawsor, '"Electrofiuid Dynamic Energy Conversion', OAR Re-
search Review, Vol VII, Nr 6, pp 32-33, (June 1968).

J. E. Minardi, "Computer Study of Electrofiuid Dynamic Colloid Gen-
erator'’, 1968 Intersociety Energy Conversion Engineering Conference,
Boulder, Colorado (13-16 August 1968),

J.E. Minardi, "Computer Program For The Calculation of Electric
Fields in an Electrofluid Dvnhamic Generator', ARL Report 68-0156,
Aerospace Research Laboratories, WPAFB, Ohio (August 1968).

J.E. Minardi, "Theoretical and Analvtical Research Study of Axisym-
metric Electrofluid Dynamic Energy Conversion Processes', Eleventh
Quarterly Progress Report, Contract AF 33(615)-3203, Acrospace Re-
search Laboratories, WPAFB, Ohio (April 1968).

K. K. Joshi, "Electrical Charging of Liquid Sprays in High Pressure
Gas Flows for Electrofluid Dynamic Processes'', IEEE International
Electron Devices Meeting, Washington, D,C, (18-20 Octcber 1367).

J. Decaire and M. Lawson, ""Outlook for Electrofluid Dynamic Power '
Generation'', ASME Paper 67-PWR-11, Invited Paper ASME-IEEE
Joint Power Generation Conference, Detroit, Michigan (24-28 Sept 67).

J. Decaire and J. Wifall, "Charge Generation by Corona Discharge in
Electrofluid Cynamic Energy Conversion Processes', Advances in
Energy Conversion Engineering-ASME pp 465-471 (1967) (Papers pre-
sented at the 1967 Intersociety Energy Conversion Engineering Con-
ference, Miami Beach, Florida, 14-17 August 1967),

H.E. Brandmaier, "The Major Problem in Electrofluid Dynamic Pow-
er Generation'', Advances in Energy Conversion Engineering-ASME
pp 457-464 (1967) (Papers prescnted at 1967 Intersociety Energy Con-
version Engincering Conference, N:ami Beach, Florida, 14-17 Aug-
ust 1967).

J. Decaire and M. Lawson, ''Investigation on Power Generation Using
Electrofluid Dynaraic Processes', Advances in Energy Conversion
Engineering-ASME pp 473-483 (1967) (Paper=: presented at the 1967
Intersociety Conversion Engincering Conference, Miami Beach,
Florida, '4-17 August 1967).

L-13




10,

11.

12,

13,

14,

15,

16.

17.

18.

P.L. Cowan, T, Gunzler, R, Kulka, and M. C. Gourdine, '"Electrogas-
dynamic Power Generation'', .\dvances in Energy Conversion En-
gineering-ASME pp 435-455 (1967) (Papers presented at the 1967 In-
tersociety Energy Conversion Engineering Conference, Miami Beach,
Florida, 14-17 August 1967). )

J. Decaire and M. Lawson, ''Electrofluid Dynamic Power Generation:
Trends and Expectations'', Invited Paper Eighth Symposium on En-
gineering Aspects .f Magnetohydrodynamics, Stanford University,
Stanford, California, (28-30 March 1967).

J. Decaire, '"The Effects of Partial Condensation Arcund Ions in E-
lectrofluid Dynamic Energy Conversion Processes'', ARL Report

66-0187, Aerospace Research Laboratories, WPAFB, Ohio .
(September 1966),

E. L. Daman and M. C, Gourdine, '"Electrogasdynamic Power Gen-
eration', International Symposium on Magnetohydrodynamic Power .
Generation, Paper SM-74/197, Salzburg, Austria (July 1966),

Invitational Working Electrofluid Dynamic Energy Conversion Con-
ference, Aerospace Research Laboratories, WPAFB, Ohio (24-26
May 1966). AGARDograph 122, '"Selected Topics in Electrofluid
Dynamic Energy Conversion (1968).

M. Hawes, ''Electrofluid Dynamic Working Media for Direct Energy
Conversion Processes'', OAR Research Review, Vol V, Nr 1, pp 5-9,
(March 1966),

A. Maciulaitis, ""A Theoretical Investigation of Electrofluid Dynamic
Propulaion in the Earth's Atmosphere', Grumman Research Depart-

ment Report RE-204, Grumman Aircraft Engineering Corporation, v
Bethpage, New York (March 1965).

M. O. Lawson, 'lon Generation by Corona Discharge for Electrofluid

Dynamic Energy Conversion'', Sixth AGARD Combustion and Pro- .
pulsion Colloquium, Cannes, France (16-20 March 1964). ARL Re-

port 64-76, Aerospace Research Laboratories, WPAFB, Ohio

(October 1564). AGARDograph 81 "Energy Sources and Energy Con-

version' pp 539-630 (1967) AD 455879,

H. von Ohain and F, Wattendor:, ''Poterntialities of Direct Electro-
fluid Dynamic Energy Conversion Processes for Power Generation'',
Sixth AGARD Combustion and Propulsion Colloquium, Cannes, France,
(16-20 March 1964). ARL Repcri 64-73, Aerospace Research
Laboratories, WPAFB, Ohio (Cctober 1964). AGARDograph 81,
"Energy Sources and Energy Conversion', pp 539-630 (1967).

L-14




19. M. O. Lawson, "Performance Characteristics of Electrofluid Dynamic

Energy Conversion Processes Employing Viscous Coupling'’, Sixth
AGARD Combustion and Propulsion Colloquium, Cannes, France
(16-20 March 1964). ARL Report 64-74, Aerospace Research
Laboratories, WPAFB, Ohio (October 1964). AGARDograph 81,
"Energy Scurces and Energy Conversion' 11 539-630 (1967).

20, M, Hawes, '"Experimental Techniques in Electrofluid Dynamic En-
ergy Conversion Research", Sixth AGARD Combustion and Propul-
sion Colloquium,Cannes, France (16-20 March 1664). ARL Report
64-77, Aerospace Research Laboratories, WPAFB, Ohio (October
1964).

AGARDograph 81 "Energy Sources and Energy Conversion"
pp 539-630 (1967) AD 455788,

21. M, Lawson, H. von Ohain, and F, Wattendorf, "Performance Po-

tentialities of Direct Energy Conversion Processes Between Elec-
trostatic and Fluid Dynamic Energy', ARL Report 178, Aerospace
Research lLaboratories, WPAFB, Ohio (December 1961) AD 273015,

22. J.M. Smith, "Theoretical Study cf the Electrohydrodynamic Generator"
GE Space Sciences Laboratory Report R61SD192 (November 1961)
AD 271768.

23. A.M. Marks, ""Heat-Electrical Power Conversion Through the Medium
of a Charged Aerosol", U,S. Patent Nr 2, 638,555 (12 May 1953).

24,

R.J. Van de Graaff, "Electrostatic Generator', U.S, Patent Number
1,991,236 (12 February 1935),

L-15

L 2%




TABLE |
uviELECTRIC STRENGTH CF GASES

GAS

RELATIVE DIELECTRIC
STRENGTH

»
Eb,n /Eb,n (air)

AIR

HYOROGEN (H,)
HELIUM  (Me)
CARBON DIOXIDE (CO,)
SULFUR DIOXIDE (SO;)
STEAM (h.0)

AMMONIA (NH3)

CHLOROFORM ( CHCLq)

.00

0.67

~ 0.2

0.9

~ |12

4.2

Eb n (aoir) = 30,000 voits/cm
1




TABLE I

CHARACTERISTICS OF ELECTROFLUIDDYNAMIC
ENERGY CONVERSION PROCESSES

€ HIGH OUTPUT VOLT!GE ~ 10° VOLTS AND HIGHER

® LOW ELECTRIC CURRENT DENSITY

® VERY HIGH NUMBER OF NEUTRAL MOLECULES PER
ELEMENTARY CHARGE ~ 10°

©® ELECTRIC POWER OUTPUT ~ | KW/ cm®

® FAVORABLE POWER-TO-WEIGHT RATIO

® BROAD RANGE OF POWER LEVELS

® NON- STRINGENT TEMPERATURE REQUIREMENTS

® VERY LOW TOTAL PRESSURE RATIO ACRGSS

CONVERSION SECTION
1-17
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x,r CO-ORDINATES OF
OBSERVED POINT ;

-\7(!,!)3 VELOCITY OF DIELECTRIC WORKING MEDIUM

{X,r) sELECTRIC FIELD STRENGTH DUE TO COLLECTOR
POTENTIAL (V) AND SPACE CHARGE

V:,(x,r)- DRIFT VELOCITY OF CHARGED PARTICLES RELATIVE
TO WORKING MEDIUM. k= MOBILITY

V% (x,r)s ¥x,r)aVy(x,r)* TRANSPORT VELOCITY OF CHARGED
PARTICLES
A(x,r) @ divE(x,r) = ELECTRIC CHARGE DENSITY

-» -
1%, 1) =R (x,r)-Vg(x,r)= ELECTRIC CURRENT DENSITY
Ve Lf"E(x,r)-dX = ELECTRIC POTENTIAL

THROUGKOUT THE CONVERSION SECTION;
Ve(%,1)> KE4(x,r) (CHARGES TRANSPORTED TO COLLECTOR)

E(x,r)<Ey (Ey* BREAKDOWN FIELD STRENGTH)

T2 " T (x,r )1 67 * ELECTRIC CURRENT, INDEPENDENT OF
(NO CHARGES DEPOSITED ON WALL3)

FIG. 2 RELATIONS BETWEEN ELECTRICAL
AND VELOCITY FIELDS
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FIG. 4 EFD CONVERSION CHANNEL GECMETRIES
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ATTRACTOR CONVERSION

FEED SECTION
IFFUSOR-COLLECTOR
— e ELECTRODE
i
GROUNDED \ ( -
CORONA A (
ELECTRODE -— HEAT
— EXCHANGER
EJECTOR -ATTRACTOR SEPARATOR
, - 'INOZZLE ELECTRODE ’
THERMO RECIRCULATING
DYNAMIC EFD MEDIUM
STEAM -
a— | S
N
\—BOILER

FIG. S ILLUSTRATION OF HIGH-PRESSURE-RATIO, TWO-FLUID CYCLE
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ABSTRACT

The isentropic-compression tube, which was conceived at CAL under
ARL funding, is a recently proposed facility which can be operated in either
of three modes to produce hypervelocity air f{lows with a wide range of pro-
perties, In two of the modes, an isentropically compressed and accelerated
hypervelocity airflow is produced which possesses a desirable low dissocia-
tion level and a very high totai pressure., The production in the laboratory
of airflows with these charactcristics is necessary for the realistic simulation
of many aerodynamic and physical phenomena encountered in superorbital
flight into the atmosphere of the earth, In the third mode, the facility pro-
duces a high-speed shocked flow, suitable for studies of plasmas, chemical
kinetics, and some aerodyramic problems,

A discussion is presented of the status of the development of the isen-
tropic-compression tube. The discussion includes a summary of recent
theoretical work on the three modes of operation, a description of the pilot
isentropic-compression tube, and the results of recent exploratory experi-
ments which were performed in the pilot tube. In general, the experiments
have verified the theoretical predictions. It has been confirmed that isentropic
airflows were produced with speeds up to 10, 000 ft/sec by using an uncontrol-
led-piston method which is one of the two operational modes for producing the
isentropic flow., The second isentropic flow mode, called the braked-piston
method, has not been tested as yet. Operation of the pilot tube in the third
mentioned shock-tube mode has resulted in shock speeds of almost 30, 000 ft/sec
in air in spite of the 400 psia pressure limit of the pilot tube, This performance
exceeds that obtainable in conventional shock tubes driven by hydrogen at
750°F and 30, 000 psia.

Theoretical estimates of the potential of a high-performaunce facility
have indicated that it should be passible to produce isentrupically compressed
and accelerated flows exceeding 30, 000 ft/sec with dissociation levela of
only a few percent, When operated in the chock-tube mode, such a facility
- sould be capable of generating shock speeds in a:r exceeding 50, 000 ft/sec,
The techniques Jdiscussed in this paper provide a simple means of increasing
the performance and versatility of shock tubes and tunnels while eliminating
the explosive hazards associated with the use of hydrog: 7 in these devices.
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I, INTRODUCTION

The shock t\mneil has been develope- into an effective laboratory
research tool for simulating hypersonic flight, However, further exten-
sion of conventicnal shock-tunnel techniques to the simulation of re-entry
tlight is not feasible in generai because test air with li.tle dissociation is
requirec, As is well krown, the test air in a conventional shock tunnel is
accelerated and compressed by a shock wave and then expanded in a nozzle,
The shucked air is necessarily very hou when high flow speeds are produced.
As a result of the high air temperatures, significant dissociation and ioniza-
tion are nroduced in the nozzle reservoir, The dissociation and ionization
products are not removed during the subsequent expansion of the gas in the
nozzle because of the action of complex chemical nonequilibrium processes,
As a result, the test gas in general contains N, O, N()2 electrons, and
various ions in addition to the N, and O, of ordinary air®. While there
are some problems of interest in which the free-stream composition would
not be criticaliy important, there are otheis in which effective simulatinn
could not be achieved unless the test gas was rormal air,

The effects of chemical nonequilibrium could be greatly reduced by accel-
erating and compressing the test air by a method which would generate less
entropy than a shock com}pression would produce. In this respect, the isen-
tropic-comnression tube- -Tis very promising, This facility could be operated
in two different modes, the uncontrolled-piston and the braked-piston, in order
to produce an isentropically compresscd and accelerated flow, Calculations
have shown that in such a facility flow speeds exceeding 30, 000 ft/sec with
dissociation fractions of only a few percent are theoretically possible4. The
dissociation fraction for a corresponding skocked flow, which can alsc be
produced in the isentropic-compression tube by operating in a third mode, is
greater than 50%. This reduction in the dissociation level is achieved in
principle by substituting nonsteady, isentropic wave processes for the shock
wave. Nonsteady isentropic wives are capable of accelerating the test air to
high tlow speecds without producing the large temperatures found in the corre-
sponding shocked flow,

in addition, with such a wave system it is possikle to produce high-speed
airflows which have much higher densities than can be obtained in a ccrre-
sponding shocked flow. Thus, th: isentropic-compression tube, when operated
in either the uncontrolled-piston or braked-piston modes, wouid be capable of
simulating high-speed flight at significantly lower altitudes than are currentlv
possible in shock tunnels.

In the followirg section, the theory of three modes of operation of the
igcentropic-compression tube is Jiscussed., That section iz followed by sec-
tions giving a description of a p‘lot tube and summarizing the results of recent
exploratory experiments. The last section contains a summary and conclu-
sions concerning the present state of development of the isentropic-compres-
sion tube,

{1, THEORY OF THE ISENTROPIC-COMPRESSION TUBE

The fundamental theoretical concept of the isentropic-rumpression tube
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and its potential usefulness in simulating re-ent~v flight was established in
Refs 3-6. Recently, theoretical efforts have been directed toward the
evaluation of various mechanical schemes for producing the desired isen-
tropic flow. This phase of the study was begun in Ref 4 and was concluded
in Ref 7 where two methods for producing the isentropic flow were empha-
sized: the braked-piston method and the uncontrolled-piston method. In
both methods, a piston is used to compress the test gas in a large-diameter
pump tube. The downstream end of the pump tube is connected to a smaller-
diameter driven tube and a diaphragm is placed at the area contraction, The
two methods are distinguished by the time at which tne diaphragm is burst
and by the type of piston motion occurring in the last foot or so of the piston
stroke,

In the braked-piston method, the piston is decelerated by a large braking
force acting over about the last foot of the piston trajectory which is other-
wise uncontrolled. The braking force could be supplied by a tube of crush-
able material, The diaphragm burst time is controlled by the length of a
spike mounted on the face of the piston, When the magnitude of the braking
force is properly chosen and the diaphragm burst is properly timed, a close
approximation to a focused isentropic compression wave is obtained in the
driven tube, This process is illustrated in Fig. | which is a schematic wave
diagram for the flow in the driven tube. Two isentropic test regions are
identified, The flow in region 1, which follows the compression waves, has
a high-Reyuolds-number and high density. The flow in region 2, which follows
the interface produced when the compression waves coalesce to form a shock
wave, has a lower Reynolds number, but a significantly higher speed. There
are potential advantages to being able to work in either region and both would
be available with the braked-piston technique,

In the uncontrolled-piston method, there is no mechanical braking and
the diaphragm is burst late in the compression stroke. In this case, the
facility is operated as a free-piston shock tube3-10 except that the test flow
follows the interface rather than the shock wave. A schematic wave diagram
of the resultant flow in the driven tube is shown in Fig. 2. A region | flow
(Fig. 1) cannot be produced by this method,

The uncontrolled-piston method has more potential because no piston
energy is expended in overcoming the braking force. On the other hand, the
flow produced with the hraked-piston method is likely to be much less influ-
enced by diaphragm contamination than that produced by the uncontrolled-

_pistori method. In the uncontrolled-piston method, the test air occupies a
much smallsr volume in the vicinity of the diaphragm and is much hottc -
when the diaphragm bursts, If diaphragm contamination of the test gas pro-
aduced by the uncontrolled-piston technique should prove troublesome for
some types of tests, the use of the braked-piston method would be desirable
bhecause the contamination should be very small.

The flow between the shock and the interface 1n Figs. | and ¢ could also
be used for testing purposes. [n this case, the i1sentropic-compressior tube
15 essentially a free-piston shock tube! “10 with a large area ontraction at
the diaphragm station. In general, practical consideraticns dictate that helium
should be used in the pump tube and compressed by the uncontrolled.-piston.
method to produce & high sound speed driver. This would provide the means
tor driving strong shock waves into the test air which originally occupies the
driven tube,
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III, DESCRIPTION OF THE PILOT ISENTROPIC-COMPRESSION TUBE

The pilot isentropic-compression tube has been constructed and tested
in order to establish the feasibility of the theoretical concepts. A schematic
drawing of the device is shown in Fig. 3, The pump tube is 20 ft long with a
17 in. internal diameter, while the driven tube is about 24 ft long and has
internal dimensions of 1 1/2 x £ 1/2 in, The piston was machined from a
Nylon casting and is equipped with Teflon piston rings. The piston weight is
about 50 lbs. The design performance of this pilnt isentropic-compression
tube is limited to isentropic flow speeds below about 15, 000 ft/se¢ by the
400 psia design operating pressure of the pump tube. A more detailed descrip-
tion of the pilot tube is given in Ref 7.

The tube is operated by first charging the driven tube and the portions
of the pump tube ahead of and behind the piston to the desired pressures, The
distance separating the piston from the rear end flange is about 30 in, The
pressure behind the piston is typi.ally about 20 to 35 psia while that ahead is
typically a few mm Hg. The pressure difference is preserved hecause the
piston rings enable the piston to act as a pressure seal, Once the desired
precsures have been estahlished, the piston is released by breaking the hollow
weak link. This is accomplished by energizing a cartridge heater placed
inside the weak link, The freed piston accelerates to a maximum speed not
exceeding a few hundred ft/sec and then decelerates as the pressure in the
gas ahead of the piston rises to a value, which for a few msec, greatly
exceeds the initial pressure of the gas driving the piston. In the experiments
which have been performed to date, the thin metal diaphragm separating the
pump tube from the driven tube is burst by the spike on the face of the piston,
thereby initiating the flow in the driven tube, at the time when the compressed-
gas pressure is near its peak value, The mechanical operation of this pilot
tube has been very successful and no difficulties have been encountered in the
large number of experiments which have been conducted thus far,

IV, EXPERIMENTAL STUDIES OF THE ISENTROPIC TEST FLOW

Two series of experiments have been performed with the ohjectives of
examining the influence of nonideal effects, such as viscusity and heat trans.
fer, on the isentropic flow, In the first series of experiments, the driven
tube and transition piece (see Fig. 3) were removed and the piston motion
and gas compiessior in the puinp tube were studied. The result of these exper: -
ments confirmed that the compression process in the pump tube s 1sentr pu
and predictable using isentropic theory . A peak 1’-"“})"!‘&!\”‘" af about 3200° Kk
was obtained in the compressed air,

{n the second series, attempts were made at producing an tsentropn
region 2 flow using the uncontrolled-piston techmque. These mitial atten, ts
were successful in the sense that fiow speeds of about 10, 000 {4 sed were
produced and in_general, theoretical predictions of the fac 1 - o rfarmance
were confirmed’. The observed shock wave attenuation was ral duriayg its
transit of the driver tube,
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The tests have shown that careful attention must be paid to boundary-
layer phenomena, diaphragm-burst characteristics, and interface stability
in order to realize the theoretical test time'. Difficulties associated with
op' ning time of the diaphragm apparently can be minimized by using the
lightest possibie diaphragm for a given peak pressure in the pump tube,

The use cf helium in the driven tube would be expected to reduce the effects
of any instability of the interface which separates the test air in the pump
tube frorm the gas originally in the driven tube. In practice, the use of
helium has been found to result in significantly improved pitot-pressure and
stagnation-point heat-transfer histories when compared with those obtained
with air in tie driven tube. The test-time limitations imposed at a given
test station by viscous effects can only be reduced by increasing the diameter
of the driven tube.

An example of the pitot-pressure and the stagnation-point heat-transfer
history of the flow produced in the driven tube when helium is used is shown
in Fig. 4. It may be seen that the pitot pressure and the heat transfer tend
to rise after an initial discontinuous jump which resuits from the passage of
th? shock wave, This behavior is caused by a viscous interaction in the
shocked helium, After the arrival of the interface, both the pitot pressure
and rhe stagnation-point heat transfer rise in accordance with the predictions
of theory for the air flow in region 2 foilowing the interface, The duration of
pitot-pressure and heat-transfer plateaus, which constitutes the test time of
the isentropic flow, is about 80 usec. Ideal wave-diagram calculations
indicate that a uniform flow should have been obtained with a duration of about
400 u sec, This discrepancy between the experimental and theoretical test
times has been examined experimentally by probing the flow with a heat-
transfer rake. The results of these experiments auggest that the test time
was limited by the merging of the side-wall boundary layers along the center-
line of the driven tube to form a ccmplex, nonsicady, turbulent pipe flow .
The results also suggested that the test time might he considerably extended
by changing the driven tube from a 1 1/2 x 2 1/2 in, roctangular cross section
toa 2 1/4 in, i.d. round cross section, Accordingly, a new driven tube has
been designed and additional tests are scheduled to determine the effect on the
test time and the flow quality of the increased cross-sectional area of the
driven tube,

V. SHOCK TUBE STUDIES

The pilot tube has alto been operated in a shock-tube mode in which the
piston is used to produce a reservoir of hot helium for the purpose of driving
i shock wave into a low-pressure air in the drivea tube, A series of experi-
ments, with the pump tube alune, similar to those described above in which
air was used, were performed with helium in order to assess the effects of
heat transfer losses occurring from the compressea helium to the walls of the
pump tube, The results of these experiments showed that substantial heat-
transfer losses occurred but that peak helium temperatures as high as 6000°K

————

The shuck-tube experiments were performed on CAL funds.
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was obtained. It is anticipated that higher temperatures could be obtained in
a larger pump tube working at higher prescures,

In spite of the performance limit imposed by the 400 psia design pressure,
the peak temperatures in the compressed helium were suffic.ently high that
shock speeds of almost 30,000 ft/sec in air could be produced’. This per-
formance was achieved by driving the piston with helium which had an initial
pressure of only 35 psia, It may be noted that hydrogen at 30, 000 psia and
750°F as used in conventional shock tubes is not able to match this perform-
ance., In addition to the higher performance potential, the adoption of the
free-piston driver would eliminate the explosion hazard connected with hydro-
gen-driven shock tubes. Furthermore, it may pruve possible to use the free-
piston technique to extend sigrificantly the performance of existing shock
tunnels through its ability to achieve tailored-interface operation at incident
shock Mach numbers exceeding 20.

Two representative shock trajectories are shown in Figs. 5(a) and (b).
It may be seen that the shock wave accelerates until a peak velocity is
attained and then it attenuates. Generally, it was found that the peak shock
speed occurred further from the diaphragm when the maximum shock speed
increased,

It should be possible to reduce the attenuation of the shock wave by using
a pressure-regulating piston of the type described in Ref 7. This type of
piston, which can be used in both isentropic-compression-tube and shock-tube
applications, would reduce the shock attenuation by prolonging the duration of
the peak conditions in the compressed helium after the diaphragm is burst,

Two representative histories of the radiation from the shocked air, as
obtained with a pnctodiode, are shown in Figs, 6(a) and (b). The initial radia-
tion overshoot is a nonequilibrium effect. The later rise, which appears -
when the duration of the shocked gas is sufficiently long, is caused by the
interaction of the boundary layer with the inviscid core. These radiation
records are similar to those obtained in conventional pressure-driven shock
tubes and substantiate the quality of the test flow produced hy this technique,

It has been found that reliable predictions of the shock-speed perfcrmance
could be obtained in these experiments when allowance was made fcr the losses .
in the compressed helium and real gas effects in the shocked air. Accordingly,
estimates were made of the shock speeds obtainabie in a high-performance
device based on the present design. It appears that shock speeds exceeding
50, 000 {t/sec could be produced.

V. SUMMARY AND CONCI.USIONS

The results of recent research indicate that an isentropic region 2 ficw
was successfully produced in the pilot isentropic-compression tube by the
uncontrolled-piston method. However, more development is required to
increase the duration and quality of the test flow which appears to be influenced
by the boundary layer, It is anticipated that the boundary-layer influence can
be reduced by increasing the diameter of the driven tube., A series of
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experiments are planned to evaluate the effects of an increased driven-tube
diameter.

The braked-piston method has not been studied experimentally as yet.
However, plans have been made to 4o sc because it provides a means of
producing two, rather than just one is:ntropic flow regions. Moreover,
the method may prove valuable if videsirable contamination of the test gas

by the diaphragm material results \vh-n the uncontrolled-piston technique
1s employed.

A high-performance isentropic-compression-tube facility is potentially
a very versatile aerodynamic tool, Whern operated in either of two isentro-
pic-flow modes, it would be capable of simulating and perhaps duplicating
many aspects of re-entry flight into the earth's atmosphere at a small fraction
of the cost of flight tests. In ad<ition, it could be operated in a shock-tube
mode to produce high-speed shock waves which, for example, would be suit-
able for the study of plasmas associated with re-entry flight. The potential
of this type of shock tube is ncv wel. estaklished by the work in Refs 7-10,
The facility could also be operated as a shock tunnel which would be capable
of higher performance,with significantly less danger, than currently operating,
conventional, hydrogen-driven shock tunneis.
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HEAT TRAMSFER 260 Btu/ftsec

INTERFACE ARRIVAL

PITOT PRESSURE 18.5 psls
INITIAL DRIVEN-TUBE PRESIURE = ¥.00 mm Mg r ) )
LOCAL SHOCK SPEED = 8900 ft/sec t—'-1/2

'—7-'-,‘27 JIZ"
PITOT 1F 1’
Pl::!-—-/// <

HEAT

TRANSFER
PROBE

LAYOUT OF COMBINED PITOT-PRESSURE AND
STAQUATION-POINT NEAT-TRANSFER PROBE

Figuro § SIMULTANEOUS PITOT PRESSURE AND HEAT TRANSFER
HISTORIES FOR HELIUM !N THE DRIVEN TUBE
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Figure £{a) RADIATION HISTORY FOR A LOCAL SHUCK SPEED OF )
29,300 ft/sec AND AN INiTIAL DRIVEN-TUBE AIR
PRESSURE OF 0.025 mm Hg
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Figure 6/d) RADIATION WISTORY FOR A LOCAL SHOCK 3PEED OF

16,500 ft/sec AND AN INITIAL DRIVEN-TUBE AIR
PRESSURE OF 1 ma Mg
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SUPERSGNIC COMPRESSOR RESEAKCH

RONALD L. HAUGEN, Captain, USAF
DR. ARTHUR J. WENNERSTROM

Fluid Dynamlecs Facllitlies Laboratory
Aerospace Research Laboratories
Office of Aerospace Research
Wright-Patterson Air Force Base, Ohlo

ABTYRACT

Axlal compressors are employed in many Air Force applica-
tions including the majority of alrcraft engines, numerous
types of ground-support ecuipment, and some envirormentdl con-
trol systems. Superscnic c mpressors offer potential for
reducing size, welght, and cost of these components. The Aero-
space Research Laboratories are pursuing a research program in
this area with the ultimatec objective of developing satisfac-
tory techniques for designing a supersonic compressor having :
adequate efficlency and useful operating characteristics. i

T A Rk

The ARL program is composed of thiee coordinated efforts.
An in-house effort involves experiments with two-dimensional
supersonic cascades and theoretical work on nrediction and
analysis techniques for supersonic compressor stages. A joint
effort is conducted with the Arnold Engineering Development
Center. In this case the aerodynamic design of compressor
stages, and analysis of experimental data, are accomplished at
ARL. Compressor configurations are manufactured and tested at
AEDC. ‘(he third effort is a contract with the von Karman
Institute fcr Fluid Dynamics, in Belgium., This is adminis-
tered by EOAR and the effort includes experimental work witn
Loth cascades and actual compressors.

Some recent research results are presented for all three
efforts of this program. Data were obtained on six cascade
confipurations at AKL. From the joint ARL/AELC effort some
results are presented for an investigation of three annulus
contours tested with one stage, 1 test of a new stage involv-
inr a larger scale twisted blade, and transient pressurc mecas-
urements on the latter to determine shock wave patterns. The
most significant recent result from the contract effort is a
correlation for slot effectiveness for slotted airfolls.
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INTRODUCTION

Gne of the critical components of the turbojet or turbofan
engine is the axial compressor. ihis is a type of compressor

generally known for light weight, high through-flow capability,

and low-pressurc ratio per stage. It is more adaptable to
staging than most other types and is usually employed in this
form with as many as 20 stages. Figure 1 offers a rough idca
of the configuration involved.

Axial compressors see service in many varied items within
the Air Force inventory. ‘'he most conspicuous application is
in the turbojet, turbofan, and turboprop engines which power
most modern aircraft. However, a great many are cmplcyed in
hellicopter engines and ground-support equipment, sucn as start-
ing carts, standby electrical gencrators, and aircraft environ-
mental control systems. Practically all of this equipment 1s
either flight or flipght-transportable hardware. ‘“hus, any
research accomplishments lecading to a reduction in the size and
weight of axial compressors would te useful.

As compressor rotational speed 1s increascd, both compres-
sion capability and, to some extent, flow-swallowing capability
increase. ‘'herefore, in terms of cost, size, and weight, the
most economical method of achieving higher performance has becn
to Increase speed. For example, one stage having a pressure
ratio of four could replace two stages, each having a pressure
ratio of two. lilstorically, the major obfecctive of rescarch in
compressor aerodynamics has usually been the development of
techniques for maintainiag high compresscr efficiencies while
operating at increaslingly hirher speeds. Today, thls objectlve
remains unchanged but the frontier has risen into the supcr-
sonlc regime. .

As the rotationai spced of a compressor rotor is licreased,
the veloclity of flow relativec to the movins blades becomes
locally sonic long before current structural limitations are
reachied. In the viecinity of currcnt structural limits, the
relative flow can be supersonic over the cntire radial span of
the rotor. When this condition exists at the design-oporatinge
spced, a compressor is termed supersonic. lote that this defi-
nition has nothing tc do with the speed of a vehicecle in which
it might be opcrating.

When operating (upersonically, an axial comprosser 1s
potentially capable of producing at least twice the siayre-rres-
sure ratio of a modeirn trarnsonic desi;:n., Alternatively. one
supersonic stage can produce a preasure ratio equal to a series
of many sulsonic stares. Firure ¢ lilustrates the sort ~f cor-
pressor which mipht Le achieved. liowever, the current shate-
of-tnc-art docs not permit it to compete in terms of cffictency.
Eefore a supersonice corpresior can Lecome a nractical reallty,
waye rmust be found te ralse lts thermodyiamle efflcleney Lo a
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level roughly comparable with current transonic designs. 'Thls
is the broad objective of the ARL supersonic compressor
research program. Quantitatively, we would like to arrivc at
a method of designing a sinpgle axial stapge which 1s capable of
producing a pressure ratio of at least three, with an adiabat-
ic efficlency exceeding 82 percent. Further, the design nust
provide characteristics compatible with the over-all require-
ments of a gas-turbine engine.

ReSEAPCHE PROGRAM STRUCTURE

The ARL research program is composed of three closely
related efforts. The major effort 1s conducted jointly by the
Aerospacc lkesearch lLaboratories and the Arnold lIngineering
Development Center, It involves a series of experiments con-
ducted with full-scale operating supersonic cciipressor stares.
These tests are selected to examine the influence of tie vari-
ables availatle to the desipner and to study in detail the
various sources of inefficiency in the internal flow. ARL 1s
responsible for the aercdynamic design and analysis of these
experiments while AEDC 1s responsible for the complete execu-
tion of the experiments.

The second effort involves several exclusively in-house
projJects at ALL. Cn the thecorctical side, design and analysis
techniques are continually beinr refined. Fxperimentally,
investigations have been conducted with two-dimensional sta-
tionary supersonic cascades. These experiments have proven a
very economical method of makines certaln aquartitative ccrpari—
sons between Zifferent compressor-tladc confi -urations.

The third effort is accormrlished under contract. 7his
contract, admninistered Ly the Eurorean (ffice of Aerospace
Research, 1s witi the von harrman lnstitute for Fluid lynamics
in Belgium., It is for rescarch of a nrimarily exrerimental
naturc alony the sare reneral lines as the in-house prorranm.
Its emphasis has Leen on the rarid acaquisition of data in new
areas of exploration.

FOVOR EXPREFINELE

In the followlinr firures some recent rescecarch results arce
presented which cover various faccls of tue over-all rrorran.
Fipurc 3 shows the cvolution of rerformance achleved with one
experimental rotor from the joint ARL=ANIC cffort. !n all
three cases, the same rotor blades were usca wlthout rodiflca-
tion; only tihec casine contour was changed ana the tips of tic
blades machined to maten. Vhe orijrinal verslion, desirnated
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Configuration MNo. 5, had a purely cylindrical annulus with no
area change across the blade row. A strikinpg feature 1s the
very limited flow range which this version possessed.

''he first modification (Confifuration 8) employed a reduc-
tion in area across the rotor in a manner which placed most of
the annulus convergence across the rear lialf of the bladinr.
The principal effect of this chanfre was to produce a striking
increase in the flow ranpe over which stable operation was pos-
sible. lowever, the increases achieved in pressure ratio and
efficiency were relatively minor.

The next modification, designated Confipuration lo. 10,
employed exactly the same annulus area reduction but distribu-
ted it differently. ‘The rate of reduction in area was strong-
est at the rotor leading edge and tapered off pgradually. "'he
resulting performaiice was substantially increased. !ot only
was the broad flow range maintained, but significant rains
were made in both pressure ratio and efficiency. Further the-
oretical work is rlanned emphasizing more satisfactory metheds
of predicting optimum annulus contours. This example 11llus-
trates some of the things which can te accomplished by inex-
pensive minor medifications to a limited number of test rotors
and typifies the approach followed by this program. Although
the three configurations shown would nct represent an optinmum
design, a lot of useful information has been obtained at low
cont.

The performance of the most recent rotor tested under the
Joint ARL-AEDC program 1s shown in Fipure 4. “This one,
designed prior to the experiments Just mentioned, also emrloys
an annulus.of constant area. liowever, a sipnificantly differ-
ent blade twist distribution and larrer hydraulic dlametcr dis-
tinpuish it from those tested earlier. The desifrn speed rcr-
formance shown herc is the btest achieved so far in this test
series and represents an improvement of about 10 percentare
points in efficlency.

1o enhance our understanding of thie internal flow in an
operating rotor, several additional experinments were planned.
The first of these, whilci. has been comrleted, entalled mearure-
ment of the shock-wave patterns in the most recent rotor to see
if the pattern assumed for desirn nurposes corrcesnondcd to
reality. Some typical results arc shown in Flpure 5. Opecinld
transducers vere mountcd in the corpressor casin - at nine loca-
tions and detected hiph freauency variations In pressure ac the
blades passed each trancducer. A sharp increase in pressurc
between blades sipnified the prucsence of a shock wave. ne
most sipgnificant result of this experiment, shoun ir Flrurce {,
was that a multiple shock pattern, reserblinr a so-called
"nseudo-shoch," did indeed exist at the oncrating nolnt of nrar-
imum efficlencr. 7This condition was assumed for its desirn anc
the assumption was thcreby verifiea., Uhis experivent was toc
subJect of a recent AGARL paper,
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CASCADE EXPERINENTS

While experiments with full~-scale operating compressor
rotors are required to adequately define real performance char-
acteristies, important and moreover economical comparisons of
various blade configurations can be accomplished via stationary
cascade experiments. A statlonary cascade normally consists of
several blade passages which, in an approximate manner, simu-
lates a full-scale compressor. Filpure 7 shows an example of
the cascades tested at ARL. ''he blades are pin-supported
Letween windows which are installed in the sides of a suitable
wind tunnel.

Visual observation of flow conditions and shock-wave pat-
terns is permitted by means of shadowgraph instrumentation. A
typical shadowrraph photo is shown in Figure €. The flow is
frorm left to right in this illustration and dark lines which
arc prominent ahead of, and between, blades are shock waves.
'he pattern downstream of the blades rives an indication of the
rate at whilch the flow apaln becomes unifornm.

Gf primary interest to the designer is the pressure rise
accomplished by the bLlade design and the companion flow losses.
Fipure 5 shows typical static pressure distributions, measured
within the bladc passage. A knowledge of these is useful for
determining the diffusion distribution through the passzge. It
is desirable to avoid local peaks in diffusion in order to min-
imize the effects of boundary layer separation.

''he main objective of stationary cascade experiments 1s
illustrated by Figure 10. In this fipure the effectiveness of
the vlade design 1s represented by the total pressure recovery.
lade Confipuration I exhibits a severe drop in pressure recov-
cry for intermediate to high back-pressures. Shadowgraph pho-
tos show that the increased loss 1s due to early flow separa-
tion. Llade Confiruration Il represents a minor alteration in
tlade desiyn and, as shown in Firurc 10, the undesirable loss
1s avoided. A further increase in performancce is exhibited by
Confizuration III.

whereas the orirary usefulness of stationary cascade

cexperirents lies in comparing the relative merits of different
reonmetric cascade confipurations, cascade data is also cof value
in evaluating and developing compressor performance prediction
techniques. A current objective within this area of interest
concerns 1tself with the development of simnle yet quantita-
tively correct methods applicable to forecastings cascade per-
formancc.

“he prediction of compressor performance relies on a suc-
cessful estimation of numerous and complicated flow procecsscs.
Cf the various flow parameters, one nmust consider the uLlade
share, solidity, Mach number, angle of attack, turtulence
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level, and Reynolds number. For conventional axial flow com-
pressors the variation in these quantities 1is nct extensive;
but, the prediction of flow losses remains complex and, at
best, inexact.

One method sugpgested applies a modification of the Lieblein
diffusion correlation to the heavily loaded supersonic blading.
Figure 11 shows typical cascade perforrance predicted by this
methecd. Unaccounted shock losses may be a probable explanation
of the lower values of experimental performance compared to the
corrclation. A second method, based upon shock and dump diffu-
sion losses, is also presented in Figure 11. 'This method shows
a better correlation with data for heavily loadecd 2onditions.
Further improvement to this method may be made by accounting for
frictional losses.

Thus in the manner described, stationary cascade studles
provide an insight into flow mechanisms occurring within the
blade passages, provide an evaluation of performance prediction
techniques, and furnish the designer with inexpensive quantita-
tive comparisons between potential compressor blade designs.

CONTRACT EFFORT

One of tiic most useful recent cuntributions mmde *y the von
Karman Institute contract effort concerned a correlation for the
effectiveness of slotted compressor airfolls. The incorpcration
of slots 1n a compressor blade 1s a technique selected to
improve the aerodynamic efficiency or operating range of a heav-
ily loaded blade row. JSometimes slots have performed as expect-
ed. However, there have also been notable examples where slots
proved detrimental for rcasons which are not clearly understood.

Various tecinical considerations led vhl to a correlation
parameter, designated "A," which is a function of three geomet-
ric variables; namely, camber, aspect ratio, and sclidity. 'The
expression for "A" is shown for the abscissa in Figure 12. Fach
of the different curves corresponds to a different approach [ach
number. As the Mach number increases the curves beconre more
vertical. ‘‘'he ordinate indicates slot effectiveness. Positive
values correspond to incrcases in aerodynamic efficicney and
negative values to decreases. The corrclation is s5t1ll tenta-
tive since only limited data have been available for comparison.
liowever, the corrclation has provided a plausible explanation
for some apparently conflicting experimental results and thus
constitutes a weclcome and valuabtle contribution.
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CONCLUSICKS

The examples presented represent some of the recent hi!gh-
lights of ARL's supersonic compressor rescarch and were selccted
to plve an indication of the over-all scope of the current
research program. lPost of the difficulties encountered in
extracting better performance from supersonic compressors can be
traced to accumulation and separation of various fluid boundary
layers. As a result, the current emphasis of the program is on
understanding how these boundary layers react and to what extent
they may be controlled. Doundary-layer control is an old topic
which has received much attention with respcct to components
such as wings and supersonic inlets. However, for various prac-
tical reasons, 1t has been largely ignored for the supersonic
compressor. Our current opinion is that tihis line of research

» may ultimately leac to the sort of technical breakthrourh neces-
sary to reallze the potential of the supersonic compressor.
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