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FOREWORD

The Second Research Applications Conference of the Office of Aerospace Research 
(OAR), like the first, illustrates some of the valuable applications that have resulted 
from basic research by the United States Air Force.

Scientific information is the principal product of OAR, the prime research agency of 
the U. S. Air Force. From research within its own laboratories, and from sponsored re­
search in universities and technical institutions, come new and unique ideas that con­
tribute directly to a wide range of present and future Air Force needs. The long-range 
value of these ideas, and the usefulness of OAR-produced scientific information, will 
ultimately be judged by their use in advancing technology. Hou;euer, some unique ap­
plications of OAR research are evident now, and are the subject of these Proceedings.

ERNEST A. PINSON 
Brigadier General, USAF 
Cammander
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INTRODUCTION 

The object of the OAR Research Applications Conference is to present and dem¬ 
onstrate, by specific examples, how proven results of OAR research may be applied, 
to solve Air Force or Department of Defense problems — and how research is con¬ 
tributing to new concepts and technologies. This second Conference was scheduled 
as a result of the very fine reception given the first, which was held in Washington, 
D. C. in the spring of 1966. 

The papers published in these Proceedings include those submitted by OAR in- 
house scientists as well as by contractors of grantees. One is representative of OAR 
research conducted at foreign institutions. 

The research applications presented in these Proceedings cover a broad spectrum 
of Air Force interests. They are not intended to represent a review of the total pro¬ 
gram , but are examples of the many applications, or potential applications, which 
have resulted from OAR research. 

These papers, therefore, demonstrate the vital importance of maintaining a funda¬ 
mental-research effort in the Department of Defense. 
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AFCRL 
The Air Force Cambridge Research Laboratories, L.G. Hanscom Field, Mass., constitute 

the Air Force focal point for research in the environmental sciences. These nine AFCRL 
laboratories also provide a major in-house facility for research In the physical and engineering 
sciences. They conduct a large and varied research program, including research in all of 
the environmental sciences, in the physical sciences—primarily radio physics, gaseous and 
plasma physics, solid-state electronics, quantum electronics, and mathematics; and in the 
engineering sciences—primarily energy conversion. They also do exploratory-development 
work in the environment and aerospace environment. Although the primary function of AFCRL 
is to conduct research within its in-house laboratories, research under contract to outside 
agencies is used to support the research being carried out by the AFCRL scientists. 

AFOSR 
The Air Force Office of Scientific Research, located in Washington, D.C., supports 

extramural research to provide new knowledge and understanding in those sciences which 
offer the greatest potential for improving the Air Force's present and future operational 
capability. 

As the major Air Force activity for sponsoring fundamental research in the sciences, 
AFOSR plans, directs, and carries out its research program through more than 1,200 grants 
and contracts with about 200 colleges, universities, and research organizations in the United 
States and abroad. Research is supported in nuclear and general physics, chemistry, mathe¬ 
matics, electronics, mechanics, energy conversion, astronomy-astrophysics, and the be¬ 
havioral, biological, and information sciences. The kind of research sought is fundamentally 
a quality item. 

AFOSR programs may be thought of as supporting research in areas keyed to recognized Air 
Force problems, as pioneering research which may lead to new technologies or concepts to 
meet unforseen Air Force requirements, and as providing a window for looking into world-wide 
science in order to enable the Air Force to draw upon scientific knowledge and ability for 
future development and application. 

ARL 
The Aerospace Research Laboratories at Wright-Patterson Air Force Base, Ohio, form 

a major Air Force in-house research facility in the following areas: physical and engineering 
sciences, including general physics; solid-state physics; general chemistry; physical chem¬ 
istry; fluid dynamics; flight mechanics; mechanics of solids and energetics; and theoretical 
and applied mathematics. Although the primary function of ARL is to conduct research within 
its in-house laboratories, research under contract with outside agencies is used to support 
the research being carried out by ARL scientists. 

viii 
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FJSRL 
-The Frank J. Seiler Research Laboratory at the U.S. Air Force Academy, Colo., is an 

in-house facility in an academic setting engaged in research in the physical and engineering 
sciences—primârtiy general chemistry, physical chemistry, mathematics, fluid dynamics 
and flight mechanics. ’ 

ORA 
At Holloman Air Force Base, N. Mex., the Office of Research Analyses performs analysis 

and evaluation of future Air Force systems. Under OAR direction, these technically complex 
studies are made for any Air Force activity. Particularly significant is the fact that they are 
independent studies. Through this study activity, OAR is provided with critical technology 
needs which are incorporated into the research program. 

EOAR 
Since the pursuit of knowledge transcends national boundaries and geographical divisions 

the OAR sponsorship of research extends throughout the free world. The purpose of this spon¬ 
sorship is to capitalize on the free world's best brainpower with its fresh ideas and unique 
R&D capabilities. M 

The European Office of Aerospace Research, located in Brussels, Belgium, is responsible 
for the administration of contracts and grants in Free Europe, the Near East, and Africa 
All funds for the support of foreign R. & D. come from stateside laboratories as a part of 
their total programs. * 

LAOAR 
The Latin American Office of Aerospace Research, located in Rio de Janeiro 

administers the research efforts in South America. ' 

Proposals from researchers located either in Europe or Latin America should be 
EOAR or LAOAR, respectively. 

Brazil, 

sent to 

PFOAR VFOAR LOOAR 
Other supponing aerospace-research organizations are the field offices located at Patrick 

Ba8e' Fla,: Vandenber8 Alr Force Base, Calif.; and the Los Angeles offices These 
field offices main,ain liaison among the scientist, the lannch team, and the dracTors As a- 
result, small scientific experiments are installed on rockets fired for other purposes thus 
insuring that the Air Force receives maximum pay-load utilization. 
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POSITIVE ION-SENSING SYSTEM FOR THE MEASUREMENT 

OF SPACECRAFT ATTITUDE 

by 

R.C. Sagalyn and M. Smiddy 
Upper Atmosphere Physics Laboratory 

Air Force Cambridge Research Laboratories (OAR) 
L.G. Hanscom Field, Bedford, Massachusetts 

ABSTRACT 

An attitude sensing system utilizing the properties of ambient 
positive ions was successfully flown on Gemini Spacecraft 10 and 12 
I he outputs of two planar electrostatic analyzers mounted symmetri¬ 
cally about the appropriate axis are combined to give directly pitch 
and yaw angles. The system could be readily adapted for automatic 
control of manned or unmanned rockets, satellites, or supersonic 
aircraft. In-flight and post-flight comparison with the inertial guid¬ 
ance system on Gemini spacecraft mows that the ion system functions 
extremely well. Significant reductions in required power, weight, 
warm-up time, cost, and a greatly improved response time make this 
a potentially valuable technique for future space navigation. 

INTRODUCTION 

The principal objective of the experiments flown on Gemini Space- 
( raft 10 and 12, which are referred to as Air Force Experiment D-10 
was to investigate the feasibility of using environmental positive ions ’ 
with appropriate electrostatic detection methods to measure spacecraft 
pitch and yaw. A secondary objective was to measure the spatial and 
emporal variations of the positively charged particles along the satel¬ 

lite orbit. The flight plan also included spacecraft maneuvers to obtain 
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accurate measurements as a function of angle of positively charged 
particles in the wake of the vehicle. 

In the altitude range 60 miles to 10 earth radii, positive ions and 
electrons produced primarily by photoionization exist in equal concen¬ 
trations. The number density varies greatly in space and with time; 
for example, the charge density reaches a maximum of the order of 
5 X 10^ per cubic centimeter in the vicinity of the F region maximum 
at approximately 350 km and decreases to approxir itely 100 per cubic 
centimeter at about 10 earth radii. There are also great variations in 
the number densities on the day and night side of the earth, in the vicin¬ 
ity of the geomagnetic equator, and in the lower ionosphere below ap¬ 
proximately 1000 km. Very rapid increases in ion and electron con¬ 
centrations occur at sunrise due to photoionization and dissociation of 
the neutral atmosphere constituents with more gradual decreases in 
density occurring at local sunset when charged particle recombination 
and diffusion become important. This is illustrated in Figure 1 which 
gives the results of positive ion measurements obtained with spherical 
electrostatic analyzers on a Discoverer satellite as a minimum inter¬ 
ference experiment. 1 The average energy of the particles varies from 
about 0. 01 eV at 100 km to approximately 0.4 eV at 10 earth radii. The 
kinetic temperature of the charged particles in the altitude range cov¬ 
ered by the Gemini spacecraft varies from approximately Z50°K to 
about 3000°K. 2 it has been demonstrated by the authors and other 
experimenters that the charged particles in the upper atmosphere have 
an essentially Maxwellian velocity distribution. The average thermal 
velocity of the particles may then be given by the relation: 

V = JLXL , 
it m 

(1) 

where k = Boltzmann constant, 
T = temperature in degrees Kelvin, 
m = mass in grams, 

V = velocity in centimeters per second. 

Substituting in Eq. (1) representative values for temperature and mass 
of the positive ions, one finds that their random thermal velocity var¬ 
ies between 0.8 km/sec and 1 km/sec in the altitude regions covered 
by the Gemini spacecraft. Satellites flying in the upper ionosphere 
have varying average velocities depending upon the nature of the orbit; 
however typical satellite speeds vary between 7 km/sec and 11 km/sec. 
The spacecraft velocity is therefore approximately 10 times greater 
than the average thermal velocity of the positive ions. Relative to the 
spacecraft the positive ions possess negligible velocity. 3 The fact 
that positive ions may be considered stationary with respect to the 
spacecraft velocity is used in the ion attitude sensing system. 
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EXPERIMENT DESCRIPTION 

Multi-electrode electrostatic analyzers of varying sensor geome¬ 
try, usually spherical, planar, or cylindrically shaped to simplify data 
interpretation, have been utilized in the study of the physical properties 
and the spatial and temporal variations of ambient charged particles in 
the upper atmosphere for several years. 4~7 One of the simpler config¬ 
urations consists of a three-electrode sensor consisting of an aperture 
grid, a photo-emission suppressor grid and a charged-particle collector. 
A planar electrostatic analyzer of this type is illustrated in Figure l. 

Figure l. Example of Electrode Arrangement and Voltages 
Applied to the Planar Electrostatic Analyzer 

When the ratio of the satellite velocity to the random velocity of the 
ions is greater than or equal to 2, with the grid and collector voltages 
as indicated in Figure 2, the current i to the collector is given by: 
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where A 
N 

f(v) 

a 

e 

aperture area, 
charged particle density, 
a function of the vehicle potential with respect to the 
undisturbed plasma, 
experimentally determined transmission factor for 
the grid electrodes, 
particle charge. 

Under the experimental conditions discussed, the ions may be 
considered fixed and the magnitude of the velocity | V| is equal to 
V cos d , where vg is the spacecraft velocity and 0 is the angle 
between the direction of motion of the vehicle and normal to the plane 
of the sensor. Equation (Z) then becomes: 

i = A N e vs cos 0 f (v) a. (3) 

It is seen from Eq. (3) that the planar sensor current is highly depend¬ 
ent on its orientation with respect to the direction of motion. This 
characteristic of the planar sensor is utilized in the attitude control 
system with the sensor configuration shown in Figure 3. For example, 
for the yaw measurement, two identical sensors are aligned at 45° with 
respect to the plane of zero yaw. An identical sensor system, mounted 
symmetrically about the zero pitch plane, is used for the measurement 
of pitch angles. These two independent systems are mounted on booms 
approximately three feet in length which are located in the aft section 
of the spacecraft. They are extended on command by the astronaut at 
the appropriate time after orbital injection is accomplished. The loca¬ 
tion of the booms and sensors on Gemini Spacecraft 10 and 1Z is shown 
in Figure 4. The location of the sensors and the boom lengths are set 
to minimize the influence of spacecraft wake, contamination, and space- 
charge effects. 

The principle of operation of the experiment may be understood by 
considering first the measurement of pitch. Except for the change in 
alignment as indicated above, the analysis of the yaw measurement is 
identical. With two sensors aligned symme'rically about the pitch axis 
as shown in Figure 3, the current to the collector of each sensor is 
given by: 

ij = N e vs o A cos (45 -0), 

= N e vs a A cos (45+ 0) , 

(4) 

(5) 
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where ij 

22 
0 

current to sensor 1, 

current to sensor 2 , 

pitch angle (in degrees). 

Solving Eqs. (4) and (5) for 0 one obtains: 

Tan 0 (6) 

For 0 less than or equal to 200, tangent 0 is equal to 0, in radians. 

From Eq. (6) it is seen that the output of the sensors may be dis¬ 
played on a meter calibrated directly in degrees, and that changes in 
charge density N or satellite velocity v do not affect the angular 
measurement. 

A block diagram of the pitch or yaw system is shown in Figure 5. 
The output of each sensor is amplified by electrometers 1 and 2. In 
order to obtain the desired accuracy over the current range 10"6 to 
10'11 amperes, linear amplifiers with range switching covering five 
current decades are employed. The outputs of electrometers 1 and 2 
are then electronically added, subtracted, integrated, and compared. 
The final output tangent 0 , referred to as the compared output, is 
sent to the flight director's indicator, to an on-board magnetic tape 
which is periodically transmitted to ground stations, and is also trans¬ 
mitted in real time to a few ground stations. 

In order to fully evaluate the experimental system, to obtain in¬ 
formation on the ambient ion densities and on the variation of positive 
ions in the wake of the vehicle, the direct outputs of electrometers 1 
and 2, the range analog indicator, and calibrate monitors are also 
transmitted through telemetry. These latter outputs would not be re¬ 
quired in an operational system. It should be noted that while the 
Gemini D-10 experiment was designed for precise pitch and yaw 
angular measurements over the range ± 20°, there is no basic limita¬ 
tion to the magnitude of the angle to be measured. The required reso¬ 
lution, response time, and so forth, vary with the specific application 
of the system. A simple engineering modification of the ratio circuits 
would be involved for varying systems requirements. Comparison of 
certain characteristics of the ion attitude sensor with the inertial sys¬ 
tem is given in Table 1. 
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Table 1. Comparison of Ion Attitude Sensor and the Inertial System 
Characteristics 

'"ï 
1 

Inertial System D-10 System 
Improvement 

Factor 

Response time 

Weight 

Power 

Lifetime 

Volume 

Cost 

1 sec 

750 lb 

150 watts 

« 14 days 
(mechanical) 

3 cu ft 

1, 500,000 

1 msec 

15 lb 

3.0 

> 1 year 

. 2 cu ft 

30 , 000 

1, 000 

50 

50 

infinite 

15 

50 

The output of this experiment could be sent to a servo system to 
control thruster firings for automatic control of spacecraft pit^h and 
yaw angles. With the addition of a horizon sensor and a spacecraft 
roll monitor, a completely self-containeo navigational system would 
be obtained. A view of the D-10 sensors is shown in Figure 6. A 
photograph of the total unit consisting of the electronics package and 
the sensor is given in Figure 7. 

DISCUSSION OF RESULTS 

The ion attitude sensing experiments were flown on Gemini Space¬ 
craft 10 and 12 in August and November 1966, respectively. The ex¬ 
periment functioned very well on both flights. The system was oper¬ 
ated for approximately twelve hours on Gemini 10, including three and 
one-half hours when the inertial platform was also operating. On 
Gemini 12 power was applied to the experiment for about thirty hours, 
during thirteen hours of which the inertial guidance system was also 
operative. Thus, a great deal of data was obtained on the ambient 
environmental positive ions, on the properties of the vehicle wake, 
and on direct comparison of the ion system angular measurements 
with the inertial guidance unit. 
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Specific in-flight maneuvers included: 

1. Yaw angle study, which consisted of maintaining roll and pitch 
fixed and varying yaw from 0 to 360° at a rate determined by the band¬ 
width of the telemetry system and the ability of the astronaut to control 
the spacecraft motion. 

2. Pitch study. 

3. Roll study. 

4. Rotation of the position of the spacecraft through 360* in turn, 
in pitch, yaw, and roll to determine the properties of the vehicle wake 
and its effect on the instrument outputs. 

5. Determination of the effects of spacecraft thruster firings on 
the experiment outputs. 

6. Determination of the influence of environmental factors such 
as the photo-emission which can best be determined near a local 
sunrise and sunset. 

7. Ambient positive ion data: with the spacecraft in a fixed posi¬ 
tion with respect to pitch, roll, and yav , the sensor output was moni¬ 
tored during several complete orbital periods. 

Both the post-flight analysis of the transmitted data and the astro¬ 
nauts' in-flight comparison of the ion-sensing system with the inertial 
guidance system showed that the two systems agreed in absolute mag¬ 
nitude very well in the measurement of both pitch and yaw angles. The 
response of the Air Force D-10 experiment to variations in angular 
position was extremely rapid, of the order of milliseconds. 

An example of the simultaneous measurement of the ion yaw sen¬ 
sor output and the inertial yaw data curing a controlled maneuver is 
shown in Figure 8. The magnitudes of the angles at a given time agree 
within the experimental error of the systems. The inertial yaw meas¬ 
urement accuracy is of the order of two degrees. The ion yaw accuracy 
for the Gemini spacecraft is ±0. 25°. The inertial data given in Fig¬ 
ure 8 illustrates certain characteristics which introduce difficulties in 
the manual control of the spacecraft. That is, when the yaw angle is 
varied, a lag in the response time of the order of 8 seconds occurs. 
The step-like variations in yaw angle, giving jumps of the order of one 
and one-half degrees in the inertial measurement, are partly due to the 
synchronous detectors used in the inertial guidance system, but also 
partly due to the manner in which the data is digitized through the te¬ 
lemetry system. The addition of an ion yaw sensor alone would there¬ 
fore be a significant improvement in existing attitude systems. 

The existing inertial system requires about 40 minutes to stabilize 
and warm up after power turn-on. This is partly due to the electronic 
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circuits used and the adjustment of the gyroscopes on the unit; how¬ 
ever, the astronauts have found that the use of the ion yaw angular 
measurements significantly decreases the time for platform alignment. 

iiii example of the simultaneous measurement of pitch angles with 
the ion sensor and inertial systems is given in Figure 9. It is seen 
that the absolute values of the angles agree within a fraction of a de¬ 
gree over the angular range of ±20°. A good illustration of the re¬ 
sponse time of the two systems is seen in Figure 9 between 66 hours, 
0 minutes and 66 hours, 5 minutes. While individual maxima and 
minima in pitch agree very well, the faster response of the ion sensor 
makes it easier to detect angular changes. Operationally, this should 
be of particular importance in conserving thruster fuel and under con¬ 
ditions where very precise angular positioning is desired. 

The experimental results also demonstrate that variations in roll 
do not affect the yaw or pitch measurements. It was also shown dur¬ 
ing controlled maneuvers on the Gemini 12 mission that the ion attitude 
sensor operates both in the forward and in the reverse direction. Ion 
attitude measurements may therefore be obtained from 0 to 360°. 

An unexpected oppoi ty for the in-flight operation of the ion sys¬ 
tem occurred during the fkfe.it of Gemini 12. Shortly after experiment 
turn-on, Mission Control turned the spacecraft on-board computer to 
the angular measurement mode. Real-time comparison of the two sys¬ 
tems was carried out. The outputs of the ion sensor unit and of the 
inertial computer agreed to within a fraction of a degree. When fuel 
cells degradation occurred late in the flight, the inertial system was 
turned off to conserve fuel and the ion sensor system was used by 
Mission Control as a check on the spacecraft attitude and for up-datins 
the flight plan. ^ ë 

On Gemini 12 it was also demonstrated that firing the spacecraft 
thrusters in the direction of the sensors did not affect their operation 
Very accurate measurements of the charged particle distribution in the 
shadow or wake of the vehicle and of the sensors were also obtained. 
This is an important measurement for the utilization of charged parti¬ 
cles systems for docking and maneuvering in space. 

SUMMARY AND RECOMMENDATIONS 

Several of the potential applications of the ion-sensing system are 
summarized in Table 2. 
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Table 2. Potential Applications 

1. Yaw measurement for rockets and satellites 
(accuracy: fraction of a degree). 

2. Complete attitude system including pitch, 
with addition of horizon scanner 

/ manned spacecraft, 

unmanned spacecraft, 

manual control, 

automatic control. 

roll, yaw, 

3. Attitude sensing for supersonic transport vehicles. 

4. Space maneuvering applications: 
docking, re-entry, photography, and so forth. 

satellilP^ wht ! g System would be Particularly useful on long-lived 
importait ^Thp ^OW^r consamption, weight, and reliability are 
fhítimt v'0f1Th J! system could be added immediately to decrease 

e time required to align the inertial platform by 10 to 20 minutes. 

ACKNOWLEDGMENTS 

y Worb was carried out as an in-house AFCRL pxnprimpnt 
In addition to the authors, the members of the Space Electricity Prm 
who contributed to the development of the unit were; D DeCourcv F 
A Romanelli and S. Cleaves. The authors are particularly síaféful 

and excellent performance "in'carry£g ouMh^ma f°r COOperatio1 

sîpportyofesSSDthL SyfCm{ We also gratefully ac^wle^rthe^üfancii 

ment 2 personn^Tt Ä^dS^^e^ ^ 



10 

REFERENCES 

1. Sagalyn, R.C., Smiddy, M., and Bhargava, Y.N., Satellite meas¬ 
urements of the diurnal variation of electron temperatures in the 
F region, Space Research V: 189-206 (1964). 

2. Spencer, N.W., Brace, L.H., and Carignan, G.R., J. Geophys. 
Res. 67(1):157 (1962). 

3. Sagalyn, R.C., Smiddy, M., Charged Particle Measurements by 
Means of Electrostatic Probes. Techniques Manual, COSPAR 
(1966). 

4. Bourdeau, R.E., Space Research 11:554 (1961). 

5. Hinteregger, H.E., Space Research 1:304 (1960). 

6. Brace, L., Spencer, N., and Dalgarno, A., Results Explorer 17, 
AGU, Wash., D.C. meeting (1964). 

7. Sagalyn, R.C., Smiddy, M., and Wisnia, J., J. Geophys. Res. 
68(1):199 (1963). 



11 

o 
ÍK 
Lü 

0) 

S> 
•t-i 

O o 

7
5

° 
S
 

0
o 

2
5

°N
 

0
o 

7
5

°S
 

G
E

O
G

R
A

P
H

IC
 

L
A

T
IT

U
D

E
 



L iiiiHÉHii 

F
ig

u
re
 

3.
 

P
it

c
h
 S

y
st

e
m

 S
e
n
so

r 
A

rr
a
n

g
e
m

e
n

t 
an

d
 A

p
p

li
e
d
 
V

o
lt

a
g

e
s 



.... 

13 



E
L

E
C

T
R

O
M

E
T

E
R

 

>- 
cr 

F
ig

u
re
 

5
. 

B
lo

c
k
 D

ia
g
ra

m
 
o
f 

Io
n
 Y

a
w

/P
it

c
h
 
S

e
n

s
in

g
 S

y
s
te

m
 



0)u
3
.2
Co
Ec
W)

uo
COc
<Dw
o•a
3

■ti

<
Co

Q)
U
&

•iH



0)

>
£

0)
tiC
ci
ua

PU
uow
c
0)
cn

T3 C 
3 O

tl ^
^ CO 
o ®►2.JJ

i§ •<-» ^
*:2 ^ W
O f-Hcu u

0)u

a
b



Io
n 

S
e
n

so
r 

' ..'""BmimranBii'iwiiiiHipiiiiiiiiiini .. 

V) 
"O 
c 
o o 
s 

c OJ 
£ 0) u 
p tfl cfl OJ 

O 
c 
3 
O 

£ 
o 

a> 
E 

I- 

(D 
i-H 

tuo 
c 
< o 
Jf 
ÍT) 
>1.5 
a; £ 

X! 0) 

5Ü 

< £ 
c ^ 
°S 

f—• 

§•5 
«t: 
rt ¿ 

E£ 
0 ^ 

00 

a» u 
s 

•rH 

17 

L ........... ...MMIiÜI.1.a.Mi.Mi.BÉIimiM.M...Mi..... 



P
itc

h
 

i 

18 

=> c 

c 
0) 
6 
0) u 
3 w 
rt 
0) 

OJ 
CU) 
c 
C 
j:0 
a ^ 

ÛH.S 

V S 
V 0) 

5Ü 

< e 
c ¿ 
0 

o ^ 
r-H 

C rt o -H 
M t 
•rt 
U ÿ 
rt C 

O-H 

0) 
0) 
ÍH 

ä 
•H 

iiiit.iiiii.iimiiiiiUiJliiiiiimjiiiimiii.iiiiuiii.iiiiiiiH 



.. .il PIHipif I 11 .'J™.... IJII.III. ... ... II '!»!.... 

20 

Pr. H illmr /.. Hanken in an neronfmce renearch 
engineer with the Hypersonic Research Laboratory, 
Aerospace Research Laboratories, where he is con¬ 
ducting theoretical studies in the optimization of 
hypersonic configurations. He received his B.S. de¬ 
gree in Engineering from Pennsylvania State Uni¬ 
versity in 1951, and his M.S. degree in Aeronautical 
Engineering from the Massachusetts Institute of 
Technology in 1951. In 1962. he received his Ph. I>. 
degree in Aeronautical and Astronautical Engineer¬ 
ing from Ohio State University. Before joining 
ARL in 19(i<), Dr. Hankey worked in the Aero 
Systems Division’s Wine! Tunnel Branch and Hyper¬ 
sonic Flight Section, and served as Chief of the aero¬ 
dynamics branch, Dyna-Soar Office. He is a mem¬ 
ber of Sigma Xi, Sigma Tau. Tau Beta Pi, Chi Epsi¬ 
lon, Parmi Nous, Alpha Phi Omega, Phi Kappa Phi, 
anil the American Institute of Aeronautics and .4«- 
tronaudcs. He is also a registered professional 
engineer in Ohio. 

L i... ia iiiiihUMIldi: 



BLANK PAGE 

<í 

r 

f 



21 

INVESTIGATION OF OPTIMUM LIFTING BODIES 

by 

WILBUR L. HANKEY* 

INTRODUCTION 

The USAF is interested in extending the flight of lifting aircraft 
to hypersonic speeds (i. e. Projects such as ASSET, PRIME, Scramjet 
etc). Experience in the past decade has shown that it is difficult to 
design an efficient lifting vehicle. For example, the Dyna-Soar, upon 
cancellation weighed about five times as much as Mercury to perform 
a similar space mission. Therefore, in order for hypersonic lifting 
vehicles to become compétitive as useful space systems, optimization 
is necessary. 

Optimization studies of lifting bodies are being conducted at the 
Aerospace Research Laboratories. These investigations are for the 
purpose of establishing classical optimum configurations and for the 
determination of the severity of various practical constraints to furnish 
the designer general guidelines for achieving an efficient aerospace 
system. 

Historically the aircraft industry has evolved a vehicle by the 
inverse method in which a configuration is determined first by intuition 
and then the performance computed. The direct method employed in 
this optimization first establishes the mission requirement and then 
determines the optimum configuration to accomplish this objective. 

The primary objective of a lifting body is to enclose a 
prescribed payload (volume requirement) with minimum structural 
weight (wetted area limitation) and produce the highest possible hyper¬ 
sonic lift-to-drag ratio. A geometric quantity which represents this 
payload to structural weight ratio is volumetric efficiency (rç). This is 
a dimensionless ratio of a volume-area parameter referenced to that 
of a sphere. 

V 
V- 6 \f¥ 

w 
Vz 

*Dr. Wilbur L. Hankey, Hypersonic Research Laboratory, Aerospace 
Research Laboratories, Wright-Patter son Air Force Base, Ohio. 
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A sphere then possesses am) of unity and all other closed 
geometric shapes have values of T) less than one (unfortunately a sphere 

possesses an L/ D of zero). 

In addition to consideration of the primary objective of a lifting 
body (i. e. L/D and volumetric efficiency), there is the awareness of 
the requirement for the vehicle to survive the aerodynamic heating, be 
trimable and possess adeouate stability, tolerate the aerodynamic skin 
friction, and provide safe terminal landing. These latter items are 
additional constraints which must be considered in the optimization. 

To better understand the importance of these constraints, each 
was examined sequentially rather than simultaneously in this investigation. 
Previous work performed by the author (Ref. 1) reports results of the 
simultaneous effect of these multiple constraints. 

The cases under investigation which shall be reported here are 

as follows: 

(1) Maximize L/ D for fixed volumetric efficiency. 

(2) Maximize L/ D for fixed volumetric efficiency with a heating 

constraint. 

(3) Maximize L/ D for fixed volumetric efficiency with a skin 

friction constraint. 

ANALYSIS 

To ascertain the configurations which achieve these objectives, 
several mathematical approaches were taken. It was soon apparent that 
greater success was possible by employing crude numerical techniques 
on elaborate computers than by use of the classical calculus of 
variations. The procedure utilized was to express a general closed 
geometric shape by a finite number of degrees of freedom, program 
the geometric relationships and aerodynamic characteristic equations 
and employ a numerical searching technique to find the optimum. The 
details of this operation are presented in the following paragraphs. 

To determine the optimum lifting body configuration, the 
generalized shape (Figure 1) was established with ten degrees of 

geometric ireedom. 
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The ger.eral equations for lift, drag, volume and area are 

required. 

££ ÍCp(k.n) -cf(k-t) 

[ cp(i'a)1* 

I ^ (r.n)dA 

# dA 

dA 

dA 

Newtonian pressure distribution is assumed, 

Cp = Mn . i)2 

and laminar skin friction is considered. 

where 

- i Zx - j Zy + k 
n = ~~_—- _ 

V i + Zx2 + Zy2 

r = _ix + j y + kz 

t « - i 

Since directional stability requirements dictate symmetry about 
the x-z plane, the resulting hemiconfiguration is composed of two conical 
and four prismoidal sections plus nose and base sections. 

Placing these relationships into the equations for lift, drag, 
volume and area and integrating these for the geometry of Figure 1 
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produces the following (R2 / c2 << 1): 

q R c k 
R 2 1 + m+ 4mZ + ~T ( T" + m+n) + (i+n)2 3 i 4 K 

- I [ 1 + mj + mi 2 + -y1 (*J + mi + nl 

R. ' Ri 2 ' b, , fM --=-, + mi r 
RI I R ¡ i1 + nij2 

D 

q R c k 
R',3 

^ + 3 (m + n) + (m2 + n2) + (m3 + n3) 

i R1 
+ mn ( 3 + m + n) + l — ^ + 3 (mi + nj ) + j (mi 2 t ni 2 ) 

2 
+ — ( mi3 + ni 3 ) + mi ni (3 + mi + ni ) 

+ m 1 + n + 
R. Ri 1 
R~ i |/ + m‘ R 

1 + ni 

2h Ri 
R + n+ n> R 

4Cf 

3k 
R 3 

1 + m + 
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n Ri 7T , jo? jc 
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3 b; I c'2 
R R R 

3b, 3h, 

3 -V- 
Rzc 

+ m + n + ÜL 
R ; 

1 R J 
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jb¿ Ill 
2R f mi R 

3b, / 
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w 
rT 
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where 

R| _ 1 + m 
R 1 + rri! 

1 + m 
2R 

1 + n h.- hi 
R (1 + n! ) 

The nose and base sections are treated as ellipsoids. 

3( + ^B) 
= 7T 

R? c 

R 3 h. 
8 R 

Hi' + z 
R 1 

Rj 
R 

2 

Vi - e 

+ wB 

R c 
= 7T 

R ï h 
l R 

hi 
R ; 

Rj P ( . . 1 - e£ , 1 + e 
R 

1 + 
2e ]n 1 - e 

where 

1 - 
Ac 

R. 

and from Reference 2, 

Jli 
R 

10. 53 
' w 
• 2 
^max 

c 
R 

3 
Rz c J 

qR3K 
L c 

With the generalized equations developed, we are ready to proceed to 
maximize L/ D for various constraints by examining the influence of the 
various degrees of freedom. Three cases shall be presented herein. 
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Case I. Maximum L/ D with Constant 
Volumetric Efficiency 

For this case L/D and 7] are functions of eight geometric 
variables. 

h. Ü \ 
’ R ’ R ’ 0 

— (m, n, mj , nt 

b2 h2 R_ Ac_ 
' R ’ R ’ c ’ R, 

7] = 7] ( m, n, mj , nj 

An iteration procedure (Ref. 3) was employed to determine the 
combination of these eight geometric quantities which produces maximum 
L/ D for fixed volumetric efficiency (77). 

The results of this optimization are tabulated below for (R/ c)2<< 1. 

1. 0 
R 

0 n + ni - 

b2 
-r2 + 2m = 0 
K. 

0.59 n 

One of these optimum configurations is shown in Figure 2 for an 
L/D of 4. A summary of these "classically" optimized configurations 
is shown in Figure 3 as L/ D versus j). These configurations achieve 
the ultimate hypersonic L/ D for a specified volumetric efficiency in the 
absence of heating, skin friction, stability or landing constraints. Also 
shown on Figure 3 for comparison are the X-20, ASSET and GEMINI 
configurations. Note the substantial gains th< t are potentially available 
for high L/ D vehicles. 
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Case II. Maximum L/ D with Constant Volumetric 

Efficiency and a Heating Rate Limitation 

The most obvious limitation in the previous configuration was 

the sharp leading edge which could not sustain the heat transfer during 

reentry. Another optimization was oerformed which limited the heat 

transfer (q) to the leading edge (thus requiring blunting of the nose) in 

addition to the requirement of fixed volumetric efficiency. Only minor 

changes in the configuration resulted with substantial reductions in L/ D, 

i. e. , minor bluntness and width reduction of the nose occurred with no 

other configuration change. 

The results of this optimization are tabulated below for (R/c)2<< 1. 

0 

0 

1. 0 

(See Fig. 4) 

The characteristics of a typical configuration are shown in Fig. 4. Note 
that the (L/ D)max asymptote is nearly attained for values of the heating 
rate parameter of q/\,>\v = ¿000 Btu/ft2 sec lb ^/ft3/2 indicating that 
it is probably possible by using advanced cooling techniques to essentially 
eliminate heat transfer as a severe constraint on vehicle performance. 

n + n 

R 

Ü1 
R 

2 m 

Ac 

Ri 

2R 

Case III. Maximum L/ D with Constant Volumetric 
Efficiency and Prescribed Skin Friction 

The optimization procedure was repeated for the addition of a 
skin friction coefficient to the computation of maximum L/ D with fixed 
volumetric efficiency. 
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The results of this optimization are tabulated below for 

(R/ c)2< < 1. 

n + m -^-1 = 0 

1. 0 

0 

(See Fig. 5) 

Ac 

Ri 

h¿ = 
R 

bi _ 
2R 

The addition of a skin friction coefficient to the computation o 
L/ D resulted in a flattening of the configuration and a reduction in W D 
(Fig 5). Since it is not likely that skin friction coefficients less than 

0 001 shall be experienced in flight, therefore skin friction greatly limits 
Ü. OUI snan ue p arhieved Even for a volumetric efficiency 
the maximum L/ D that can be achieved, r^ven iu 

of zero, an L/ D limit of four exists. 

EXPERIMENTAL RESULTS 

Since the configurations evolved are unusual, the application of 
the Newtonian pressure and laminar skin friction relationships require 
experimental confirmation. An experimental program was conducted in 
the ARL 20-Inch Hypersonic Wind Tunnel (Ref. 4) to examine the 
accuracy of the assumed aerodynamic characteristics. A force mode 
of the configuration shown in Fig. 2 was constructed and tested at Mach 
number 14 to ascertain the L/ D. The experimental results are shown 
in Fig 6 with the theoretical prediction. Agreement is considered 
excellent thereby substantiating the assumed pressure and skin friction 

relationships for this application. 

SUMMARY 

Hypersonic lifting configurations were optimized to produce 
maximum lift-to-drag ratios for constraints of volumetric efficiency, 
“g L skin friction. Geotnetrtc details of these confutations 

are presented which show them to be wedge-nosed shapes with conical 
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afterbodies and hemispherical bases. Although the hypersonic L/ D is 
appreciably reduced by a heating limitation, it is the skin friction which 
severely limits the maximum value L/ D to less than four for flight 
application. Correlation of these results with wind tunnel data are 
shown to verify the aerodynamic characteristics. The resulting optimized 
configurations of this investigation are shown to be substantially superior 
to any previous developmental flight vehicle. 
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NOMENCLATURE 

A Surface area (ft2) 

b Width (ft) 

c Root chord (ft) 

Cf Skin friction coefficient 

Cp Pressure coefficient 

D Drag (lb) 

h Height (ft) 

k Newtonian mobilier 

L Lift (lb) 

n Surface unit normal vector 

q Dynamic pressure (lb/ft2) 

q Heating rate (Btu/ ft2 sec) 

R Body radiu3 (ft) 

Re Reynolds numbers 

RN Nose radius (ft) 

•V- Volume (ft3) 

a Angle of attack (degrees) 

yw Vehicle density (lb/ft3) 

Volumetric efficiency 
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GASDYNAMICS OF EXPLOSIONS 

AND ITS RELEVANCE TO PROPULSION 

A. K. OPPENHEIM 
University of California, Berkeley 

ABSTRACT 

The subject of Gasdynamics of Explosions concerns the interrelationship be¬ 
tween molecular processes resulting in the deposition of a significant amount of 
power in the working substance and tne continuum mechanics of its concomitant, 
non-steady motion. It is demonstrated that acquisition of knowledge in this field 
should be instrumental in extending the performance range of rocket propulsion 
systems, and recent advances in the subject are reviewed. These were due pri¬ 
marily to novel insight into gaseous detonation phenomena that has been achieved by 
the use of a variety of modern experimental techniques, such as laser-schlieren 
photography yielding a multi-frame sequence of records, each with an effective ex¬ 
posure of about a nanosecond,produced at a megacycle frequency; pressure trans¬ 
ducers with sub-microsecond rise-time; as well as direct recording of the traces 
of the multi-wave intersections that are typical of the gasdynamic processes asso¬ 
ciated with the deposition of high power in a compressible medium. 

INTRODUCTION 

The involvement of the Air Force in the basic aspects of explosion on one hand, 
and propulsion on the other,does not need any justification. The novel feature of 
this paper is the suggestion that the two interests can be combined in a program of 
research , offering a promise for a profitable pay-off in the future. It should be pointed 
out at the outset that this does not exclude the possibility of using the results of such 
a study directly for the improvement of explosive devices. In fact,some of the find¬ 
ings of the described here research program have been already utilized for the de¬ 
velopment of a novel weapon for insurgent warfare. These achievements are, how¬ 
ever, left out completely from present considerations, in favor of the argument that 
the study under question can have a much more profound influence on the progress of 
those aspects of technology that are of the most crucial importance to the Air Force, 
namely propulsion for aircraft and rockets. 

The justification for a program of basic research in engineering requires 
special argumentation. If it is demonstrated that the pay-off is in the form of a 
device or an instrument, the research is not basic. In order to be basic, such a 
program must support industrial research, that is needed for the design, which leads 
to the development, yielding eventually the desired product. How then can one devise 
a rational justification for a program of basic research? In the opinion of the author 
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this can be accomplished only by an extrapolation, on a sufficiently broad spectrum, 

of the progress of technology that one desires to promote. 

This is exactly how the subject of our research program is introduced here. 
From the synthesis of the progress of propulsion, covering the full spectrum from 
the steam engine up to modern booster rocket, it is demonstrated that the next step 
must be based on the exploitation of explosive process 's. This,in turn,demands a 
better understanding of the Gasdynamics of Explosions - a subject concerned with 
the interrelationship between kinetic processes that result in the deposition of a 
signifie.; it amount of power in the working substance,and the continuum mechanics 
of its concomitant, non-steady motion. The significance of power deposition is 
manifested by the acceleration it imparts on the medium, or, what amounts to the 

same thing, by the pressure wave it generates. 

Recent advances in this subject are then described. They are based primarily 
on novel insights into gaseous detonation phenomena that have been attained as a 
consequence of a successful exploitation of modern high-frequency response instru¬ 
mentation. This includes a schlieren-rotating mirror camera system, equipped 
with a pulsating, high-power laser light source, capable of frame photography 
with nanosecond exposures at megacycle frequency; pressure transducers with sub¬ 
microsecond rise time; pulse spectrometric measurements; fast response heat 
transfer gauges; and direct recording of the traces of the multi-wave n erac on 
phenomena that are characteristic of the gasdynamic processes associated with 
deposition of energy at a high power density in a compressible medium. 

TECHNOLOGICAL ASPECTS 

Evolution of propulsion is characterized by the strive to pack more and more 
power into less and less space, or, in other words, to achie\e higher power density 
of energy deposition in the working substance. Although this sense of development 
is quite evident from the fact that today's gigawatt rocket booster engine is not 
much larger than the considerably weaker powerplant of John Stevenson, it might 

be of interest to have this notion expressed specifically. 

Fig. 1 displays the spectrum of power density of energy deposition in com¬ 
bustion chambers of prime-movers. It covers the complete range of derating 
conditions, from the steam boiler, whose power density is about 1 kilowatt per 1 ter, 
through an I.C. engine, where it may reach a level of 100 kilowatts per liter, fol¬ 
lowed by a turbojet combustor, where it can achieve the magnitude of 1 megawatt 
per liter, to a high output rocket thrust chamber, where it can be as high as 100 
megawatts per liter, attainable in hydrogen-oxygen systems. The higher levels of 
power deposition can be easily reproduced for study in the laboratory, under equiv¬ 
alent flow conditions, by experiments involving gasdynamic explosions, cover ng a 
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range in power density from at least 10 megawatts per liter to over 10 gigawatts 
per liter. 

For example FMg. 2 shows a stroboscopic laser-schlieren record of a 
detonation wave in a hydrogen-oxygen mixture, where the effects of energy depo¬ 
sition at a power density of almost 1 gigawatt per liter (1) are manifested by the 
multi-wave structure of the front that, at the same time, extends over a convenient 
width of nearly half a centimeter .which is quite sufficient for experimental insight 
into some of its most prominent gasdynamic features. A photograph of the traces, 
scraped on a soot-covered side wall of the detonation tube by the multi-wave inter¬ 
sections (5,6,7) that are associated with such a front, is displayed to scale above 
the schlieren record. Information provided by the soot imprint permits a qualita¬ 
tive insight into the gasdynamic flow field of the detonation wave. 

It should be noted that reproduction of the value of power density alone is not 
sufficient for the simulation of gasdynamic conditions existing in high output thrust 
chambers. The process must be also dynamic in nature, that is,if must be capable 
of generating a high intensity flow field. This is indeed the case in detonation ex¬ 
periments where the high velocity of the wave is associated with an appreciable 
motion of the products. As it can be easily ascertained from Fig. 2, the wave 
propagated at a velocity of 2. 5 km/sec into the reactants which were at rest. Since 
the local velocity of sound immediately behind the wave was about 1. 5 km/sec, it 
follows from the Chapman-Jouguet condition that the process generated a flow field 
in the products with an effective particle velocity of an order of 1 km/sec. 

How realistic are such observations with respect to technological operating 
conditions ? Performance range of rocket propulsion systems is usually described 
y means °f a vehicle acceleration - specific impulse map, ts shown in Fig. 3. 

Of particular interest to our theme are the lines of constant specific power that 
evidently impose a limit,at a level of about 100 hp/lb,on the attainable performance, 
according to current technology. An equivalent map can be constructed to describe 
the performance range of just the thrust chambers, as shown in Fig. 4, where 
reference unit of mass is that of the working substance,rather than of the vehicle, 
as in Fig. 3. Such a map describes,in effect,all the mechanical parameters 
associated with the acceleration of the substance due to the deposition of power. 
This is reflected in the new set of lines, namely those of the "effective reaction 
time which is understood here to represent the average time interval required for 
acceleration to final jet velocity under the action of a constant force to mass ratio 
The values of the various parameters in Fig. 4 are, of course, orders of magnitude 
larger than those of Fig. 3, except for the jet velocity and specific impulse which, 
it should be noted, cover on both maps the full range, up to the velocity of light. 

The range of operating conditions characteristic of CURRENT TECHNOLOGY 
has been sketched out on the basis of performance parameters of the FI, HI and J2 
engines, and the estimated capability of an advanced arc-jet thrustor (2). The field 



of ADVANCED CONCEPTS corresponds to operating conditions of such projects as 
Orian, and is culminated by the performance characteristics of explosive accelera¬ 
tors that, as it has been experimentally demonstrated (3,4), are capable of pro¬ 
ducing high density jets at a velocity of up to 100 km/sec. The coordinates of the 
point marked DETONATION in Fig. 4 are those of the wave depicted by Fig. 2. 

The REGIME OF GASDYNAMICS OF EXPLOSIONS covers the range of opera¬ 
ting conditions from those corresponding to current booster engines up to the specific 
powers of the most advanced concepts,and the effective time of a nanosecond whose 
significance to our subject lies in lhe fact that it represents the characteristic 
chemical time (local density divided by the overall reaction rate) of a high intensity 
combustion process. 

The map of Fig. 4 suggests that the study of Gasdynamics of Explosions 
should be certainly of benefit to the progress of propulsion technology. This con¬ 
clusion is confirmed by the fact that upper bounds of specific power attainable in 
chemical propulsion systems are, as a rule, imposed by the stability limits, be¬ 
yond which the process of energy conversion becomes explosive in character. In 
this respect it is significant to note that the more recently identified modes of 
combustion instability, such as surge and Pc-pops, are associated with the action 
of high frequency pressure pulses. Study of the generation of such pulses should be 
therefore considered of prime importance to further evolution of propulsion, irre¬ 
spectively whether it is associated with the actual exploitation of the detonation 
process or not. 

Summing up the foregoing arguments, we can be either satisfied with the per¬ 
formance range of propulsion systems according to current technological standards, 
or we may wish to promote further progress. The latter can be accomplished only 
by basic research. Should this be indeed our choice, then the proper direction to 
proceed is that towards the advances of our knowledge in the field of Gasdynamics 
of Explosions. 

PHENOMENOLOGICAL ASPECTS 

The most convenient way to study experimentally the subject of Gasdynamics 
of Explosions is, as it has been already inferred, by the observation of detonative 
processes in gaseous media. Great progress has been made over the last few years 
in this field, especially as a result of contributions from the Soviet Union (5,6,7). 
A review of the literature on this subject has been presented recently (8), so that, 
references to the numerous contributions of others can be omitted from here, and - 
not, of course, without the unavoidable restriction in scope - our attention can be 
concentrated instead on the phenomenological implications of just the experimental 
records obtained in the Propulsion Dynamics laboratory at Berkeley. 
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In order to understand how the gasdynamic flow field is developed, one must 
probe first into the initiation of flow, following ignition of a detonative gas mixture. 
1 hns process is demonstrated by Fig. 5, which presents,in its main portion, a 
streak schlieren photograph of an accelerating name in a stoichiometric hydrogen- 
oxygen mixture, maintained in a 1" x 1 1/2" cross-section tube initially at NTP, 
immediately upon ignition produced by a weak spark located at the closed end. 
Displayed as inserts are pressure records obtained in three locations along the 
path of the accelerating flame. One of them is shown replotted to the time scale 
oi the streak photograph,to demonstrate the relationship between the pressure and 
the ilou field. The latter is manifested by a representative particle path denoted 
jy the broken white line. As clearly manifested by pressure records and by the 
wave streaks ahead of the flame, its acceleration is associated intimately with the 
generation of a pressure pulse which propagates into the reactive mixture in form 
ol a simple compression wave that later coalesces into a shock wave. The coupling 
e vecn molecular processes of energy deposition and gasdynamics of fluid motion 

18 illustrated here by the interrelationship between the flame trace and the particle 
path, rhis can be described as a non-linear feed-back system in the course of a 
>oo s rap operation, in that the accelerating flame generates a pressure wave, which 
precompresses the reactants before they are engulfed by the flame, reinforcing 

ereby its acceleration. In the case a hand the temperature increase corresponding 
to he maximum pressure ratio is about 200<>F,and the maximum flame acceleration 
is 10 g's. 

The origin of the pressure pulse is believed today to be well understood (9 10) 
as stemming primarily from the increase in the rate of energy’ release per unit 
frontal area which, in turn, can be, at this stage, ascribed entirely to the rate of 
growth of the flame kernel. Thus, at the initial phase of explosion, the only effect 
o , e kinetlc Processes of energy release inducing the gasdynamic flow field is the 
relative propagation velocity of the flame front. The rest can be accounted for by 
he geometry of the flame kernel in relation to the cross-section of the enclosure 

that confines the flow field. 

Streaks which are observed behind the accelerating flame front are due to its 
cellular or wrinkled-laminar, structure, as shown by the laser-schlieren photo- 
graph taken across the whole width of the tube and displayed below the main record 
of Fig. 5. Later, due to wall effects, the flame and the flow deccelerate while the 
pressure drops down and the flame surface area decreases. At the top of the flame 
trace a new system of streaks appears. This is associated with the transition to 
ur ulent structure, as demonstrated by the laser-schlieren photograph displayed 

above the main record of Fig. 5. Especially noteworthy here is the complete change 
in the character of the flame front, as its surface caves in when it becomes turbulent. 

The transition to turbulence promotes an increase in the rate of molecular 
processes of energy release, that is.it results in higher power density of enertrv 
deposition. This leads to further acceleration of the flame, and to the concomitant 
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generation of additional pressure waves. As a consequence of this process a system 
of shock fronts is generated ahead of the flame, as illustrated by Figs, b and 7, 
renresenting.respectively.the streak schlieren (11) and the multi-frame laser- 

schlieren records (12) of the onset of detonation. In order ^b»sh Pr°^r re' 
lationship between these two sets of records, one should perceive that l 
in Fíf 5 the time increases upwards, while in tig. 7, as in F g. , 
Liarás ThHeason for this is the fact that, since for ^ak -ords tte or en^. 

tion of the print is factually immaterial, it has been selected for HsS' 
to conform with the generally accepted practice of wave diagrams. In the case o 
frame photographs, orientation is of factual significance, and printing upside down, 
in order to comply with convention, would produce unnecessary confusion. 

The shocks merge, creating a high temperature regime between ^ fansmitted 
shock and the contact discontinuity, where pre-ignition, in form of a point explosion, 
takes place (11). The front of this secondary explosion in the exploding gas appear 
“firsPt asVspherica. kernel (visible in the frame at 20^sec. in Fig 7) and, upon 
collision with the walls, it is transformed into a wave system consisting of three 

fronts * m the reactive detonation moving into the unburned mixture, 

(2) the retonation - an inert shock - moving into the burned gas, and 
(3) the decaying blast waves oscillating between the walls of the enclosure. 

All this is associated with the generation of an intense pressure pulse, as 
manifested by the transducer records displayed in the insert and demonstrated by 
the pressure profile drawn on the basis of one of these records in Fig. 6 The mult, 
wave structure of the detonation front, which was so clearly apparent ^ Fig- , 

is evident also from the streaks behind the detonation front in g- - 
to their complete absence behind the retonation front as well as behind the tr 
verse blast waves. Similarly as in Fig. 2, displayed on top of Fig. 7 is a soot 
imprint recorded on a side wall and inserted in proper orientation.as well as to 

scale, with frame photographs. 

In reference to this record it should be observed that the property of '■writing 
on the wall" is indeed typical of the detonation wave, since neither the highly tur¬ 
bulent flame nor the system of shocks ahead of it left any trace on the soot film. 
Study of the exact nature of the multi-wave intersection processes that take place 
L dctoLtion are of prime significance to our subject, since they offer an attrac ve 
promise of being instrumental in bridging the gap between the molecu ar processes 
of energy deposition at a high power density under intense flow conditions,and the 
concomitant gasdynamie wave phenomena This is ^-son why o serva o„ a 
analysis of multi-wave intersections (13) became one of the principal objectives 

our current research effort. 

The bridee has been already established in some cases. For example it 
has been demonstrated recently (14) that the time delay between the instant of shock 
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merging and the onset of detonative ignition corresponds exactly to that deduced from 
the kinetic theory of chemical induction times. Experimentally this theory is based 
on shock tube data obtained at conditions of negligibly small power density of energy 
deposition. 

This brief sketch of *he development of detonation points out four distinct gas- 
dynamic phases of the explosion process, each associated with a progressively higher 
level of power density of energy deposition in the substance: 

(1) initial generation of the flow field by an accelerating flame following ignition, 
(2) subsequent intensification of the flow due to transition to turbulence, 
(3) wave interaction processes associated with transition to detonation and 

the concomitant generation of a high intensity pressure pulse, and 
(4) establishment and maintenance of the multi-wave structure of the 

detonation wave. 

The fluid-mechanic features of each of these phases are quite different, but all 
are basically governed by the interaction between the molecular processes of energy 
release and the gasdynamic properties of the flow field. It is the theory of such 
phenomena that constitutes in essence the Gasdynamics of Explosions. In this respect 
the evolution of the subject has just been barely started, notwithstanding the almost 
hundred years of detonation research. 

CONCLUSIONS 

From the survey of propulsion technology it appears that the next step in its 
evolution, if we wish to make it, must be based on basic research in Gasdynamics 
of Explosions. Recent advances in this subject helped to reveal a good deal of novel 
phenomenological facts. This should be followed now by a period of painstaking 
research into the precise nature of these phenomena and their analytical interpre¬ 
tation, as well as into the effacts of various operating conditions, with the objective 
of developing suitable means for their control. 

The most important tool for further experimental research is the ultra-high 
frequency response instrumentation. Since the most prominent feature of explosive 
phenomena is the pressure pulse they produce, the most important of such instru¬ 
ments is the pressure transducer. A reasonable goal here should be a frequency 
response in gigacycles per second,or a rise-time of a nanosecond - the typical 
characteristic chemical time of the explosion process. 

Future pay-off from such a research program should be quite rewarding, not 
only in its contribution to the science of explosion processes and gasdynamics, but 
also directly to such technological objectives as the observation, control and rating 
of combustion instability in combustors and augmentons, as well as the develop¬ 

ment of propulsion and energy conversion systems utilizing fuels whose explosive 
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(referred to in the trade as "energetic") properties are beyond the limits of today's 

technology. 

To sum it all up, we hiw lust learned what is it all about, but we are still 
far from knowing how mue’: , < ,ilo:,i ho* to get the best bargain out of it. Only 
when we reach the last oí ! ■ w stages, can we claim a real contribution in an 
engineering sense, since it is 1,: =1 !«: last step that implies optimization - the 
earmark of engineering. In oiviet to do so, we must have specific knowledge of the 
facts, and this can be obtained solely by a basic research program,as described in 

this paper. 
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FIGURE CAPTIONS 

Figure 1. Power Density Spectrum of Energy Deposition in Prime-Mover 
Combustion Chambers including the extent of conditions attainable by ex¬ 
periments involving gasdynamic explosions. 

F lif Ure 2‘ Stroboscopic Laser-Schlieren Records of a Detonation Wave and 
Matching Soot Imprint on Side Wall. The medium is a 4H3*30 mix¬ 
ture maintained in a 1" x 1 1/2" cross-section tube, initially at a pressure 
of 87.3 mmHg and room temperature (1). 

Figure 3. Performance Range of Rocket Propulsion Systems on the vehicle 
acceleration — specific impulse plane. 

Figure 4. Performance Range of Thrust Chambers on the effective force 
to mass ratio — specific impulse plane. 

Figure 5. Streak Schlieren Photograph of Accelerating Flame and the Con¬ 
comitant Flow Field (9) in a stoichiometric hydrogen-oxygen mixture 
maintained initially in a 1" x 1 1/2" cross-section tube at NTP. Displayed 
as inserts are pressure records at positions 1,2 and 3. Vertical scale: 
5.2 psia/cm for record (1), 10.4 psi/cm for records (2) and (3); horizontal 
sweep from left to right: 100/isec/cm for record (1) and (2) 200/i8ec/cm for 
record (3). Depicted by white broken line is a representative particle path, 
while the continuous line presents pressure record (3) replotted to the time 
scale of the streak photograph. Immediately below and above the streak 
record are flash laser-schlieren photographs .taken across the whole width 
of the tube. Streaks were taken through a slit along the center line of the 
tube. Time instances corresponding to flash records are denoted by appro¬ 
priate white horizontal lines, demonstrating the relationship between the 
recorded streaks and the actual flame structure. 

Figure 6. Streak Schlieren Record of Transition to Detonation and Matching 
Flash Photograph of the Flow Field (11). Stoichiometric hydrogen-oxygen 
mixfaire in a 1" x 1 1/2" cross-section tube initially at NTP. Pressure record 
displayed as insert is shown replotted to the time scale of the streak. Vertical 
scale: 260 psia/cm; horizontal scale: 50iisec/cm. Oscilloscope sweep leads 
the streak record by IS^isec. 

I igure 7. Stroboscopic Laser-Schlieren Record of Transition to Detonation 
and the Matching Soot Imprint on Side Wall (12). Stoichiometric hydrogen- 
oxygen mixture in a 1" x 1 1/2" cross-section tube initially at a pressure of 
696 mmHg and room temperature. Pressure records displayed as insert. 
Vertical scale 200 psia/cm; horizontal scale SOyasec/cm. Oscilloscope 
sweep leads the photographic record by llS^sec. 
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THE OVl - PROMOTER OF TIMELY SPACE RESEARCH 

Several years ago the space researcher faced the apparently insurmountable 
problem of getting his instruments to their selected space environment and then 
recovering the data. Recognizing this, in 1960 General Schriever established the 

Probes Program. Now known as the Aerospace Research Support Program or 
Project 7043, and considerably larger in scope, this program still has the same 
objective it had then: to meet the requirements of the experimenter economically 
and on a timely basis. This paper describes an inrÿ ». tant element of this program: 

the Orbital Vehicle, Type One (OVl). 

In the early stages of the Probes Program two types of vehicles supported the 
experimenters. The first type, called probes, were such self-propelled vehicles 

as Aerobees, Spearobees, and Black Brants. The second type was the Scientific 
Passenger Pod (SPP), which was conceived when a survey of Air Force resources 
showed that many R&D ICBMs launched were carrying less than their maximum 
payload. This led to the "piggyback" concept of an auxiliary payload device being 
flown as a secondary payload. Development of this concept was contracted to the 
Convair division of General Dynamics (then known as Astronautics) and by late 
1960 the Scientific Passenger Pod was a reality. 

Twenty-nine of these pods, representing 85 experiments have been flown without 
degradation of the primary mission of the launch vehicle. Agencies supported by 
these flights included Air Force Cambridge Research Laboratories, Air Force 
Special Weapons Center, Naval Research Laboratories, Aero Medical Labora¬ 

tories, Aeronautical Systems Division, and National Aeronautics and Space 
Administration. The Scientific Passenger Pod program proved to be success¬ 

ful, but its capability was limited to ballistic trajectories which precluded 
support of prolonged weightless (in orbit) flights. 

The original concept of a vehicle to support the new requirement was an orbital 
pod. The SPP configuration was elongated to accommodate a solid propellant 
motor and an attitude control system. The Atlas interface was again limited to 

mechanical attachment and the SPP 30-inch diameter was retained to avoid addi¬ 
tional wind tunnel testing of the missile. Having established the feasibility and 
cost effectiveness of the concept, OAR contracted with Convair for the develop¬ 
ment of the orbital vehicle, or as it became known, the OVl. The vehicle, shown 
in Figure 1, was capable of placing a 300-pound satellite into a 500-nautlcal mile 
orbit. The Ballistic Systems Division's Advanced Ballistic Re-entry Systems 
(ABRES) Office, which had so ably supported the SPP program, agreed to support 
at least five OVl launches as secondary payloads. Operationally the OVl was 



designed to ride in an enclosure, called the Atlas Retained Structure (ARS), until 
after Atlas Sustainer Engine Cut Off (SECO) at which time the ARS door opened 
and the OVl vehicle was separated from Atlas. The OVl attitude control system 
positioned the OVl and the programmer fired the motor, placing the satellite into 
orbit. This is basically the same design and procedure that is followed in the 
present day vehicles. Except for the autopilot, only previously-developed com­
ponents and subsystems were used in the design. This reduced development risk 
and total cost, and also allowed earlier support of orbital requirements. In fact, 
the first OVl was flown with a fiiU payload of experiments.

iSimmi : 
MECHAIIiSi

Figure 1. Orbital Pod Concept

In 1964 a series of planning changes by the ABRES program impacted the OVl 
program. First, transferring launch location from the East coast to the West 
coast lowered OVl's orbital capability because of the earth's rotational effect. 
Second, ABRES requirements for hi^er lofted launches had additional degrading 
effects. These circumstances prompted a review of the total OVl program and 
resulted in a one year slip in the program.

Fortunately, at this time, the Atlas D missiles were being phased out of the 
operational inventory. Analyses indicated that it was economically feasible to 
refurbish them for use as the first propulsive stage for two OVl vehicles installed 
on the nose. This configuration uses the existing OVl assemblies by attaching two 
ARS's back-to-back as shown in Figure 2, with essentially no change to the flight 
vehicle. A proven adapter was combined with fairings to mount this dual assembly 
on the nose of the Atlas. Staging of the two vehicles occurred in the same manner 
as the original side installation. These old missiles have proven to be very reli­
able, with 20 successes out of 21 launches. The next launch in May 1967 will be 
the last with a Series D.
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Figure 2. OVl Staging

The original design imposed contraints on experiment integration because of 
the minimum cross section of the ARS. This size limitation required costly 
deployment devices and fairing modification to support peculiar experiment 
requirements. Modifications such as these required extensive engineering ana­
lysis and design time with added risk of degrading basic system reliability.

With the depletion of the Series D, support for the OVl program will come 
from Series E and F Atlas missiles as they are released from inventory. Assess­
ment of all factors associated with this change indicated a conventional nose fair­
ing offered the most flexible configuration. This change as shown in Figure 3 has 
been made and will be flown on the first E/F launch in September 1967. The fair­
ing, sized to match an existing missile adapter will use a previously developed 
separation system. The 84-inch diameter provides ample clearance around the 
flight vehicle and satellite and eliminates this as a significant constraint. Pro­
vision was made for longitudinal growth of the satellite without changing the rest 
of the system.

The orbital requirements of the scientists are about equally divided between 
circular and elliptical with an Increasing demand for higher and higher apogees. 
The OVl ciqiabllity has been regularly inoproved in support of these requirements.

The growth in OVl orbit performance is shown in Figure 4. A significant 
improvement is realized between secondary and primary OVl status since in the 
latter, the booster trajectory is optimized for the space mission. Primary status
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Figure 3. 84-inch Fairing Configuration

also enabled the program to support experiments requiring a polar orbit. By re­
placing the ABL-258 motor with the FW-4S further performance improvement was 
realized. OVl-2 weighed 190 pounds and, using the full capability of Atlas on a 
westerly trajectory, was only able to achieve 1,860 nautical miles of apogee, 
while OVl-9, weighing 230 pounds, achieved 2,600 nautical miles on a near polar 
trajectory. It is important to note that OVl-10 was launched into a circular 375- 
mile orbit and OVl-9 into the elliptical orbit from the same Atlas booster. This 
flexibility of the system is a significant advantage in supporting scientific pay- 
loads. Although the 2,600 nautical mile apogee is a substantial Improvement, it 
is not the maximum capability of the system. For example, OVl-13 and -14 will 
be launched into orbit having 5,000 and 6,000-nautical mile apogee.

While extended performance is very important, orbit accuracy is a must. 
Accumulative tolerances in launch vehicle guidance and propulsion systems pro­
duce variations in final orbital parameters. Perigee of a highly elliptical orbit 
must be chosen as low as practical to get maximum apogee altitude. Dispersions 
can lead to satellite re-entry at perigee which, of course, would be catastrophic 
and requires careful analysis to preclude its happening. The high degree of accuracy 
demonstrated by the Atlas/OVl system to date Increases the probability that the 
OVl will provide the necessary injection accuracy for the future highly elliptical 
orbits.
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The OVl satellite was conceived as a general purpose vehicle to support the 
requirements of the space scientists. The mechanical and electrical interfaces 
are so configured that the application of widely diversified payloads can be accom¬ 
plished with minimum change. The concept has proven successful in minimizing 
the lead time requirements which are imposed on the user. Basicallyt the satellite 
is designed with three sections as shown in Figure 5. The two areas covered by the 
domes house all of the support subsystems, which are the power subsystem, 
command, data storage, and telemetry. The center area is reserved for the experi¬ 
ments and is the only non-standard part of the satellite. 

Figure 6 shows the wide spectrum of exploratory endeavor that is being sup¬ 
ported by the OVl. The OV1-9/-10 payload, placed into orbit in December, is an 
example of the typical dual payload, each satellite being integrated with a mixed 
group of experiments submitted by five different organizations. 

The OVl propulsion module is a self-contained booster stage easily adapted to 
other payloads. For example, OV1-8 waó launched with a special ASD payload 
(Figure 7). A simple interface adapter was provided to mount a package con¬ 
taining a 30-ft balloon that was placed in orbit for passive radar studies. The 
balloon was constructed of wire mesh covered by a material that ablated away in 
sunlight after inflation. The big advantage to this design is low drag for in¬ 
creased orbital life at low orbits and no change in rigidity if the sphere is pene¬ 
trated since it is not pressure stabilized. 

The OVl satellite was also designed to be compatible with other launch vehicles 
without major redesign. Therefore the program can quickly react to launches of 
opportunity. The satellite procured initially as part of the OV1-8 system was 
launched with a classified payload in a Titan HIC booster. The payload weighed 
450 pounds and required a unique system of magnetic orientation. The increased 
weight caused only minor changes in the structure to meet design loads. 

Seven OVl satellites or payloads have been placed in orbit. Two of these have 
successfully completed their missions and five are continuing to acquire data. 
The first of these launched in October 1965, is still performing quite well. It is 
still accumulating data in the real time mode although a failure occurred in the 
data storage system. Having this pre-positioned data source available during per¬ 
iods of high solar activity has been very advantageous. 

One of the greatest advantages of the OVl program is the timeliness of the 
support accorded the experimenter. All aspects of flight preparation, launch 
support, and orbital support arc accomplished with a minimum of inconvenience 
to him. Necessary interface meetings are held to acquire experiment details and 
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Figure 6. Experiment Integration

to familiarize the scientist with the OVl capabilities and the existing range 
facilities. His experiments are prepared for space flight and installed in the 
satellite. Range documentation is prepared specifying both launch and orbital 
support deteils. Necessary testing is accomplished and, finally, the integrated 
OVl vehicle is shipped to the launch site for thirty days of launch preparation. 
Lapsed time from support approval, through Integration, to launch is approxi­
mately fifteen months, with orbital support and data services provided for the 
useful life of the satellite.

The 15-month schedule has proven realistic. Delays have occurred in only 
two instances. The only significant delay was on OVl-4/5 and this was to ac­
commodate the experiment on OVl-4. The payload consisted of a Zero G experi­
ment on algae and Duck Weed. The experimenter experienced some difficulty 
in sustaining growth in the space laboratory. However, with the delay he worked 
out his difficulties and acquired his data. Adherence to schedule is not to imply 
that the experimenters' requirements are in any way subordinated. Schedules 
are established initially based on experimenters' commitments. When unfore­
seen problems develop they are resolve ' on an individual basis.

The OVl vehicle configuration permits a logical extension of existing capa­
bilities as the needs of the scientist expand and the state of the art permits. One 
example is the current development of a nose fairing which will accommodate
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Figure 7. OVl-8 Spherical Grid Payload

various flight vehicle configurations without change to the envelope. Further, 
the program is sensitive to the needs of the researcher in orbital performance 
flexibility and adequacy of the spacecraft supporting systems. Studies indicate 
a potential performance gain can be achieved by spinning the entire vehicle prior 
to motor ignition and separating the propulsion module structure and subsystems 
so that only the motor and payload are accelerated to orbital velocity. This will 
permit the satellite weight to be increased to 500 pounds for currently achievable 
orbits or injecting the existing 300-pound satellite into elliptical orbits with an 
apogee of 8,000 nautical miles. Another growth potential of the design is the 
incorporation of a developed higher thrust motor. For example the Alcor IB 
could achieve an apogee altitude of 10,000 nautical miles with the 300-pound 
satellite, or 5,000 nautical miles with a 450-pound satellite. In conjunction with 
this study we are investigating the addition of a kick-stage motor. This would 
give us the added flexibility of placing payloads in a higher circular orbit or 
achieving escape velocity.

In summary, a total of 7 OVl satellites supporting 43 different experiments 
for 7 different o' t.anizatlons have been orbited to date. This amounts to 1,690 
pounds of payload weight. In May we will accomplish another first by putting 
three satellites into three different orbits from the same Atlas booster. In 
September we will launch OVl-13/14 and this will complete the support of the 
50 experiments submitted for Fiscal Year 1967.

The OVl is OAR's answer to the Air Force Researcher's request for timely 
space support.
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COMPUTER-AIDED CIRCUIT DESIGN 

D. A. CALARAN 
Electrical Engineering Department 

University of Michigan 

The complexity of micro-electronic circuits and the attendant 
requirement for maximum reliability has forced the circuit designer 
to turn to computer-aided approaches to design. As an elementary 
example, consider the problem of designing a computer logic circuit 
vith prescribed worst-case limits on the operating point, assuming 
all circuit components may depart some known per cent from their 
nominal values. With ten elements, a designer would have to construct 
2IO = 1034 such circuits to determine the extreme element variations 
which most severj.y effect operation. At worst, a computer could per ¬ 
form the same 103^ analyses; more realistically, a highly reliable 
guess of the worst case could be made with only a single computer 
analysis. 

Over the past four years, this investigator has been concerned 
with the development of computational algorithms for the analysis and 
design of electrical networks. The research has been concentrated 
particularly on methods of computer synthesis of rather arbitrary 
forms of linear networks. Before discussing synthesis, however, it 
is well to review the principal methods of network analysis. 

Matrix Methods 

By writing the Kirchoff voltage law equations around independent 
meshes or the Kirchoff current law equations at every node in matrix 
form and then using standard matrix inversion techniques, a frequency 
response for the network can be calculated. There is a considerable 
accuracy problem here because of subtraction in the matrix inversion; 
also, a matrix inversion is required for each frequency. 

Topological Methods 

If the elements in a network are regarded as branches in a graph, 
then a network function (i.e., a rational function of £, the Laplace 
Transform variable) may be calculated from linear graph theory. From 
this, either the network frequency or transient response follows 
directly. An advantage over the matrix is that the effect of each 
network element on the response may be trivially calculated. Such 
derivative information is fundamental to any formal computer syn- 
tnesis procedure. However, the original evaluation of the network 
function is time-consuming, which in turn places restrictions on the 
size network which can be analyzed in reasonable computing times. 
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State Variable Methods 

A hybrid form of mesh and node analysis, this procedure yields 
first order differential equations describing network response. 
Derivative information concerning the effect of elements on response 
is available indirectly. The method is efficient in computing time 

compared with the previous. 

The programming of any of the above methods is a straightforward 
and laborious task. By coupling such a program to a circuit designer 
via a means of optical computer output (such as CRT display), the 
designer can apply his natural talent for cut-and-try design. Thus, 
he presents the computer with an initial design; the corresponding 
network response is then optically displayed; he makes an adjustment 
in the circuit and the latter is analyzed again. Such man-machine 
iterations are continued until some design criterion is optimized. 

From a formal viewpoint, it is obvious that the above design cycle 
is most efficient. In fact, for most modern design criteria (es- 
pecially in fi’.ter applications) the procedure is totally inadequate. 
The manner in which the network elements must be adjusted to optimize 
a design is typically far too complicated to be directed by intuition. 
What is required is a completely automatic method of iteration which 
will accept common network design criteria. This was recognized m 
the early stages of our research and a search was made for a method 
of iteration compatible with one of the general methods of 
discussed above. The topological method was chosen because it yields 
derivative information directly. (It should be emphasized that the 
procedures to be proposed are successful because the networks con¬ 
sidered are linear. The synthesis of non-linear systems of any type 

is obviously a much harder problem.) 

Among the design criteria encountered in linear network design, 
frequency response and the sensitivity of that response to element 
variation are the most common specifications. Our research has 
shown fc has been possible to incorporate both of these criteria in 
a general circuit optimization program. The remaining discussion is 
a summary of this investigation, principally in the form of examples 

which point out its utility. 

If a frequency response is specified, this may be c°"yeyte^ to„ 
a corresponding network function in terms of s. The coefficients ox 
this rational function, together with an initial design form the in¬ 
put data to the program. The designer’s initial guess is th®n 
lyzed, yielding an initial transfer function. These rational functions 
(the prescribed and the calculated) are then matched, coefficient by 

coefficient, using a modified form of Newton-5aPhson+í;te^^°";ir^ 
this point, derivative information is required from the topological 
analysis piogram to establish the effect of every adjustable element 



71 

on every coefficient. Iteration continues until the coefficients are 

matched to a prescribed accuracy. This algorithm may be readily ex¬ 

tended to the case when only a subset of the coefficients are speci¬ 

fied - the so-called dominant frequency case-as happens frequently in 

active network design. 

The power of the above procedure lies in its range and speed of 

convergence. Although it was originally developed to allow relatively 

small char^-s in element values, it became obvious in testing it con¬ 

vergence that the initial network supplied by the desJ ’Tier did li tie 

more than establish the form or topology, and that the same final de¬ 

sign resulted from a wide range of "poor" initial guesses. In partic¬ 

ular, large classes of active networks, previously immune to any pre¬ 

cise design because of the constraints imposed by parasitic, could 

now be accurately synthesized. 

Two examples showing the rather unusual application of this pro¬ 

gram to circuit design problems are now given. The generality of the 

program will be noted by observing the different classes of networks 

considered. 

The low-pass (Butterworth) filter of Figure 1 is to be designed 

for various source resistances (R,,). A classical network synthesis 

procedure^- exists for such networks, derived from reasonably involved 

and elegant theory. However, if the element values for a single value 

of source resistance are known, then these constitute an initial guess 

for iteration with any source resistance. Thus, Table 1 can be ob¬ 

tained from the known design with Rs =» 1 without any recourse to formal 

network theory. 

As a graphic demonstration of the range of convergence, the active 

network of Figure 2 (which was "academically" chosen to have unit ele¬ 
ment values initially) is required to behave as an oscillator with a 

specified frequency of oscillation. In contrast, the initial network 

design is quite stable. After iteration the element values of the 

oscillator are given in parentheses in Figure 2, showing a range of 
convergence of 100:1.2 

Particularly in the design of active networks, the problem of 

sensitivity of the network response to component variation is most 

acute. At the same time, most active networks have sufficient redun¬ 

dancy that specifying the frequency response alone as above leaves 

degrees of freedom in the network design. Hence, we considered intro¬ 

ducing some measure of sensitivity for minimization while maintaining 

the desired response. Among the common network sensitivity criteria, 

the change in network natural frequencies per fractional change in 

element is directly related to frequency and Q stability of tuned 

amplifiers and oscillators. In addition, this sensitivity and its 

gradient as a function of the network elements are readily obtained 
from a general topologically-based analysis program. Therefore, it 
was felt a computer program would be developed for the minimisation 
of sensitivity in quite arbitrary forms of linear, frequency-selective 
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3 
networks. 

The effect of minimizing sensitivity in a typical active filter 
(Figure 3) is shown in Figure U. From Figure 4, it is clear that a 
large change in the active element results in catstrophic change in 
the original filter response but affects the desensitized filter very 
slightly. The element values are given in Table 2. 

The above definition of sensitivity was then generalized to cor¬ 
respond to the observed fact that like elements tend to change the same 
per cent as a function of environment.4 The important criterion is 
now the Agebraic sum of the element sensitivities, and is therefore 
linearly related to individual element sensitivities. This fact makes 
multiparameter sensitivity quite amenable to minimization using the 
same general approach as for single element sensitivity. 

As a final example^ a state-of-the-art problem in the area of 
active filter synthesis is considered/ The filter of Figure 5 is first 
designed by iteration from an initial guess to have a prescribed band¬ 
pass response. Alx resistances increase with temperature by 10000 
ppm/°C and all transistor betas increase by 30000 ppm/°C; it is re¬ 
quired to redesign the filter so that the network response is independ¬ 
ent of temperature while maintaining the prescribed frequency*response. 
Such a problem is routinely solved by the computer program developed, 
resulting in the values shown in parentheses in Figure 5. Figure 6 
shows the effect of actual simultaneous variation of parameters on the 
response,++ demonstrating a significant desensitization in the final 
design. 

In conclusion, by insisting on a formal and general approach to 
the design of linear electrical networks in place of cut and try pro¬ 
cedures,we have developed a powerful iterative computer technique. 
Both classical problems in passive network synthesis and modern pro¬ 
blems in active networks and micro-electronics may be readily solved. 
One indication of the utility of the programs is that over 120 program 
decks have been requested by industries and institutions, including 
most of the major electronics and aerospace companies. These programs 
have been in the hands of their designers for over three years, and 
have been used in the design of circuits ranging from video amplifiers 
for T.V. receivers to amplifiers for space missions. As previously 
mentioned, for many circuits which are operating near the frequency 
limit of the device characteristics, this unique combination of a 

4 This is especially true in micro-electronic circuits. 

++ Due to the differential definition of sensitivity, complete can¬ 
cellation will in fact not occur. 
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1. .7654 1.848 1.848 .7654 
.75 .3552 1.771 1.400 1.986 
.5 .2688 2.103 1.083 2.613 
.25 .1017 4.603 .4181 6.384 
.1 .0392 11.09 .1616 15.64 
-1-1-1-1- 

Table 1 

Original 
Design 

1-1-1-h 
.3 297. -.33 

After Sen. 
Min. 

.692 61.7 

+■ + 

.0643 

.0462 

Table 2 

.775 
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A FAMILY OF NOVEL ANTENNAS: THE "BACKFIRE" ANTENNA 

by 

H.W. Ehrenspeck 
Microwave Physics Laboratory 

Air Force Cambridge Research Laboratories (OAR) 
L.G. Haascom Field, Bedford, Massachusetts 

ABSTRACT 

The "backfire" antenna, a new antenna element that produces 
gains ranging from 15 to 30 dB, operates on a combination of surface- 
wave and open-cavity principles. Its side- and backlobes in both 
planes are much lower than those of conventional antennas in that 
gain range, and its construction is far more compact. It can be 
arrayed for pencil or fan beam as well a* monopulse applications. 
Models have been tested inhouse and by NASA in the frequency range 
from 100 MHz to 10 GHz, with good results. The antenna is ideal for 
ground-to-ground and ground-to-air communications, telemetry and 
satellite-tracking, and lends itself to flush installation in aircraft, 
missiles, and space vehicles. 

1. INTRODUCTION 

The invention of the backfire antenna is a direct outgrowth of 
AFCRL inhouse research on slow-wave antennas. 2 During the 
course of this work it was discovered that the gain of an endfire an¬ 
tenna like a Yagi can be markedly increased by using a large plane 
reflector at the end of the antenna opposite the feed to reflect the in¬ 
coming energy back toward the feed and the aperture from which it is 
finally radiated into space. The resulting antenna, called the "back¬ 
fire" obviously because the main beam fires backwards, has since 
become the progenitor of a large family of new antennas3-9 with 
principal applications in the gain range between 15 and 30 dB. 



82 

Ordinary endfire antenna structures for this gain range become 
unpractically long; paraboloids of the size required are too costly to 
construct and not usually attempted since geometric optics is not fully 
applicable to such cases. To date, most of the antennas used for this 
gain range have been multielement arrays consisting of a large num¬ 
ber of single dipoles, slot radiators, or Yagis. Because they need 
very complicated feed systems (each element must have its own feed) 
they are expensive ae well as insufficiently reliable in operation. 

Backfire antennas offer remarkable advantages over these anten¬ 
nas. They perform optimally in the gain range between 15 and 30 dB. 
They have extremely low side- and backlobes. Their reflectors are 
planar rather than paraboloidal. Their feed system is much simpler 
and their construction costs much lower than those of any other anten¬ 
na in this gain range. They can be arrayed as pencil- or fan-beam 
antennas. They can be flush-mounted into the bodies of airplanes or 
space vehicles. They can be used as efficient feeds for large para¬ 
boloidal antennas. 

Backfire antennas should therefore be especially suitable as re¬ 
placements for most of the bulky and costly multielement arrays for 
telemetry and satellite-tracking; they should be useful for air-to- 
ground and ground-to-ground applications, for plane-to-satellite 
communications, for microwave relay links, and for mobile satellite 
relay stations. 

2. GAIN OF BACKFIRE ANTENNAS 

A typical example of the backfire antenna, developed by convert¬ 
ing a Yagi type of endfire antenna, 3 is shown in Figure 1, where R, 
F, and D mark the reflector, feed, and directors of the basic Yagi, 
M is the plane reflector necessary to convert the Yagi into a back¬ 
fire, and B is a rim about X/4 wide, which improves the overall per¬ 
formance. Whereas an ordinary Yagi would radiate the energy only 
to the right, the backfire radiates it to the left, as from an aperture 
formed in the plane of R. The spacing L between M and R is the 
total axial length of the backfire. It should be mentioned that the 
slow-wave structure of the Yagi need not be a row of dipoles but may 
also be a dielectric rod, a helix, or a disk-on-rod structure; the re¬ 
flectors M and R may consist of a row of properly spaced metal 
rods, or they may be formed of metal or wire mesh. 

The gain of a Yagi type of endfire antenna is roughly proportional 
to its axial length, provided that the height and spacing of the directors 
are adjusted to their optimal values for the specific length chosen. 
The gain increase of a backfire antenna, although obtained without a 
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corresponding physical increase in length was first explained as due 
to an effective doubling of the length of the endfire since the slow wave 
travels twice the entire length of the endfire. Gain measurements 
showed a higher gain increase, however, than could be attributed to 
any doubling of the length. A much better insight into the radiation 
mechanism of the backfire has since been obtained by studying the 
amplitude and phase distribution in the nearfield. It has led to the 
more appropriate analysis of the backfire as a cavity antenna, the 
space between M and R having a configuration similar to that of a 
laser (Fabry-Perot) cavity. 

The gain Gg of backfire antennas is approximately:7 

gb 3 60 ^ • 

compared with the gain Gp of ordinary endfire antennas, which is 

Ge a 10-1* . 

Thus, the backfire has a gain increase of about 8 dB over an endfire 
antenna of equal length. In addition, its side- and backlobe levels 
are typically 8 to 12 dB lower than those of the endfire antenna. 

The progress achieved with the new antenna structure can best 
be demonstrated by comparing it with the Yagi, which is the most 
frequently used endfire antenna. Figure 2 compares the physical 
structures of the shortsst possible backfire antenna (a) and a Yagi 
antenna (b), both having the same gain and approximately the same 
patterns in the E and H planes. Both are drawn to the same scale 
so that they can be directly compared in size and material require¬ 
ments. Although the backfire has a reflector area larger than that 
of the Yagi, and in addition, requires a second smaller reflector, its 
length is less than one-tenth that of the Yagi; .and the number of dipole 
elements is only 1 in contrast to 27 elements for the Yagi (including 
5 transverse reflector dipoles not shown). 

3. RADIATION MECHANISM OF BACKFIRE ANTENNA 

Experimental studies of the nearfield of backfire antennas have 
disclosed that optimum performance depends on obtaining an extreme¬ 
ly high VSWR over the entire antenna length, and that this condition 
can be fulfilled only when the distance between the plane reflectors 
M and R is a multiple of X/2. These observations suggest that back¬ 
fire antennas3-9 are characterized by the multiple reflection of 
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electromagnetic waves between two plane reflectors of different size 
(M and R in Figure 1), and that the space between these reflectors 
acts like an open resonant cavity whose basic configuration resembles 
a Fabry-Perot laser cavity except that is is filled with air rather than 
with an active medium. While the larger reflector (M) plays the role 
of the perfectly reflecting mirror in the conventional laser structure, 
the smaller reflector (R) plays that of the partially transparent end 
mirror, its size corresponding to the degree of transparency. A cer¬ 
tain percentage of the cavity energy is radiated into space from the 
virtual aperture, which is located in the open area surrounding the 
smaller reflector (R). Gain and radiation patterns are functions of 
the amplitude-phase distribution in this aperture. Cavities that are 
several wavelengths in axial length require loading by a slow-wave 
structure (D, D, D. . . in Figure 1) to concentrate the energy along the 
backfire axis and thus prevent its radiation before it reaches the aper¬ 
ture The structure of a shorter backfire antenna, however, is so 
compact that practically all of the energy contained in the cavity is 
intercepted by reflector M and R, and therefore no slow-wave struc¬ 
ture is needed. 

4. BACKFIRE ANTENNAS AND ARRAYS 

Two types of backfire antennas will be discussed, 
backfire," and (2) the "long-backfire." 

(1) the " short- 

(1) A short-backfire antenna — in fact, the shortest one conceiv¬ 
able - approximately X/2 long, is shown in Figure 3(a). It consists 
of only two plane reflectors — the larger one with a rim — and the feed 
between them. The feed may be a single as well as a crossed dipole. 
The reflector diameters are 2X and X/2 respectively. This antenna 
develops a gain of 15 dB above an isotropic source. Its patterns, 
measured with an S-band model, are shown for the E and H planes 
in Figures 3(b) and (g). All sidelobes are at least 20 dB, and the 
backlobe is at least 30 dB, below the maximum. T - patterns retain 
their quality over a bandwidth of about 1.5:1, and the gain is approxi¬ 
mately proportional to the area of the larger reflector Special low- 
sidelobe adjustment can reduce the side- and backlobe level to 27 dB 
and far below 30 dB, respectively [as shown later in Figure 9(£)J, but 
at the cost of some gain and bandwidth; special broadband adjustment 
can increase the bandwidth to over 2:1, but at the cost of some gain. 
Short backfires can be used to advantage as transmitting and receiving 
antennas for 2:1 bandwidth, as flush-mounted antennas, as feeds for 
paraboloids, and as elements for large telemetry and satellite-trackmg 
arrays. 

(2) A long-backfire antenna, several wavelengths long, is shown 
in Figure 4(a). Besides reflectors M and R, it requires a slow-wave 
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structure, which in Figure 4(a) is a row of dipoles, extending along 
the antenna axis. Its gain depenes mainly on the size of the larger 
reflector and on the length L of the structure. For an antenna more 
than 3\ long, a stacked reflector M will give better performance. 
The S-band antenna in Figure 4(a) is a 4\ long-backfire model; its 
E-and H-plane patterns are shown in Figures 4(]i) and (ç). The an¬ 
tenna has a gain of 23. 5 dB and a pattern bandwidth of about 1.4:1. 
All sidelobes are more than 20 dB, and the backlobe is more than 
30 dB, below the maximum. Long-backfires can be built for gains 
of up vO 25 dB before their dimensions become impractically large. 
For higher gains, it is better to array several in front of a large 
common reflector than to lengthen the single-element long-backfire 
antenna any further. The difference between an array of short- 
backfires and one of long-backfires is that the former allows tighter 
pattern control and is mechanically easier to construct, whereas the 
latter requires fewer backfire elements and therefore has a simpler 
feed system. 

5. PRACTICAL MODELS OF BACKFIRE ANTENNAS 

5. 1 Short-Backfire Antenna for 400 to 800 MHz 

Figure 5 is a photograph of a short-backfire antenna for the fre¬ 
quency range from 400 to 800 MHz. It has a circular metal disk as 
its smaller reflector which, like the larger plane reflector, is made 
of expanded aluminum sheet material. The feed is a bow-tie, used 
for its well-known broadband characteristics. Both dipoles are di¬ 
rectly connected to the terminals of an impedance transformer with a 
primary input impedance of 50 £1 

Since the backfire antenna operates, as previously mentioned, 
through a combination of surface-wave and open-cavity principles, a 
much smaller frequency range might be expected. The proper dimen¬ 
sions, however, chosen to give optimum backfire performance at the 
highest frequmey, will yield a certain type of combination antenna 
that acts as a short-backfire at the higher frequencies (as long as the 
diameter of the reflector disk remains in the neighborhood of X./2), 
and gradually changes over into a reflector antenna at the lower fre¬ 
quencies (when the effect of the reflector disk has become too small 
to cause any backfire action at all). The gain of this antenna, highest 
at the highest frequency, decreases proportionally with decreasing 
frequency. 

Figure 6 shows E- and H-plane patterns for the frequencies 500, 
600, 700, and 800 MHz. The low side- and backlobe levels typical of 
the short-backfire antenna are maintained over the entire frequency 
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Figure 5. UHF Short-Backfire Antenna for 2:1 Frequency Range 
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ranee from 400 to 800 MHz. As already shown in Figure 2, to demon- 

htrat t abern tTmeí aflongTs tfis^hort^acktoe and have 27 dipole 
Slnts! "o^fmÄas reflectors com a d ^ the stngle 
feed dipole and two plane reflectors of the short backnre. 

5 2 Flush-Mounted Short-Backfire Antenna 

KW."“! Ä 

FSÄ&ÄÄifpwsr 
later in Figure 11(a) could just as well be flush-mounted. 

metaíS«f^Â!fÍÍ^Â^-^ 
rhfsaÄHz a¿r,TWhicMScCOrVedred 'plate. 

Faïliou? r5atr:h?ch3rc0reMa^slÄ,S lIH ^ S' 
the^iac^ire principle'are^readily^apparenh'^'rhe^sablîfbandwidtVis 

about 1.5:1. 

Tt should be mentioned that the overall dimensions of the short- 
J sh0” nt in Fiffure 7(b) can be somewhat decreased — but at 

aapCenltfly ^?ome“Âon to bandwidth - if the entire space between 
reflectors M and R is filled with dielectric material. 

j. 3 Short-Backfire Feed for Paraboloidal Antennas 

ThP natterns in Figure 3(^) indicate the feasibility of the short- 

Oacltfire es ^ e^|gi^pp¿gationra^the^extremely1!^ sideband tÆck- 

5H-Ä Saí Sdebandamode!of ¡TÄÄÄotd 
patterns. An experimen with its secondary and prima 
6 ft in diameter is shown in r igui c^va/» rpsnprtivelv 
ry patterns for 3000 MHz given in Figures 9(b) and (£), resp y. 
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The secondaries [Figure 9(b)] have very low side- and backlobe lev¬ 
els, corresponding favorably to the primary patterns. 

Also of great interest for paraboloid applications is the model of 
a monopulse feed that consists of a group of four short-backfires in 
front of a common 2\-reflector. It is shown in Figure 10(a); its sum 
and difference patterns for the E plane are given in Figure 10(b), and 
for the H plane in Figure 10(^). It can be seen that both the sum and 
difference patterns have approximately the same shape within the 
0 to 20-dB energy levels in both planes. 

5. 4 Arrays of Short-Backfire Antennas 

Short-backfire antennas are suitable array elements for construct¬ 
ing high-gain antennas for the gain range from 20 to over 30 dB. Be¬ 
cause the radiating aperture of each short-backfire element is much 
larger than that of a dipole, a much smaller number of short-backfires 
is needed for illuminating the same area. 

Figure 11(g) is a photograph of an S-band model of a high-gain 
short-backfire array consisting of 8 elements arranged in front of a 
common plane reflector in such a way that for monopulse applications, 
the sum as well as the difference patterns can be obtained. The re¬ 
flector area was kept as small as possible by means of the four-leaf 
clover design. 

The sum and difference patterns for the E and H planes are 
shown in Figures 11(b) (£)• The gain is 21 dB for the sum pattern. 
The progress attained can besi be demonstrated by comparing the 
short-backfire cloverleaf array in Figure ll(g) with arrays of slot 
elements [Figure 11(b)] or conventional dipoles [Figure 11(^)]. To 
achieve the same magnitude of gain as the cloverleaf, a recently built 
satellite-tracking antenna10 uses 36 cavity-backed slots; another, 
proposed elsewhere, uses 48 dipoles. Of the three antennas compared 
in Figures 12(a), (b). and (c), the cloverleaf has the much less com¬ 
plicated feed system because in the other two arrays, each element 
has to be separately fed. Because of this advantage and those accruing 
from the reduction in feed losses and structural weight, this short- 
backfire array is eminently suitable as a replacement for the bulky 
and costly multielement arrays now used in telemetry and satellite- 
tracking. 

5. 5 High-Gain Long-Backfire Antennas and Arrays 

The long-backfire antenna combines the structural advantages of a 
single endfire with the high gain of a reflector antenna. Its principal 
applications lie in the field of telemetry and satellite-tracking, espe¬ 
cially for frequencies below 500 MHz. A single slow-wave structure 
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yields gains of up to 25 dB. Higher gains (and monopulse patterns) 
can be obtained by using an array of such 3t™ct“"3 
of one common plane reflector, whose construction costs are far less 
than those of a paraboloidal reflector. 

The 4-\ S-band model of a long-backfire with s^aclJ^ 
shown in Figure 4¿) yields patterns [Figurei4(b) and (fi)J that demon 
strate a gaiTof 2^5 dB. The diameters of the two reflectors are 6X 
and U Çhe slow-wave structure consists of 14 dipoles. For higher 
frequencies (f > 1000 MHz) it may also be a dielectric rod, as shown 
in the 2000-MHz model in Figure 1 3, but for lower the 
rod dimensions would become impracticaUy large The dielectric c 
short-backfire, like a crossed-dipole structure, offers the advantage 
of being applicable to any polarization the feed is capable of. 

Figure 14 compares a long-backfire (gain 23. 5 dB) with a recently 
designed array of Yagis^O (gain 22.4 dB). ^ array 
imatelv the same physical area. To approach the same gam, the array 
in Figure 14^) needs 16Yagis, each 2X long, consisting altogether of 
128 crossed dipoles, whereas the long-backfire in Figure 141.a) needs 
only a single Yagi-like structure 4\ long, consisting of 14 crossed 
dipoles. 

The E-olane patterns of both antennas are compared in Figure 14(£). 
The 16-Yagi array pattern has a first sidelobe of about n- 5 dB below 
the maximum, contrasting sharply with the long-backfire pattern, 
where all sidelobes are below 20 dB and the backlobe is below 30 dB. 
The Yagi half-power beamwidth is 13° in the E and H planes, com¬ 
pared with 13* and 10.5* respectively, for the long-backfire B and 
H planes, thus indicating the somewhat higher gam of the backfire 
structure. 
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Figure 13. 4-X. Long-Backfire With Dielectric Rod
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6. SUMMARY 

A short-backfire \/2 long can now replace a 27-element Yagi that 
is 5. 5\ long. 

A flush-mounted short-backfire (or an array of these) extending 
only \/2 into the skin of an airplane or space vehicle can now be con¬ 
structed for a gain range from 15 dB to 30 dB. 

An array of 8 short-backfires or 4 long-backfires can now replace 
a monopulse array of 36 slot elements or 48 dipoles. 

A long-backfire with a single Yagi-like structure of 14 crossed 
dipoles can now replace a telemetry antenna with 16 single Yagis con¬ 
sisting of a total of 128 crossed dipoles. 

Our discussion has thus far been restricted to technical data di¬ 
rectly related to the radiation patterns of the antenna models. If con¬ 
struction data and cost are examined, an equally favorable picture 
emerges: 

The reduction in the amount of material, and therefore in the 
weight of the antenna structure, results in a smaller and less expen¬ 
sive mount. 

The simpler feed system needed for connecting the single-element 
long-backfire — instead of an array of 16 single Yagis — with the re¬ 
ceiver, or for connecting the 8 short-backfires — instead of an array 
of 36 or 48 single elements — with the monopulse network, greatly 
reduces costs and insertion losses of the array. 

From all standpoints — gain, bandwidth, reliability, size, ease of 
construction, and cost — the family of backfire antennas and arrays 
have shown their superiority over the multielement arrays in the same 
gain range. Only a few of the possible applications have been explored 
in this paper. More are being developed. 
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ABSTRACT 

AFOSR co-sponsored research at Stanford and formerly at Westinghouse 

in the area of basic research on "Crystallogenics" has produced a suffi¬ 

ciently strong base of scientific understanding that the field of crystal¬ 

lization, which has been very dependent on "art", is rapidly becoming an 

engineering science. Attendant technological applications have begun to 

appear in three areas: (i) single crystal growth, (ii) materials purifica¬ 

tion and (iii) structure control of ingots and castings. 

The following examples serve to illustrate this advance. 

(i) By studying the crystallization of selenium at high pressures, 

a technique and control criteria were generated for preparing large single 

crystals. Besides its potentially in resting electronic and optical prop¬ 

erties, selenium is a polymeric material in the liquid state, and thus does 

not crystallize readily. The experimental procedure should be useful for 

the controlled crystallization of a host of other materials consisting of 

associated molecules. 

(ii) From interface stability studies, it has been possible to 

quantitatively describe the freezing conditions that must be maintained 

for effective purification of a material by the freezing process. For a 

material like water, purification by a factor of 2 or 103 per freezing 
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cycle can occur depending upon the freezing conditions. Simple devices 

can be designed for effective saline «ater purification or for producing 

ultra-pure water. 

(Ill) The investigation of cryatal multiplication phenomena during 

crystallisation under the Influence of moving electromagnetic fields has 

led to the generation of extremely fine-grained and chemically homogeneous 

cast metals. Simple electromagnetic devices may be developed which are 

capable of improving Ingot structure and yield. This type of technology 

is expected to have a significant Impact upon the foundry Industry. 
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Introduction 

The field of crystallization has been an art rather than a science for a 

very long time. Only in the past 20-30 years have we begun to look at it in 

its entirety from a sufficiently quantitative point of view that we can recog¬ 

nize the sophisticated insights and techniques needed for controlling the crystal¬ 

lization process to such a degree that we can tailor-make solids of the state 

of aggregation most suited to our particular needs. It is well known that many 

Important properties of a material are controlled by its structure, both micro 

and macro. In recent years, it has also become well known that the structure 

of a material is influenced by the manner in which it was crystallized. 

In the past, the majority of workers in the crystal growth and crystal 

characterization area have been primarily interested in crystal preparation 

from the point of view of the end product and have largely adopted the dis¬ 

tinctly empirical approach of relating the gross perfection of the material to 

the macroscopic variables of the process. This is a straightforward procedure 

and is one that has been adopted by investigators for centuries. However, the 

efforts expended in determining an empirical solution to one specific example 

in this area make only a very small contribution to enhancing the efficiency 
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of and the capabilities for determining a solution to a different example in 

this area. Such an approach leads to an Art-Based Technology. 

This strongly empirical approach to crystal preparatio ^ no longer 

suited to satisfy the technological needs of a nation such as ours which re¬ 

quires highly specialized and sophisticated materials reliably manufactured. 

Recognizing that detailed scientific insight and reliable engineering speci¬ 

fication was needed in this important area of materials preparation to fill the 

present and future needs of our technical society, AFOSR helped to pioneer the 

more enlightened "Crystallogenics" approach to materials preparation. The word 

"Crystallogenics" means, literally, crystal genesis or the birth and growth of 

crystals and it was initially selected to stand for a basic comprehension of 

and a high degree of control over this important process. Because of AFOSR 

co-sponsored research at Stanford and formerly at Westinghouse, the word crys¬ 

tallogenics has now become synonymous with scientific understanding of the 

crystallization process. 

At present, basic research on "Crystallogenics" has materially helped to 

produce a sufficiently strong base of scientific understanding that the field 

of crystallization which has been an art is rapidly becoming an engineering 

science. Attendant technological applications have begun to appear in three 

areas: (i) materials purification, (ii) single crystal growth and (iii) struc- 

ture control of ingots and castings. In recognition of the awareness tnat 

important innovations are itminent in this area, the number of investigators 

in industrial companies that are working on crystallization problems has 

increased by an order of magnitude in the last few years. This trend has 
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undoubtedly been further stimulated by the recent Pratt & Whitney breakthrough 

in making turbine components using controlled crystallization knowledge and 

, . ( 1 ) 
techniques . They now cast turbine blades by directional solidification 

and single crystal methods. Though processing of turbine parts in this way 

takes longer than convencional casting, it is worthwhile because of the superior 

strength, ductility and oxidation resistance of the resulting material. 

In this paper, we shall first gain a perspective on what elements of 

knowledge are necessary to reliably engineer a crystallization application. 

Next, the Crystallogenics approach and successes will be briefly discussed. 

Finally, a discussion of the present exploitation opportunities in the crystal¬ 

lization area is presented. 

The Science of Crystallization 

To illustrate what fields of science and what general knowledge must be 

brought to bear upon the reliable analysis of a crystal growth problem, let us 

say that we wish to control the structure of a solid by isothermally freezing 

a small volume of liquid alloy. By structure, we shall mean grain size and 

shape, degree of microscopic and macroscopic chemical segregation, etc. Thus, 

we shall be concerned with understanding the growth characteristics and mor¬ 

phology of dendritic crystals. 

The name "dendrite", which comes to us from the early Greeks, has been 

given to that particular "tree-like" crystal morphology so often observed in 

nature and familiar to us all in the patterns of snowflakes, geological for¬ 

mations and the development of ice on neighborhood ponds. Comparing such shapes 
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generated by crystals of several different materials as illustrated in Fig. 1 

with the drawing of Nakaya's 8 prime snowflake patterns given in Fig. 2, one 

begins to get a hint of the amazing variety of form that can be generated 

even in a single material. It is little wonder that the singular beauty and 

complexity of such dendritic forms have fascinated both the casual and the 

perceptive observer for centuries. Experimental studies on this crystal form 

have served to illustrate how a slight change in environmental conditions may 

cause a growing crystal to change from the dendritic form to an entirely dif¬ 

ferent morphology ¿nd how vastly different morphologies can be generated by 

only slight differences in some of the important material parameters that con¬ 

trol the crystal growth process. 

For this "overview" we will be satisfied with a phenomenological descrip¬ 

tion of the important processes in terms of "lumped" parameters. The conven¬ 

tional macroscopic variables that we either set or control are (1) bath com¬ 

position, C^, (2) bath cooling rate, T, and (3) the shape of the container 

holding the liquid. Let us proceed with the process description by stages. 

(a) As the liquid is being cooled, we need to know the magnitude of the 

driving force for solid formation, AG, at any bath temperature T. This can 

be expressed as 

ag - f1 [ah, tl (CJJ (1) 

where f^ refers to the appropriate functional relationship between the latent 

heat of fusion, AH, and the liquidus temperature, Tt (C ). Thus, we see that 
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phase equilibria data is one prerequisite. The material parameters needed 

for this area of study are listed and defined in Table I. 

(b) As the bath undercooling, AT, increases with time, t, we need to know the 

undercooling at which particles of solid begin to form and also their density. 

Thus, we must evaluate the nucleati n frequency, I, which can be most simply 

expressed as 

I f2 [N0,4Tc,T,t,Cj (2) 

where ¡2 represents the appropriate functional realtionship, Nq is the number 

of atoms in conact with the foreign substrate that catalyzes the nucléation 

event and AT„ is a parameter which defines the potency of the catalyst. 

(c) When the crystals illustrated in Fig. 3 begin to grow at some velocity, V, 

solute partitioning will occur at the interface since the equilibrium concen¬ 

tration of solute in the solid, C , is different than the concentration in the 

liquid at the interface. Thus, the concentration of solute in the liquid at 

the interface, C^, must be determined and can be represented by a functional 

relationship of the form 

“ “ f3 [V,ki,D,6c,S,t] (3) 

where ^ refers to an interface solute partition coefficient which is generally 

different from k , D is the solute diffusion coefficient, 6_ refers to the 

solute boundary layer thickness at the crystal surface and S refers to the 

shape of the crystal. 
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(d) In order to evaluate &c in eq. 3, it is necessary to consider the hydro¬ 

dynamics of the fluid. The fluid will generally exist in some state of motion 

whether the driving force is applied by external means or arises naturally due 

to density variations in the fluid. We can consider the fluid far from the 

crystal/liquid interface to be moving with some relative stream velocity, uœ, 

due co the average fluid body forces. The fluid motion will aid in the matter 

transport of solute away from the crystal into the bulk liquid and cause a 

lowering of We find that 6C can be expressed as 

6C = f4 [V.v.D.S.u^t] (4) 

where v is the kinematic viscosity of the fluid. 

That portion of the total undercooling consumed in driving the solute 

transport, Alg, is given by 

4TS ’ W ' W <5> 

(e) Because the growing crystal is small in size, has curved surfaces and 

often contains non-equilibrium defects, the solid contains a higher free energy 

than the solid which is considered in generating a phase diagram which we use 

as our standard state in the overall treatment. Thus, the equilibrium melting 

temperature for such a solid is lowered by an amount, A^, compared to that 

for the equilibrium solid. We find that the portion of the total undercooling 

consumed in the production of non-equilibrium solid, ATg, can be expressed as 
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ATr 
TL(Ci> - ■ f5 [y.4S.S.Çy[, (6) 

where ^(C.) is the equilibrium interface temperature for interface liquid 

concentration C., y is the solid/liquid interfacial energy, ¿S is the entropy 

of fusion, y. is the fault energy for defects of type i and N* is the number 

of faults of type i. 

(f) Next, because the crystal is growing, a departure from the equilibrium 

temperature, aTk, must exist at the interface in order to produce a net driving 

force for molecular attachment to the growing solid. At sufficiently large 

departures from equilibrium, the molecules can attach at any interface site 

and lower the free energy of the system. However, at small departures from 

equilibrium, molecular attachment at random interface sites generally leads 

to an increase in the free energy of the system and thus such interface attach¬ 

ment will not occur as a spontaneous process. Rather, in such an instance, 

molecules become a part of the solid only by attachment at layer edge sites on 

the interface and one must consider the various mechanisms of layer generation 

on the crystal surface. The portion of the total undercooling consumed in 

driving this interface process, AT^, can be expressed as 

ATK = W ' Ti = f6 (7) 

where ^ is the actual interface temperature and where ^ and ^ are lumped 

parameters needed to specify the interface attachment kinetics for the various 

attachment mechanisms. 
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(g) Finally, since the crystal is growing, it must be evolving latent heat 

and the interface temperature, 1^,, must be sufficiently far above the bath 

temperature, T^, to provide the potential for heat dissipation to the bath. 

That portion of the total jr k - --»Hnf, consumed in driving the heat dissipation, 

AT„, can be expressed a; 

at - T, - T - f, [K,a,AH,V,S,t] (8) 

where K refers to the thermal conductivity and a refers to the thermal difius- 

ivity. 

The foregoing has been a description of the subdivision of the total bath 

undercooling, AT, into its four component parts; i.e., 

AT - ATg + ATe + ATk + ATh (9> 

Equation 9 is called the "Coupling Equation" and illustrates the fact that these 

four basic elements of physics enter every crystal growth situation and are 

intimately coupled through this constraint. However, for different materials, 

certain of the components of eq. 9 tend to dominate the phase transformation. 

In the growth of metal crystals from a relatively pure melt, ATh ~ AT so that 

this case is largely controlled by heat flow. During the growth of an oxide 

crystal from a melt of steel, for example, ATg ~ AT so that the growth is 

largely diffusion controlled. During the growth of a polymer cyrstal from a 

well-fractionated polymeric melt, ATR ~ AT and the growth is largely controlled 
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by the kinetics of interface attachment. Finally, during the growth of a lamellar 

eutectic crystal, ATg ~ AT/2 and the growth is to a large degree controlled by 

the excess free energy of the solid (due to the formation of a/g phase boundaries). 

By considering Fig. 4, which is a plot of crystal growth velocity as a function 

of time, we find that, at small times, ATg in eq. 9 dominates the crystal's 

growth and thus plays an overriding role in its morphology. At large times, 

ATS and ATh in e£l- 9 dominates the crystal's growth and leads to very different 

morphologies. At intermediate times, all of the four factors play significant 

roles in the shape adopted by the crystal. 

From Table I, we can begin to see why the field of crystallization has 

remained an art for so long. To have maintained a clear understanding of the 

problem to this point would have required (i) the specification of at least 20 

material parameters, (ii) the solution of at least 3 boundary value problems and 

<ui) the correlation of at least bJÄTvarlahle, „Ith Âco^ïc field 

variables. Changing one of the parameters without a change in the macroscopic 

field variables can lead to a major change in structure as can the changing of 

one of the field variables without changing any of the material parameters. 

There is little doubt that crystal morphology plays a significant role in 

the resultant crystal perfection and that this morphology is largely determined 

by the subtle interplay of the factors already discussed. However, the pre¬ 

diction of crystal shape with time is a problem that we have been unable to 

solve in any general way. This arises because the problem thus far stated is, 

in general, not completely specified. Knowing V and S, C. and ^ can be completely 

determined in terms of Cœ and T, respectively, and also ATg, AT,,, ATR and aTh 

are completely determined in the general mathematical sense. However, we do 
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not know either V or S. If S(t) is specified, eq. 9 can be used to determine 

V(t). We are in need of an additional condition to completely specify the 

problem and thus provide simultaneous prediction of both V(S) and S(t). 

We shall find that our extra condition is generated by considering the 

response of the growing crystal to shape perturbations. It can be easily 

shown that the various elements of the interface will always be subjected to 

fluctuations in AT and in its component A^'s. Thus, given sufficient time, 

we should always expect that shape distortions will have a finite probability 

of forming on the crystal surface and that the crystal will evolve to that 

shape which is most stable in the environment that allows such perturbations. 

With the addition of our perturbation response equation in the general form 

V*(S) = fg [S*. ATg, ATe, ATk, ATh] , (10) 

the most stable crystal shape, S*, and the corresponding growth velocity at 

various points on the crystal surface, V*, may be evaluated from eqs. 9 and 10. 

At this point in the problem we can, in principle, specify the solute, 

temperature and fluid velocity fields throughout the system. We thus have the 

potential to specify the chemical inhomogeneity of the final solid and the types 

of compound formation that should occur in the highly solute-enriched liquid 

that is last to freeze. The stress distribution due to both constitutional 

and thermal variations in the as-solidified alloy should also be specifiable 

and thus, the defect generation in the solid as it cools to a particular tem¬ 

perature may be predicted. 
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It is to be hoped that the reader now sees that we are no longer treading 

through a blind maze in the crystallization area and that we have developed 

a logical and orderly framework of understanding from which a Science-Based 

Technology can be generated. The main thrust of the "Crystallogenics" in¬ 

vestigations has been the explicit determination of the f - functions in 

eqs. 1-10 which are the important "subroutines" of the overall systems 

analysis of our crystallization problem. 
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Crystallogeni.es Research 

The basic physics of most of the phenomena we encounter in crystallization 

are fairly well understood; however, in the majority of real crystallization 

situations, there are so many variables and parameter interactions to be con¬ 

sidered, understanding of experimental observations most often requires a 

variety of mathematical linkages to separate the important interactions and 

correlate them with the field variables. In many cases we are dealing with 

very complicated boundary-value problems and we need mathematical solutions 

largely guided by physical insight. The Crystallogenics approach for generating 

a Science-Based Technology in this area is idealized in the following: 

1. Develop a quantitative understanding of the relationships between crystal 

morphology and perfection and the interface variables both as to (a) a phe¬ 

nomenological description for day-to-day utilization and (b) an eventual atomic 

process description; i.e., some of the f^ in eqs. 1 to 10. 

2. Develop quantitative relationships between the interface variables and the 

macroscopic variables. These are generally determined by solving a series of 

particular boundary-value problems and, as such, represent the application of 

classical field theory to the crystallization process; i.e., determine some of 

the f in eqs. 1 to 10. n ^ 

3. Control the macroscopic variables of a particular crystallization device 

in such a way as to control the spatial and time-dependence of the macroscopic 

variables (through 2) to produce the desired structure (through 1). In many 

cases, a particular crystallization device may not allow the necessary degree 



m 

of macroscopic variability to generate the desired structure. Such an approach 

allows one to recognize what is needed and to design a new device or process 

which provides one with the desired degree of variability. 

4. Attack the problem area on a broad front with sufficient effort to be 

truly effective in accomplishing item 3 above. 

The emphasis of this study was primarily directed towards generating 

detailed understanding and control of the freezing process. To achieve this 

end, both theoretical and experimental investigations of all of the important 

elements of the freezing process enumerated in Table I were carried out. The 

experiments were carried out on a broad range of materials (metals, elemental 

and compound semiconductors, ionic materials, oxides and polymers) to eluci¬ 

date the essential physics of the problem. Most strikingly, it was found that 

the phenomena differed only in degree and not in kind as one moved from material 

to material. This pioneering study of Crystallogenics, which is in its 6th 

year of AFOSR sponsorship, has led to the generation of much new understanding 

and documentation by over 70 scientific publications in the open literature. 

Since it is not possible to illuminate the impact of this work on the general 

area by discussing one or two highlights, let us proceed to consider some 

immediate applications of these studies. 

At this point we must recognize that it is often necessary to depart 

from a well defined and purely analytical path when we are involved in gener¬ 

ating technology. This is because, in the interesting areas of science, we 

never have all the relevant facts to put into our systems analysis and, for 

these items of knowledge, we must use empirical insight and educated guesses. 
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The technology problem can be likened to a golf game where one's science gets 

him off the tee and onto the green near the hole. If the science is very 

good, one finds himself very close to the hole. If it is not too good, one 

may find himself in the rough! However, that is as far as science takes one - 

it is enlightened empiricism that takes one the last step of sinking the ball 

in the cup (or getting a successful solution to a practical problem). In 

what follows, we shall see that it is often the control of the dendrite mor¬ 

phology that leads to a successful application. 

Present Exploitation Opportunities 

Technical understanding in the crystallization area nourishes at least 

5 separate industries: (1) Foundry, (2) Chemical Purification, (3) Chemical 

Crystallizer, (4) Single Crystal and (5) Frozen Food. In this section, we 
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shall consider application potentials in the areas of (A) materials purifica¬ 

tion, (B) single crystal growth and (C) structure control of ingots and 

castings . 

A. Materials Purification 

From basic interface stability studies, it has become possible to quanti¬ 

tatively describe the freezing conditions that must be maintained for effective 

purification of a material by the freezing process. The interface morphologies 

that are of primary concern are (i) a smooth interface which leads to the mini¬ 

mum solute incorporation (greatest purification) and (ii) a cellular or den¬ 

dritic interface (see Fig. 6 ) which leads to a greatly enhanced solute incorpor¬ 

ation (greatly diminished purification). 

The concentration of the solid freezing with a smooth interface is given 

by kC^ where is the concentration of the bulk liquid and k is the effective 

( 2 ) 
solute partition coefficient which is related to kQ by the relationship 

k 
o_ 

k - (11) 
kQ + (l-kQ) exp (-V6C/D) 

As Vb„/D -* 0, k -♦ k and the maximum purification occurs; as V6r/D k -♦ 1 

and no purification occurs. Thus, in purification applications such as zone 

refining, one needs to stir the liquid and reduce ôç to small values so that 

k < 1. The purification factor per pass, P, will then be given by 1/k so that 

The above analysis, however, applies only when the solid-liquid interface 
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is smooth. When the interface becomes cellular, k changes abruptly to a value 

close to unity (see Fig. 5). This can be understood by considering Figp. 6 

and 7. The cells are like small pencils stacked together and separated from 

each other by a thin layer of solute-rich material. From the cross section 

of the cells in Fig. 7, we can anticipate that, as the radius of curvature, 

p, of the cell tip decreases, the amount of solute rejected laterally increases. 

This lateral solute transport is relatively uninfluenced by stirring of the 

bulk liquid and solute diffuses into the groove regions between the cells. 

Thus, although the centers of the cells are much purer than the liquid from 

which they i jeze, the cell boundaries are much more impure. The net effect is 

that the total aggregate is only slightly purer than the bulk liquid from which 

it freezes. Thus, in many purification applications, the device design cri¬ 

terion must be that the freezing conditions never intrude upon that domain 

where the cellular interface morphology is stable. 

Theoretical predictions, which have been substantiated by experiments on 

several metallic systems ^ ^^ \ state that a smooth interface will be stable 

only if the following inequality is satisfied. 

ç > 

m C (1-k ) V k 
oo o 

k D G. 
o L 

(12) 

where GT is the temperature gradient in the liquid at the interface and § is 

defined as the constitutional supercooling parameter^ ^. When the tempera¬ 

ture gradient in the solid is the same as in the liquid, the interface attach¬ 

ment kinetics are infinitely fast and the solid-liquid interfacial energy is 
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zero, § = 1. In general, ^ < § < 2 except for optically transparent materials 

or for systems with very sluggish interface attachment kinetics. As the ratio 

of the heat transport in the solid due to radiative versus non-radiative pro¬ 

cesses increases, § decreases. As the interface attachment kinetics become 

mote sluggish, | increases. Thus, for effective purification, one must never 

let P fall below 

* 
P 

m C (1-k ) V 
oo o 

! k D G 
* o L 

(13) 

If P < P , a cellular interface will exist and P will drop to extremely small 

•jf 

values (6„ >6-, k > k ); i.e., the design criterion must be such that c c 

p* < p < l/k0. 

Controlled freezing experiments were carried out on distilled water, tap 

water, K„C 0. solutions, NaCl solutions, milk and natural sea water at freezing 
» 2 r 4 

-3 rates up to V ■ 10 cm/sec. The interface was observed directly and photographed 

during the growth of ice via a stereomicroscope and k was found by analyzing 

samples of the solution and the ice. For ice grown from these solutions with a 

-3 -4 
smooth interface, we found k ~ 10 - 10 ; for ice grown from the same solu¬ 

tions with a cellular or dendritic interface, we found k~ 0.5. In fact, a very 

* 
small change in 6C in the vicinity of 6C, leads to a change in purification by 

3 
a factor of 10 or more. 

With respect to water treatment, the application areas of interest can 

be itemized as follows: 



127 

(a) Purification 

(i) Desalination of sea water from 35,000 ppm to less than 

500 ppm 

(ii) Water softening of well or tap water 

(iii) Demineralizing water for laboratory and industrial use 

(iv) Treatment of municipal water and waste 

(v) Purification of human waste as required in space travel. 

(b) Concentration 

(i) Removing water from aqueous solutions of volatile solutes 

in competition with stills 

(ii) Food processing - concentrating food products without 

loss of vitamin content or flavor (e.g., milk, orange juice, 

beer) 

(iii) Production oi minerals such as salt, gold, etc, from sea 

water. 

With respect to the purification of metals or chemicals, we need not limit 

ourselves to the small volume production of zone refining but may consider 

processes for the purification of these materials in tonnage quantities. Such 

application has already been made to the purification of aluminum and it is 

only a matter of equipment engineering and sufficient industrial or military 

interest that keeps us from extending the application to other important ma¬ 

terials like iron, nickel, chromium, etc. 

B. Single Crystal Growth 

Most people realize that the science of single crystal preparation is one 

:: 
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of the mainstays of our materials-research effort. Our present-day electronics 

and space technology, with its wide spectrum of semiconductor products, depends 

u’ti'urely upon the preparation of single-crystal semiconductor material. The 

immense effort that has been expended in developing the quality of silicon 

boules to their present stage of utility is well known. In less than 15 years, 

this silicon achievement has become standard technology in the crystal growing 

industry. 

In this section, three crystal growing achievements that significantly 

extend this crystal growing technology will be discussed. Although successful 

single-crystal growth in these areas is intimately related to interface sta¬ 

bility and dendrite formation, our scientific understanding only brought us 

close to the solution - ultimate success, as always, was a consequence of en¬ 

lightened empiricism. 

1. Silicon Web: an exercise in controlled dendritic growth. 

Suppose we asked "How can our knowledge of dendritic growth be 

utilized to help build a greater materials technology than we have today?". 

The first category of answers that one develops to this question is 

in the nature of "preventative medicine"; i.e., we can see that many material 

properties will be deteriorated if we allow a filamentary Interface to form; 

thus, one's energies are expended in eliminating the environmental conditions 

that stabilize this morphology. This point of view applies whether we are 

considering semiconductor or laser crystal formation, chemical crystallizers 

or saline water conversion apparati. Recently, we took a more positive approach 

to this phenomenon and considered how it might be utilized to produce materials 



129 

in a more desirable form than hitherto possible. One great stride in this 

direction has been the utilization of the unconstrained crystal growth tech¬ 

nique to produce long filaments of semiconductor crystals. 

Consider the experimental set-up illustrated in Fig. 3. Here, 

a graphite container filled with germanium is heated with an induction coil 

until the Ge melts, the power input is then controlled until the liquid is 

supercooled by an amount AT. If we allowed a seed crystal of the dendrite 

orientation to be aligned perpendicular to the upper surface and then brought 

into contact with this surface, a dendrite would grow into this bath co- 

linear with the seed crystal at a velocity V. If the seed crystal were with¬ 

drawn from the bath at a velocity V, a long continuous filament of the material 

having a predictable thickness could be pulled from the bath. Such a filament 

of Ge is being pulled from the melt in Fig. 8. For a bath supercooled by 

AT « 10°C, filaments of metals, semiconductors, oxides and polymers must be 

-1 -1 -2 
withdrawn at velocities of V ~ 10 cm/sec, 1-10 cm/sec, 10 -10 cm/sec and 

0 / 
10" -10 cm/sec respectively. The most convenient pulling velocity, in 

present practice, is about 10 ^-1 cm/sec so that the bath supercooling, AT, 

must be adjusted accordingly in order to have stable filaments of the various 

materials pulled from the melt in this velocity range. 

Dendritic ribbons of Ge, Si and several of the III-V compounds have been 

pulled from the melt and some of them have been wound on large reels to lengths 

of several hundred feet. The surfaces of the filaments appear to be very per¬ 

fect and to make ideal surfaces for semiconductor device fabrication. Elec¬ 

tronic devices made upon such dendritic ribbons have been found to exhibit 
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very satisfactory electrical characteristics. 

Often during the pulling of semiconductor dendritic ribbons it was 

observed that two ribbons would grow side by side and, at the lower pulling 

velocities, a sheet of liquid was pulled from the melt and held between the 

dendrites by surface tension forces. In the beginning, this was a nuisance 

for those studying ribbon formation; however, soon certain application-minded 

individuals recognized the potential of using the dendritic ribbons only as 

guiding edges for the formation of a sheet of semiconductor between these 

ribbons. It then seemed possible to pull sheets of semiconductor of controlled 

thickness with widths of 1-2 cm rather than widths of about 0.1 cm as obtained 

for the dendritic ribbons. 

In Fig. 9, it is illustrated that the edge dendrites grow below the 

surface of the supercooled melt while the sheet grows above the normal melt 

surface. As the dendrites are pulled upward, molten material is drawn up by 

surface tension, the height of the freezing interface depending upon the fur¬ 

nace parameters (AT and pull rate). Surface features and the internal struc¬ 

ture of sheets suggest that freezing at the interface takes place by a process 

similar to normal crystal growth. The edge dendrites, besides being necessary 

for growth of sheets of constant thickness, serve also to give stability to 

very thin sheets. Flat sheets can be pulled much thinner than dendrites and, 

as the pull rate decreases, the sheet thickness increases towards the dendrite 

thickness. Actually, they can be gro* thicker than the dendrites but with more 

rounded surfaces. 

After a suitable development study, extremely long continuous sheets 
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of Go ,„d Si With wldths up t0 2 at thicknesses of 0 5 35 mUs 

ThIS “terlal “aS S,"8U extremely low dislocation 

content norme, to the sorfece and the snrfaces were of soch perfect character 

that they CO,,ld be USe,i "ith0Ut for device fahr,ea,ion. On 

both Ge and Si, diodes, transistors and PNPN devices have been fabricated and 

on Si, unique large area solar cells have been constructed. The solar cell 

application affords a unique opportunity for the use of such silicon web. 

2. Large Selernum Single Crystal«- an exercise in hi v -a-i- an exercise in high pressure tech¬ 
nology. 

Selenium is an elemental semiconductor that has heretofore been 

available in crystalline form only a, extremely small sing.e crystals. This is 

because, at one atmosphere pressure, the Se molecule is a polymer in the liquid 

sute and the molecules in the medium ahead of the growing crystal are in the 

form of chains of varying length, which exhibit various degrees of entangle¬ 

ment with other molecules. The equilibrium chain length at 217°C (melting 

point for 1 atm pressure) is greater than »00 Se atoms long. Such long chain 

materials generally exist as solids only („ the glassy state or in the form of 

small spherulite crystal, (see Fig. „. TheSe states of aggregation are not 

desirable for utilization of selenium's semiconducting properties. 

One basic requirement to be satisfied before one can grow large Se 

crystals is that the environmental conditions must be such as to reduce the 

interface attachment kinetic and transport problems. This may be achieved by 

either growing the crystals under conditions of much reduced chain length or by 

growing the crystals fro. a dilute solution i„ simple solvents, m either case, 

the chain entanglements are greatly reduced. * second basic requirement is that 
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the crystal must be grown under conditions of V and such that a smooth 

interface morphology is stable (see eq. 12). 

Knowing that the chain length of liquid Se is strongly reduced as the 

temperature is increased, and that the crystallization temperature increases 

with increase of pressure, we chose the former method for growing our crystals. 

Increasing the pressure of argon over a Se melt to 6000 atmospheres increases 

the melting temperature from 217*0 to 338*C and reduces the chain length by 

about an order of magnitude. This decrease in chain length is such that Se 

crystals can be grown 3 orders of magnitude faster than at 1 atmosphere pressure. 

Single crystals of Se, 1 cm in diameter and 10 cm long were grown in an 

open quartz vial within a stellite pressure bomb^ 6 \ Both the temperature and 

pressure were controlled in such a way that the rate of freezing was typically 

10"5cm/sec, with an essentially smooth interface. These crystals have now been 

made widely available for property studies in the U. S. and Europe. 

From this study on the growth of selenium crystals, it seems likely that a 

new dimension has been added to our crystal growing technology; i.e., the pressure 

field. It seems very likely that the pressure variable may be useful in obtaining 

crystals of other materials with polymeric melts. Of course, the chain length 

in typical polymers like polyethylene and related compounds is considerably 

greater than that of selenium and the problem of growing large single organic 

crystals is thus much more formidable. However, it does appear that the use of 

elevated pressures is a step in the right direction even for these materials. 

3. Large Sapphire Single Crystals: an exercise in high temperature 

technology. 

In the past, sapphire and ruby crystals have been grown by the flame 

fusion technique; however, we felt that this technique was basically limited in 



133 

capability. We thus proceeded to develop the more difficult but ultimately 

more controllable technique of Czochralski crystal pulling which has been so 

successfully used for growing large silicon crystals. 

Crystal pulling of silicon occurs at an interesting temperature level; 

i.e., thermal radiation is just beginning to become important as a heat transport 

mechanism. However, the dominant heat transfer mechanisms are still conduction 

and convection and the controlling technology of the crystal's growth are con¬ 

sistent with the previous experience. The experiments with sapphire moved us 

into a new domain of experience where the dominant heat transport mechanism is 

by radiation. Further, the crystal is largely transparent to this thermal 

radiation so that surface distortions and reflections begin to play a significant 

role in the attainment of successful crystal growth. 

A variety of unexpected difficulties beset our efforts largely because 

our idealized theoretical and empirical understanding were significantly 

stretched by working in this new environment (2100#C - 2300’C). We found 

unanticipated natural convection phenomena occurring in our melts, dileterious 

chemical reactions between the various components of the system and severe 

temperature Instabilities due to the fast thermal response between the crystal- 

crucible-heater-radiation shield system. More fundamentally, we began to 

appreciate the importance of the temperature distribution in the crystal upon 

the interface instability phenomenom. Because of the crystal's transparency 

and our method of growth, only shallow temperature gradients existed in the 

crystal. This decreased § in eq. 12 by a large factor and made it more difficult 

to get smooth interface growth. 

Continued effort, however, finally allowed us to resolve the 

difficulties of this new thermal environment and large single crystals of 
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sapphire and ruby have been produced 
From optical examination, 

these crystals appear to be of the beot quality ever produced in these materials 
(comparable to that of interferometric quality class) 

to date/and they will find an immediate utility in semiconductor substrate, 

acoustical delay line and laser applications. The presence of only a single 

fringe in a 3 inch length of ruby indicates a degree of chemical and strain 

homogeneity which is almost unheard of in such materials. Finally, having 

overcome the challenge of the thermal radiation environment opens the door to 

extending this single crystal technology above the 2150->C operating temperature 

for A¿2C>3 to the 3000*C range - and beyond. 

C- Structure Control of Ingots and CagMnpc 

In the recent past, new devices have appeared on the industrial scene which 

control the chemistry of the melting and casting processes, i.e., vacuum arc 

melting, vacuum freezing, etc. Today, as a result of our detailed understanding 

of the freezing process, we are ready to take the next logical step of developing 

devices and processes for the control of the structure of ingots and castings. 

To gain a satisfactory measure of ingot structure control, we will need the 

invention of devices which may be imposed on a mold and which are capable of 

(i) dominating the existing macroscopic variables and fulfilling their function 

and (ii) allowing a continuous range of variability and controllability of the 

new "effective" macroscopic variables. Only then can we control the microscopic 

or interface variables in such a way as to control the ingot structure. 

The physical principles upon which such devices may be based have been 

available for a long time; however, it is only recently that our fundamental 

experiments have allowed this fact to be 
recognized. From our experiments, one 
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class of devices can be conceived which consists of suitably arranged coils for 

the application of electronagnetic power to the liquid metal. By the intelligent 

application of electromagnetic power, it is possible to generate eddy currents 

both in the outer skin of the metal and deep within the mold. In this way, it is 

possible to control the rate of heat flow in the mold, the effective superheat 

of the melt and the fluid motion in the melt in a continuous fashion. Being 

essentially electronic in nature, such devices would be Ideally suited for 

automation. 

In order to appreciate the benefits to the structure and homogeniety of 

ingots and castings that derive from proper electromagnetic stirring, let us 

consider some simple experiments carried out on tin-lead alloys and our theoretical 

understanding of the results. 

The first direct laboratory experiment was carried out about 5 yeara ago on 

250 gram samples of Sn - 1.35 wt% Pb alloys in the apparatus of fig. lo7>. The 

sample, were contained in a quarta tube, heated to above the melting temperature, 

electromagnetically stirred with 3 0-400 cycle power by the coll indicated and 

cooled in place until the onset of freezing was recorded by the thermocouple et 

Which time, the sample was rapidly quenched. The mode of stirring was auch as to c.uae 

the fluid to more vertically upward, along the outside of the sample end vertically 

downwards along the center line of ne sample or vice versa. The major effect 

of the stirring was to produce a ,■ really refined grain size in the cast sample. 

This is illustrated in fig. 11. The following important observations were 

made wi-h respect to this grain refinement: (1) it was only necessary to stir 

the liquid during that portion of the cooling curve associated with recalescence 

°f the ”elt ; ie- J““ *£t« the first nucleus of solid hed formed, 
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(il) for a particular bath undercooling, AT, at which nucléation of the solid 

occurs, a critical magnetic stirring field strength, H^, exists for which the 

4 5 
number of grains per unit volume increases abruptly by factors of 10 - 10 

12 and 
(see figs.A3 ) and (iii) one finds that Hc and AT are related in the following way 

H AT » constant (14) c 

It was first thought that the stirring was somehow influencing the 
modified 

nucléation process; however, further experiments in a / appamtus of fig 10 , 
modified 

showed that we were dealing with a crystal multiplication phenomena. ‘'This/apparatus 

was designed to introduce one or a number of tiny crystals of tin to the bath 

at a particular AT. By operating at values of AT less than that at which the 

bath would normally nucleate and introducing only one crystal of Sn, we were able 

to produce the identical results found in the earlier experiments. Thus, the 

Introduction of 1 seed crystal into an electromagnetleally stirred bath, leads 

to a shower of individual growth centers that originated from the initial ¿ecd. 

This is why the effect has been termed the "Shower Effect". 

These experiments have been extended to larger samples (2 lbs) with identical 

results except that Hc decreases in magnitude by a factor of 4-5. On unstirred 

melts, a small crystal multiplication effect is present suggesting that some 

natural convection is present in the melt. On pure melts, stirring leads to 

some grain refinement but the grain size is limited by recrystallization and 

grain growth. Finally, high temperature stirring devices 

have been operated on Fe and Ni base alloys with molybdenum as 

the prime alloying constituent. Here, the heating is by R.F. power and the 

stirring is by 400 cycle power. The shower effect has been found in these systems 

also. 
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Our theoretical understanding of this "shower effect" phenomena is based 

upon the analysis of the growth of a crystal in this supercooled bath of liquid 

as discussed in the early portion of this paper. The crystal develops the dendritic 

morphology very early in its growth period and a network of primary, secondary 

and tertiary branches ensues so that a dendrite raft structure like that illustrated 

in fig 14 should be found. The questions that we ask are (1) what is the effect 

of recalescence upon the integrity of this raft structure, (2) what is the effect 

of fluid motion on this raft structure and (3) in the fresh, hot-worked solid 

(by fluid convection), what are the kinetics of recrystallization and grain growth? 

The generation of multiple grains from one seed can occur via two separate 

paths both depending upon the operation of two sequential events. On the first 

path the separation or segmentation of an enlarging dendritic array into several 

pieces occurs by a natural recalescence phenomenon and the misaligning of these 

segments with respect to crystallographic orientation of the primary stalk occurs 

by fluid body forces. On the second path, no segmentation occurs but the array 

collapses into a bent and distorted raft by the action of fluid body forces, and 

new grains are formed in this hot-worked material by recrystallization. Thus, 

the probability, PG> of obtaining a new grain by each of these paths is given by 

the product of two probabilities; (a) Path I - the probability, P8, of segment 

formation and the probability, PR, of segment rotation by a significant amount, 

(b) Path II - the probability, PR of significant raft distortion and the 

probability, Pr, of recrystallization occurring during the cooling path; i.e., 

PG “ PsPR + PBPr (15) 

Serai-quantitative evaluation of each of these factors has been carried out 
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,„d the results ere fouud to be in good qualitative agreement with the experi¬ 

mental observations. Ue now are in a position to make intelligent guesses con¬ 

cerning the material systems that should exhibit this phenomenon plus the rela¬ 

tionships between the number of grains formed per unit volume and the constitu¬ 

tional, thermal and hydrodynamic conditions in the system. The stage is thus 

set for intelligent engineering application of this phenomenon and this 

knowledge. 

In conclusion, the results of our crystallogenics studies reinforce the 

postulate that a well-organlaed base of scientific understanding in an area 

leads to the most efficient and probably the most effective engineering appli¬ 

cation in the area. Further, in the crystallisation area, a sufficiently 

strong base of scientific understanding now exists that the next ten years will 

produce many significant technological applications of this science. 
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TABLE I 

Crystallization Variables and Parameters 

Areas 
of Study 

Boundary-Value 
Problems 

Material 
Parameters 

Interface 
Variables 

Macroscopic 
Variables 

Constraints 

Phase Equilibria AH, To, 

ko> "’L 

Nucléation 
No> ^C t 

C 
00 

T 

Solute 
Partitioning 

Diffusion Eq. 
(C) 

V DL* 

ki 

ci> w 

V, S 

c 
00 

Fluid Motion Hydrodynamic Eq. 
(u) 

V 
6C 

u 
00 

Excess Solid 
Free Energy 

Y. AS, 

£y[, Zn[ 
i 1 i 1 

te 

Interface Attach¬ 
ment Kinetics 

- .... 

Heat Transport Heat Eq. (T) 
KS’ V 

V “l 

T 
00 

Interface 
Morphology 

Perturbation 
Response 

and 
Coupling Eqs. 

Defect 
Generation 

Stress Eq. 

— 

AH - latent heat of fusion; T - melting temperature of solvent; k - solute dis¬ 
tribution coefficient; - liquidus slope; N - parameter related°to area of 
nucléation catalyst surface; ¿T - parameter related to potency of nucléation cata¬ 
lyst; k - interface partition coefficient; D - solute diffusivity; v - kinematic 
viscosity;^ y - solid/liquid interfacial energy; & - entropy of fusion; Yf - fault 
energy; - number of faults of type i; ^ - parameter related to interface attach¬ 
ment kinetics; K - thermal conducitivity; a - heat diffusivity. 

'«iiUiMiHl 



BLANK PAGE 



141 

References 

1. B. J. Piearcey and F. L. Versnyder; "A Breakthrough in Making Turbine 

Components - Directional Solidification and Single Crystals", Metal 

Progress, November 1966, p 66. 

2. W. G. Pfann; "Zone Melting" (John Wiley and Sons, Inc., 195?). 

3. W. A. Tiller, K. A. Jackson, J. W. Rutter and B. Chalmers; Acta Met. 

428 (1953). 

4. W. A. Tiller; "Solidification" in "Physical Metallurgy, North-Holland 

Publishing Co., 1965 (edited by R. W. Cahn). 

5. L. Tarshis and W. A. Tiller; J. Phys. Chem. Solids, 1967 (the 1966 I.C.C.G. 

Proceedings Issue). 

6. D. E. Harrison and W. A. Tiller; J. App. Phys. 36, 1680 (1965). 

7. W. C. Johnston, G. R. Kotier and W. A. Tiller; Trans. AIME ¿27, 890 (1963). 

8. W. C. Johnston, G. R. Kotier, S. O'Hara, H. V. Ashcom and W. A. Tiller; 

Trans. AIME 233, 1856 (1965). 



\ N 'y

'V.

iMGHe:v&:^ vm ttr
• • i\'.%'■'s It

*' ■• *:; 7.

•• . •, ' r! 'Lm*___ ik....
‘/X

#■

.f

** o

I
s-
! I

» S I
\i]t

I * I; ^
I r M f««•*««
3 I I I =I I i

i

1
w
w*
! 3
§ I

I ! S ^I I = *& s

t 3
k* «

1 s
& m̂

5 s
2 i
i I

X 5« £
^ • k< b> k«I I II I

2



143 



Li
qu

id
 

144 

3 
cr 

•o 
IV 
r-4 

o 
o 
u 
Vi 
IV 
o. 
3 
en 

e 
O u 

00 
c •H 
» 
o 
00 

M 

u 

c 
o 

l-l 

(0 
3 

00 
•r4 

fe 

V) 
V 

•o 
3 

c 
oo 

IV 
£ 

(0 
U) 
IV 
u 
o 
u 
a 

o 
00 

« 
c 

(0 
V 
ti 
3 
4J 
BJ 
U 
V 
I 
V 
ti 

e 
(0 
ti 
o 

V 
X 
H 

V 
ti 

3 

O 
V) 

V 
V 
ti 
00 
V 

•3 

£ 

Ifl 
u 
•H 
■o c 

w 
V 
o c 
V 
ti 
<v 
Itl 

V 
ti 
3 
ti 

« 
V 

V 
X 

Itl 

o d
i
f
f
u
s
i
o
n
,
 
c
a
p
i
l
l
a
r
i
t
y
,
 
k
i
n
e
t
i
c
 
o
r
 
h
e
a
t
 
t
r
a
n
s
p
o
r
t
 
c
o
n
t
r
o
l
.
 



145 

î 
V 

O 

Fig. 4 Schematic of particle growth velocity, V, versus time 

the regions where various mechanisms are dominant. 

t, illustrating 
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Fig. 5. Schematic variation of purification per pass, P, as a function of the 

combined stirring and growth parameter Vô^/D. 

I 
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6. Filament and dendrite formation during constrained crystal growth:

Center - photomicrograph of a decanted interface of a lead crystal solid- 

Ifying from a Pb -I- 5 x 10 wt % Ag melt; Upper right • ice blcrystal 

grown from very dilute HCl solution taken with polarized light; Lower 

right - direction observation of dendrite formation in ice; Upper left - 

filament growth at an interface (K^CrO^ solution); Lower left - onset 

of side branch development on ice filaments (2 AT X NaCl solution).
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8. Photograph of actual germanium dendrite pulling operation.
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9. Schematic illustration and web configuration utilized in the con 

tinuous pulling of web material. 
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11. (a) Sample of tin alloy, unstirred

(b) Sample of tin alloy, stirred.
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12. The logarithm of the grain number, n, vs the undercooling, at 

constant field strength, H. 
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ABSTRACT 

A facility developed at the Aerospace Research Laborator- 
eu.ii!r s^mu^a^ln9 conditions in the combustor region of 

a high Mach number ramjet engine is described, and the ranges 
of specific parameters which can be duplicated are discussed. 
A parallel analytical investigation, made to define the 
laboratory conditions required for adequate simulation of 
supersonic combustion for high Mach number flight over a 
wide range of operation, blanketing the flight corridor in 
the Mach 10-14 region, is also described. This method of 
simulation makes possible basic investigation of supersonic 
combustion for hypersonic flight under conditions approaching 
those of actual flight. Results obtained in the early 
experiments are presented. 

INTRODUCTION 

The fact that supersonic combustion offers a strong 
potential as a propulsion mode for ramjet operation at 
hypersonic flight speeds formed the basis for Initiation 
of the work reported here. The recognition that exten¬ 
sive studies in ground-test facilities are necessary if 
scramjet technology is to advance rapidly provided the 
real Impetus for pushing ahead in this project as fast 
as possible. 

As the flight speed of vehicles in the earth's atmos¬ 
phere has increased, the problems encountered in pro¬ 
viding adequate and realistic ground test facilities have 
rapidly Increased also. For subsonic vehicles and 
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engines, the solution of these problems represented a 
relatively small part of the overall task; however. In the 
supersonic and hypersonic regimes, the technical and scien¬ 
tific efforts needed to create the test equipment have 
become comparable with those related to the engfnes themselves. 

Existing test facilities are not capable of providing 
continuously the conditions required for complete cupll- 
catlon of a vehicle's environment at the higher hypersonic 
Mach numbers. On the other hand, continuous-type test 
fac111t1es--those providing seconds as opposed to milli¬ 
seconds of testing t1me--are required for the Investigation 
of certain time-dependent aspects of supersonic combustion. 
In order to provide a suitable facility within the present 
state-of-the-art, therefore, It Is necessary to simulate 
rather than duplicate the appropriate flight parameters. 

Investigation of the supersonic combustion simulation 
problem as related to scramjet operation was undertaken 
In the Aerospace Research Laboratories In mid-1965. In 
one phase of this Investigation a simulation technique 
was developed, defining the laboratory conditions required 
for the simulation of supersonic combustion for high Mach 
number flight. In a second and parallel phase an experi¬ 
mental facility for conducting laboratory tests based on 
this simulation technique was developed. Both the 
simulation technique and the experimental facility are 
described briefly In this paper. 

The first hydrogen-air supersonic combustion experiment 
In the new ARL simulation facility was conducted In 
early August 1966. A number of successful tests have been 
made since that date, although many of these necessarily 
were "shakedown" runs directed toward solution of facility 
development problems. Experimental data on auto-ignition 
limits for hydrogen-air combustion, obtained In the Initial 
series of tests, are presented and discussed. 

THE SIMULATION TECHNIQUE 

The type of simulation under Investigation In ARL 
described fully In Reference 1 and summarized below, 
this treatment the flow Mach number In the combustor 

Is 
In 

1 s 
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câseC?nSthÜred *? be a5 Parameter such as fs the 

scramfet 'ÏCr^"1? c?mbustto" Problem as applied to the 

are r mí fí ’tP^?¿rr?o^ ^'î^;eS:teLj^]^f0n 

rite?) îhStCîhe(î0hP0Siti0"’ react,0"s. rea?tfin 
under theqsaIfSeîîîî the laboratory experiments be run 
as in th*. fíTekítatíc Pressure and temperature conditions 
as in the flight case, and also that the residence time 

describe^here0"the íHníÍ1"*' In the s1l'u,at,on technique 
th! imk! îere’ the fl19ht parameters not duplicated in 
the labomory a™ the absolute velocities (and hence the 
Mach numbers aiso) of the fuel and air streams; hoüever 
liethoVf]KCltIes m?y be chosen such that the mixing time 
In the laboratory is nearly the same as that in flight 

duÎÏÆn^n^ Pr1!!!8^ Parameters requiring actual 
a ?" 1n bhe laboratory in this technique are the 

aasesC îpc?^IaturÎ4 static pressure, composition of the 
rpiat<nnfKÎderCf t1me in the combustor, and the velocity 
cal bl Huî f îïe Tixin9 strea^. These parameters 
necessaHll dÎÎîÎJîiîÎefiab0ratîry exPer1ments without 
of “r^ys??p Ia n u ea;s; »f 

combustor ,„d the velocity th?„ be^'sia??^ JlcUr's. 

<n.hf/,?wJre9ions for the f 1 Ight and laboratory cases 
ti FwÍei.SCÍrat Cîî,y ,n F,!|ure '■ Wit'' reference 
«hir?ï î.’î’ the 4¡rfl0; at Station 1 relative to the 
vehicle is hypersonic. The flow is decelerated throuoh the 

I? ‘îu* loïer but st1n supersonic Mach numberthe 
ÎÎ ^cîî»în tbe ePtceuce to the combustor. In Figure 
lbI^ntat,î" 2 represents the laboratory air stagnatlw 
region. In this case, the airflow is accelerated in a 
nozzle from Station 2 to Station 3 to obîalTîhe deslîed 
combustor inlet conditions. At this point, the fuel 

írthe^imíelrn? ^ concentr1cal^ Injected parallel 

are 
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Certain limitations of this technique should be noted in 
addition to the requirement indicated above concerning a 
velocity relationship between the mixing streams. The wall 
effects in the laboratory will not be identically the same 
as in flight since the stream velocities are not duplicated. 
Also, three-dimensional effects in the combustor must be taken 
into account if the air and fuel streams are not arranged 
axisymetrically for both the flight and laboratory cases 
as described in this paper. Even with these limitations, 
however, it is felt that this simulation technique can 
provide valuable basic data applicable to the high hach 
number flight case. 

The flight conditions considered in Reference 1 for 
simulation in the laboratory are those for continuous flight 
speeds near Mach number 12. The small circles shown on 
the curves in Figure 2 indicate the points for which flight 
conditions were calculated. These points were chosen to 
blanket the continuous flight corridor in the range of 
Mach numbers 10 to 14. 

Figure 3 shows the isentropic stagnation conditions for 
the flight case as calculated in Reference 1. These data 
were needed for the calculation of combustor entrance 
conditions for the flight case. Also, this graph reveals 
the extreme values of stagnation pressure and temperature 
which would be required in a ground test facility for 
duplication of flight conditions. In Figure 4, typical 
combustor entrance conditions for the air in the flight 
case are shown. 

By the appropriate choice of combustor entrance Mach 
number and stagnation conditions in the laboratory, the 
combustor entrance static conditions for a hypersonic 
vehicle flying at altitudes of 100,000-200,000 feet can 
be duplicated. Typical combustor entrance conditions 
for air in the laboratory case are presented in Figure 5. 

For comparison of typical flight and laboratory condi¬ 
tions at the combustor entrance, a numerical example 
is given in Table 1. 
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Table I. Comparison of Flight and Laboratory Conditions 
at the Combustor Entrance 

FLIGHT MACH NUMBER = 12 
ALTITUDE = 140,000 FEET 

FLIGHT LABORATORY 

Static Pressure of Air 2.0 Psia 2.0 Psia 

Static Pressure of H2 2.0 Psia 2.0 Psia 

Static Temperature of Air 2000°R 2000°R 

Static Temperature of H2 1500°R 1500°R 

Mass Fraction (H2) 0.0108 0.0108 

Velocity Difference (H2-AIR) 1780 Ft/Sec 1780 Ft/Sec 

Velocity of Air 11,710 Ft/Sec 5,420 Ft/Sec 

Velocity of H2 13,490 Ft/Sec 7,200 Ft/Sec 

lach Number of Air 5.5 2.5 

Mach Number of H2 1.87 1 

Reynolds Number of Air 1 .lxl06/Ft 0.5x1Q6/Ft 

Reynolds Number of H^ 
C 

2.8x105/Ft 1.5xl05/Ft 
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THE EXPERIMENTAL FACILITY 

Paralleling the development of the simulation J®chnique 
just described, a study was made to «RL. s 
bilitv of utilizing the major components of. one ^ 
hypersonic wnd tunnels for Investlgat ons based on thl 
tpchnloue. This study led to the development of a flexible 
exoerlmental facility suitable for basic supersonic com- 
bustlon Investigations applicable to h<9h Mach number 
flight. A brief descript on of this no« («11 ty, now 
in nneration in ARL, is given below; additional details lSd discussion of the problems encountered during devel¬ 
opment are reported in Reference Z. 

The initial simulation point for the ARL facility was 
rhosen to be in the high Mach number range 
ínterêst°for «ramjet 'operation «Çj/t abou e m d 
the continuous flight corridor. The point elected for 
simulation Is Indicated by a double circle n Figure c 
and also in Figure 3 and corresponds to a flight Mach 
numberof 12 at an altitude of 140.000 feet. 

of 

The basic facility before modification, known as the 
30-Inch Hypersonic Wind Tunnel, is described in 
in Reference 3. It consisted essentially of a 3000-psia 
air stoiaSe system; a methane-gas-fired, ceramic, storage 
heater°fCheating air to «OO^R; a hyperson c nozzle; 
and a pressure recovery system. The latter Y -taaes 
comoosed of a diffuser, heat exchanger, and three stages 
of vacuum pumps operable in several configurations. 

The modification of the facility for supersonic 
combustion simulation Involved removal oj some major 
romoonents and addition of several new items* w1th 

chSlb«'5nd hypersonic nozzle were removed. New compon- r and :«5îes. 
additional air control system, combustion chamber, 
modified exhaust system. 

and 

Early in the project a decision was made to develop 

ôfSheatîng*'hydrogênhtôt25Û0'R at^subatmospheríí^pressures 



and at mass flow rates up to 0.04 lb/sec ioower inmit 

methSd^íÍd1? 3?h / Study of various heat1ngP methods led to the development of an electrlcal-resls- 
í¡ÜÜethíPeiheat!r Wlíí the hydr°9en gas passing directly' 
SïrIiîÏLe!h,T,entS' xThe1reduc^g atmosphere of hydrogeny 
permitted the use of molybdenum wire for the heater S 
n]!ûnnîS*DCSmp ete details and design characteristics are 
gil Ur Referenif Ma"y of the details can be seen 
in the cross-sectional view presented In Figure 7. A 
SyS!,29?î/te'np?ratüre of 310°OR at a »"ass flow rate of 0.016 lb/sec has been achieved with this heater. 

by 
Is 

The most formidable . . . . materials problem was posed 
the hydrogen Injector, since its outside 
exposed to air at temperatures 

The solution Involved use of 
surface 

up to 4000°R. 
♦U» « * j . — — -■ - molybdenum Injector with 
the exterior surface coated with molybdenum dislliclde 
which greatly reduces the oxidation iate. als,nc"Ie’ 

1nner^surf.ro"nr ?ürface ?f ‘he hydrogen Injector and the inner surface of the constant area duct uostream of th*» 
combustion chamber (Figs. 7 and 8) form the walls of 
the air nozzle. The inner surface of the hydrogen 
injector forms the hydrogen nozzle. The nozzle exit 
alr\ÜHm?en% n II lnitial desf9n are 2.53 for the air and 1.0 for the hydrogen. 

The combustion chamber is a constant area duct 
for the first two feet and then expands thirty percent 
In area over the remaining three feet. (Figure 8). 
Material used was 316 stainless steel. The air 
nozzle and combustion chamber are fitted with static 
pressure ports and the chamber is also provided with 
heat transfer gauges and observation ports at Inter- 
Î2m/.Î!°5? tS The ports permit the use of 
opticâl diagnostics or the insertion of traversing 
probes for making Impact pressure, total temperature 
and composition surveys. A high-speed computer 
program developed by the General Applied Science 
Laboratories, Inc. was utilized for determining the 
inner contour of the mixing and combustion chamber 
and for computing conditions expected throughout 
this section during supersonic combustion experiments 
This program takes into account the combined effects 
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of multi-dimensional aerodynamics, diffusion processes 
and finite rate chemistry. 

One of the prime considerations in developing this 
simulation facility was the safety hazard involved, 
particularly with regard to the mixing of hydrogen and 
air. To eliminate burning downstream of the combustion 
chamber during operation of the facility, a cold air in¬ 
jection system was installed with the capacity to dilute 
the mixture below the inflammability limit. This 
arrangement made the mixture safe for exhausting to the 
atmosphere through the pressure recovery system. 

The hot air flow out of the storage heater is metered 
bv means of a water-cooled orifice flange (Figures 7 and 
8) installed at the outlet of the air heater. Typical 
values of air pressures during an experiment are 162 
psia in the storage heater (upstream of the orifice 
flange) and 38 psia in the air stilling chamber. Temper¬ 
ature and pressure conditions in the airstream at the 
entrance to the combustor in the ARL facility are 
shown in Figure 9. Similar data for the hydrogen stream 
at the combustor entrance is presented in Figure 10. 

FIRST EXPERIMENTAL RESULTS--AUTO-IGNITION LIMITS 

Only a small amount of experimental data is available 
at this writing. These results are presented with some 
reservation at this time, since analysis is far from 
complete; however, definite trends in the data are 
indicated. In addition, the successful experiments to 
date have definitely demonstrated the value of the 
facility as an experimental tool for supersonic combus¬ 
tion studies. 

The initial tests in the ARL supersonic combustion 
facility were "shakedown" runs using helium throughout 
the hydrogen supply and control system. Runs were made 
with heated helium, using the hydrogen heater, as well 
as with cold helium. These experiments provided a means 
for checking out most or the Instrumentation and operating 
controls and also resulted in thorough familiarization 
of operating personnel w.th the complete facility, 
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which was considered an absolute necessity before runs 
with hydrogen were attempted. 

The first experiments in the ARL Facility with 
hydrogen Injected into the airstream were conducted on 
4 August 1966. At that time, a second series of "shake- 
down runs was initiated to investigate temperature 
limitations, operational characteristics, and peculiari¬ 
ties of the facility under combustion conditions. Proce¬ 
dures for safely handling the combustible hydrogen-air 
mixtures were also of primary concern in these runs. 

It was found that the coated-molybdenum hydrogen 
injector could withstand exposure to air at temperatures 
as high as 3500°R for time periods up to 35 seconds with¬ 
out failure. A run daration of 15 seconds at the higher 
temperatures was established as a normal test procedure 
in order to extend the life of the hydrogen Injector as 
much as possible. 

Auto-ignition limit tests were begun in October 1966. 
It is the data from these experiments which is being 
reported here. Experimental investigation of the super¬ 
sonic combustion process in the combustion chamber, with 
runs of 15 seconds duration each, will be started in 
the near future, when additional facility components 
needed for such tests are completed. 

Experimental data on auto-ignition limits for hydro¬ 
gen-air combustion, obtained in the initial series of 
tests, are presented in Table II. Shown in the table 
are the conditions under which the experiments were made; 
for each run the mass flow rates and stagnation pressures 
of the air and hydrogen are given as well as the static 
pressure of the air at the entrance to the combustor. 
In general, the test procedure Involved first establishing 
a given air temperature then increasing the hydrogen 
temperature to the point of auto-ignition. Data points 
were taken at one-tenth second Intervals on a magnetic 
tape data recording system during the period immediately 
proceeding ignition. Table II shews for each run the 
stabilized stagnation temperature of the air and also 
the calculated static temperature of the air at the 
combustor entrance; finally, the point at which auto- 
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ignition occurred In each run is given In terms of the 
hydrogen stagnation temperature and the hydrogen static 
temperature at the combustor entrance. 
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DISCUSSION OF RESULTS 

The Ignition temperature of hydrogen in air Is given 
In Reference 6 as 585#C (1544°R). Even though this figure 
may be affected somewhat by such factors as composition, 
pressure, means of Ignition, and degree to which the gases 
are mixed. It represents a reasonable point for compari¬ 
son under various conditions and particularly for purposes 
of the discussion below. 

The value of Ignition temperature cited above Is 

aP?^íeíl^ere as a rou9^ guide to auto-lgnltlon temperatures 
which might be expected In the ARL supersonic combustion 
experimental facility. Considering the plane at which the 
hydrogen Is Injected Into the alrstream. If the static 
temperature of either stream Is as high as 1544#R, 
auto-ignition might be expected to occur. Whatever the 
arguments might be against such a statement, this tem¬ 
perature will be taken to be one possible temperature 
limit for auto-ignition for purposes of comparison with 
the experimental data. This "limit" has been applied 
for both the hydrogen stream and the alrstream and Is 
shown In Figure 11 as the upper horlzonal dashed line 
(for hydrogen) and the far right vertical dashed line 
(for air). In the region where both streams are hot (upper 
right In the figure), the possible effect of the tempera¬ 
ture of one stream on the Ignition temperature In the other 
stream Is recognized but will not be considered In this 
discussion. 

Again considering the plane at which the hydrogen 
Is Injected into the alrstream, if it Is assumed that 
there Is full recovery of stagnation temperature for 

^n boundary along the Interface between 
tnetwo streams. Ignition might be expected to occur when 
the stagnation temperature of this stream reaches 1544#R. 
As before, whatever the arguments might be against such 
an assumption, this temperature will also be taken as 
a possible temperature limit for auto-ignition for pur- 
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Doses of comparison with the experimental data. This 
"limit" has been applied for both the hydrogen stream 
and the airstream and is shown in Figure 11 as/J® 
lower horizontal dashed line (for hydrogen) and the 
lefthand vertical dashed line (for air). Agj]n* 
region where both streams are hot, the P;5* ble effect 
of the temperature of one stream on the ignition tern 
perature in the other stream is not considered. 

No claim Is made that any of the “limits" represented 
by the dashed lines In Figure 11 are 
limits in a supersonic stream of hydrogen and air, these 
limits have been Included on the graph for purposes o 
comparison and discussion and have been clearly 
defined above. 

The hydrogen-air auto-ignition limit data obtained 
in the preliminary ARL experiments and Pr«»'"«1)' 
cited in Table II have been plotted in Figure 11 (the 
circled points) for comparison with the l^its 
mentioned above. In this group of experiments, at 
least In the temperature range so far Investigated, u 
is noted that the auto-ignition limits observeJ.^ the 
laboratory are very close to the line representing 
^hydrogen static 'temperature of ^44-R xper ments 
toward the higher air temperatures are presently 
underway. It is expected that with changes currently 
underway. It will be possible to conduct such experi¬ 
ments at air temperatures well n excess of the far 

slatíc”temper«ture".fni544“Reor st«gnat1 oil temperature 

of 3180*R. 

FUTURE PLANS 

Plans are to extend the current auto-ignition limit 
tests to the highest air temperatures atba1na5]®1n th 
ARL facility. It is expected that air sta9natíon. 
temperatures very near to 4000°R can be reached when 
modifications presently underway have been completed. 

As mentioned earlier, experimental investigation 
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of the supersonic combustion phenomena in the combustion 
chamber, with runs of 15 seconds duration each, will be 
started In the very near future. These experiments 
will also be conducted at temperatures up to near 
4000°R as soon as such temperatures can be attained. 
Computed theoretical data on conditions throughout a 
burning supersonic stream are expected to be available 
soon for comparison with the experimental data. 

Several additions to the available instrumentation 
are planned, including shadowgraph and gas sampling 
stations at the injector exit plane and along the 
combustor. Plans are being made to conduct experiments 
with hydrocarbon fuels after the current hydrogen- 
air supersonic combustion program is completed. 

APPLICATIONS 

Results of the research reported here are appli¬ 
cable to problems of hypersonic flight at high Mach 
numbers, specifically in the neighborhood of Mach 
number 12. The specific type of propulsive system 
to which the data presented herein applies is that 
now known as Scramjet, envisioned for application 
within the earth's atmosphere at flight Mach numbers 
above approximately 5. 

Engines making use of supersonic combustion 
are expected eventually to be of great potential bene 
fit to the Air Force. This type of engine may, 
for example, provide the basis for air-breathing 
reusable spacecraft booster stages or launching 
vehicles, and also for global non-stop hypersonic 
flight within the earth's atmosphere, with reasonable 
operating costs. 

One of the objectives of the present work was to 
demonstrate the feasibility of adequately simulating 
supersonic combustion in the laboratory without 
duplicating all of the flight parameters, thus 
making adequate ground testing possible and consid¬ 
erably reducing research and development costs. 
Another objective was to provide such a simulation 
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facility for basic supersonic combustion studies by up¬ 
dating or modifying an existing research facility rather 
than developing a new one specifically for such 
Investigations. 

CONCLUSION 

The studies at ARL have shown that supersonic com¬ 
bustion simulation applicable to flight Mach numbers 
near 12, under prolonged testing conditions (up to 15 
seconds), Is feasible with ground test facilities 
presently available. 

The method of simulation and type of facility 
described above make It possible to conduct laboratory 
supersonic combustion experiments under combustor 
temperature and pressure conditions duplicating those 
of actual flight at high hypersonic Mach numbers. The 
success achieved to date at ARL In this area Is due 
largely to four factors: (1) the Invention of a 
unique hydrogen heater to provide streams of very 
high temperature hydrogen, (2) demonstration of a 
means of Injecting the hot hydrogen Into the center 
of a very high temperature alrstream, using previously 
untried materials, (3) development o* a unique means 
of safely handling the hydrogen-air exhaust In the 
existing wind tunnel vacuum system, permitting 
attainment of low density test conditions, and (4) 
demonstration of a simulation technique In which only 
the essential combustion parameters are duplicated. 

The ARL facility can be used for basic Inves¬ 
tigations of supersonic combustion phenomena. Although 
the configuration of the present facility Is limited 
to simulation of combustion conditions for flight 
Mach numbers near 12, the range of the facility can 
be readily extended by modifying the geometries of 
the air and hydrogen nozzles now In use. The 
experimental results to be obtained at conditions 
simulating high Mach number flight are expected to 
hasten the solution of Scramjet problems. 
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NOMENCLATURE 

A Area 

m Mass Flow 

M Mach number 

p Pressure1 

T Temperature1 

Subscripts 

H2 Hydrogen 

t Total conditions 

1 Conditions in the ambient region (flight) 
or air heater (laboratory) 

2 Conditions in the inlet region (flight) 
or stilling chamber (laboratory) 

3 Conditions at the combustor inlet (flight 
and laboratory) 

Superscripts 

(/ (prime) Pertains tc free-flight condition 

(no prime) Pertains to laboratory test condition 

* Pertains to conditions where the local speed is 
equal to the local speed of sound 

^hen used without the subscript t, the symbols p and Í 
denote static conditions. 
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b. LABORATORY CASE 

1 Ambient region (flight)or air heater 
( laboratory ) 

2 Inlet region (flight ) or stilling chamber 
( laboratory ) 

3 Combustor inlet (flight and laboratory) 

4 Combustor discharge (flight and 
laboratory ) 

Figure 1. Typical Geometries for Flight and Laboratory 
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Figure 3. Stagnation Conditions in the Flight Casi 
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Figure 7. Hydrogen Heater and Injector in the ARL 
Facility 
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ABSTRACT 

The flow around a blunted slender cone performing pitching 
oscillations is theoretically analyzed by means of Chernyi' s blast- 
wave piston analogy. Stationary and transient shock shapes and 
pressure distributions are presented in power series form. Within the 
region of convergence, the stationary pressure agrees well with 
Chernyi1 s numerical integration. Normal force and pitching moment 
coefficient derivatives are presented and the results are plotted for a 
10 cone. The theoretical static and dynamic stability derivatives 
agree satisfactorily with recent experiments in a Mach 14 wind tunnel. 
It is concluded that the experimentally observed reduction in static and 
dynamic stability due to increased nose bluntness may be attributed to 
blast wave effects. 

INTRODUCTION 

The delivery of a given payload to a prescribed location is the 
final mission objective of any missile system. The attainment of this 
objective requires that the system be capable of correcting any devia¬ 
tion from the planned trajectory during all phases of its flight. With 
particular reference to the vehicle's performance in an atmosphere, 
completion of the mission demands that the configuration be aero- 
dynamically stable both statically and dynamically. 

At the same time, however, the vehicle must be provided with 
some means for accommodating the severe aerodynamic heating which 
it encounters during re-entry. This can be accomplished by several 
techniques, one of which is blunting the nose of the missile. However, 
blunting the nose of the vehicle also changes the flow field around it, 
and this in turn alters its stability characteristics. The problem 

* IstLt, USAF, Hypersonic Research Laboratory, Aerospace 
Research Laboratories, Wright-Patterson Air Force Base, Ohio 

«MidHilk 
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facing the missile designer is to balance the opposing effects of heating 
and stability. Moreover, this is a fundamental problem which will 
persist as long as trajectories include atmospheric flight. For this 
reason, research into the stability of re-entry vehicles continues to 

play a timely role in the Air Force1 s missile program. 

Recognizing this need, a program of continuing research on the 
basic fluid mechanics of stability at hypersonic speeds was begun by 
the Hypersonic Research Laboratory at the Aerospace Research 
Laboratories several years ago when it became clear that dynamic 
stability was indeed a problem during re-entry. The study of 
reference (1) represents one of the major results of this effort. 
Walchner and Clay therein presented conclusive experimental evidence 
of the destabilization provoked by blunting the nose of circular cones, 
a configuration of obvious practical importance. Their semiempirical 
anal, is was based on the method of tangent cones applied to Griffith 
and Lewis' correlation of experimental pressure distributions along 
blunted cones at zero lift. The results of their analytical study agreed 
with their measured static pitching moment derivatives over the entire 
range of nose bluntnesses investigated. However, the apparent limita¬ 
tions of the tangent cone technique in such a complicated flow field 
were illustrated by the divergence of their analytical and experimental 
dynamic stability curves at rather large values of the nose bluntness 

ratio. 

This paper is a theoretical study concerned with the influence 
of marked nose bluntness on the hypersonic stability derivatives of 
slender nose cones. As a complement to the work of reference (1), 
the explicit objective is to determine if the trend of experimental 
dynamic stability data can be explained through the blast wave analogy. 

NOMENCLATURE 

'm 
Pitching Moment ^ pishing moment coefficient 

j p V2S i 

CN 
Normal Force 

V2 

normal force coefficient 
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( )t 

( ), 

CP 

I 

K 

L 

l 

Ho 

P 

Lim 
Q — 0 

) 

da 

^ =0 

Lim 
a = 0 

fall 
V 

8 

ai 
V 

cDn = Dras 
1 » , ’ nose drag coefficient 
¿P V27T rN2 

^surface ~Pm 
” î " * pressure coefficient 

2 P V2 

surface perturbation 

JP V2 
, perturbation pressure coefficient 

energy released by explosion, related to nose drag of 
blunt cone 6 

impulse imparted by explosion 

H» tan 9, hypersonic similarity parameter 

T I , characteristic length 
E I H 

I TT p U 

body length 

free stream Mach number 

= , dimensionle ss pressure 
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P 

RU) 

Rp(0 

rU) 

rp(l ) 

rN 

rB 

S 

T 

t 

U 

V 

dimensionless perturbation pressure 

= dimensionless shock shape or shock radius 

= dimensionless piston radius 

= dimensionless shock perturbation 

= dimensionless piston perturbation 

= nose radius oi body 

= base radius of body 

= * rB2 

= — , characteristic time 

= time 

= V tan 0 

= free stream speed 

X = distance from nose in flow direction 

« = distance of pitch axis from nose 
*cg 

y = body fixed ordinate 

Greek symbols 

Q = I a I sin Wt, pitch angle 

J a I = amplitude of a 

y = ratio of specific heats 

€ COS 0 



193 

T? = ~~ * nose bluntness ratio 
rB 

e cone half angle 

À , a correlation parameter 

T = Z » dimensionless time 
1 rN 

free stream density Pœ 

0 peripheral angle (see fig. 3) 

circular pitching frequency 

subscript ( 

( ') 

pitch axis through nose 

lu. 

ANALYSIS 

1. Equations of Motion 

Blunted leading edges on hypersonic vehicles are responsible 
for a host of fluid dynamic complications including detached and curved 
shock waves, rotational flow, chemical effects, existence of subsonic 
and supersonic speed regimes, and many others. Although it is some¬ 
times necessary to account for all or most of these complexities in a 
theoretical study, expediency and efficiency frequently suggest that a 
simplified model, retaining only the global aspects of the flow, serve 
as the foundation of the analysis. Chernyi(3) has proposed such a 
model for the hypersonic flow over blunted cones. By virtue of the 
equivalence principle, he treats the blunted cone problem indirectly 
by considering an analogous problem in piston theory. The analogy is 
represented schematically in figure 1. In the piston plane, a 
cylindrical charge of unit depth explodes at time t = 0 and releases a 
quantity of energy into fluid which is initially at rest. At the same 
instant, a cylindrical piston is formed at the point of the explosion and 

■Blank tfiUMUilHtt 
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begins to move outwards toward the shock wave produced by the 

UuntT"- TKe anal°gy U related t0 the ^rsLic flow over a 
work donënh ,1 eqUatÍni the energy relea8ed ^ the “Plosion with the work done by the nose drag in moving a unit distance. 

instant 5l0nSer^ti0" of energy requires that the fluid's energy at any 
nstam be equal to the sum of the energy released by the explosion, the 

initial energy of the gas and the work done by the piston. In like 

manner, the momentum of the fluid at any instant is equal to the sum 

these6 imp 863 imParted by the explosion and by the piston. In view of 
these considerations, Chernyi has deduced that the equations 

maPtredShlniCTnerVati0n °f energy and momentum may be approxi¬ 
mated by the following dimensionless equations : PP 

RR 
_1_ 

ï -1 *2-V P = 1+ 2 
{ 

PRpdRp(4 ) 

and 

(1) 

2 

y + 1 RR2 = W 
E 

+ 2 1 PR d| 
(2) 

L - ÍE/Ínran a,r^tlCÍength a,nd time have been ch°»“ as 
equation ,¾ “ an^T = L/U' respectively. The term IU/E in 
equation (2) te generally considered to be negligibly email for slender 

Chemvi^thsHk eqUati°nB diiier somewhat from those set down by 
Chernyi in that the imtial pressure of the fluid has been neglected * 

K "r^r^h'T! Ia,Ue i0!'11' h>,Personio aimilarity parameter, 
K M» tan e. The deletion of the initial pressure brings to question 
K ^sTnUe TWs0!, eqUat;0nS.( 1 , and <2> ‘° P^aical problems wherein 
, implification is, however, consistent with the farf- 

Dht s^aTfl10118 L0 and (2) Were n0t derived fr°m consideration of the 
physical flow about a blunted cone but from a very simnlified rrmd»i 

Elution“Mor ÍtatÍVe ÍnÍ0rmatÍ°n 8ho,Ud b' “Pocted from their' 
solution. Moreover, we note that Chernyi's pressure expression 
not approach true cone surface pressures for large f but it does H 

toward the Newtonian value P = 1 for all K. This is V consequence of 
certain approximations used in the formulation of the model such as 

pise.on0nandanthy h^l * -6 ^ ,h8 »ound^d by Z 
sholk wave Th WaVe’ and the COnC8ntratio" oi mass near the 
shock wave. These approximation, become realistic in the double 

at.. 
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limit K -* œ , y -* 1, and for this reason Chernyi' s equations may be 
considered as limiting equations for large K. In this sense, deletion of 
the initial pressure from the energy and momentum equations, as has 
been done in equations (1) and (2), should not influence their qualitative 
validity. 

2. Solution of the Steady Problem 

The approximate equations (1) and (2) serve as the point of 
departure for this study. Before proceeding to the case of a pitching 
cone, it ie first necessary to solve the governing equations for the 
case of hypersonic flow over a stationary blunt cone. 

Eliminating the pressure terms from equations (1) and (2), and 
noting that Rp = 0x/L = £, results in the shock shape being governed 
by the following equation: 

where subscript zero indicates a nonpitching condition. 

(3) 

For the bluntness ratios of interest, that is for 77 = r.T/r« 
' N B 

more than around 10 percent and for small cone angles 0, the entire 
body will generally be contained in the interval 

0 £ 1 (4) 

For such small values of | and in view of the asymptotic form of R0 
established by Chernyi, the solution of equation (3) has been approxi¬ 
mated by a power series of the form 

1/ 3/ 5 / 

R„ = A£/2 + B| 2 + C| 2 + . . . (5) 

which is convergent in the interval (4). Expressions for the 
coefficients A, B, C may be found by substituting the series expansion 
(5) into equation (3). Representative numerical values are given in 
Table I. 
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! 

^
 1 

h 

-
1

 y = 1.6667 
A 

B 

C 

1.3027 

. 0741 

. 0153 

1.4756 

. 0791 

. 0140 

TABLE I 

shock shao.P¡r.e8SUr\dÍ8trÍbUtÍOn OVer 8lender blunted "hose shock shape .8 given by equation (5) is found from equation (2) to be 

Pn = 
4 (> + 1) [ a2* 1+ 14AB + (21B2 + 34AC) | + . ..1 (6) 

Figure (2) compares Chernyi's numerical solution of the system of 
equations (1) and (2) with the above result. 7 

3. The Pitching Problem 

The approach used herein to formulate the problem of hvoer- 
somc flow around a blunted cone performing small pitching oscillations 

corres^onfT^f6 ^ attack consists of a perturbation technique. Thus, 

such that thT!ia°t a P1SH°n Wh08e radÍUS ÍS Perturbed an amount r (£) ’ such that the piston radius may be expressed as P * 

Bp(!) = Rp (1)+ Tp(^) 
(7) 

The shock radius and pressure 
expressions. 

may be represented by similar 

With reference to figure (3), the piston radius is, in general 
given by Rp = Ay /L, so that at zero incidence Ay = 0x and R_ = 

The piston perturbation rp appears only under conditions of non-zero 

cosines^ Thts^af^ fr0m ÍÍgUre (3) throu8h the law of cosines. Thus, after neglecting the higher order terms we find that 

(!)=- — O' cos 0 I 
(8) 

* i 
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Strictly speaking, equation (8) is not compatible with the 
equations of motion (1) and (2) because of its dependence on the 
peripheral angle 0 . The cos 0 term will introduce cross flows into 
the model for which no account has been taken. However, since the 
stability derivatives are to be evaluated under the limiting conditions 
of vanishing incidence and vanishing pitch rate, it is assumed that 
cross-flow components may be neglected 

Expressing a as | a | sin üit, where | a | and (0 are the 
amplitude and circular frequency of the oscillation, respectively, and 
noting that for small values of its argument sin o)t = COt = (u>L/U) | , 
the piston perturbation becomes 

thereby defining € . When this piston perturbation is introduced into 
the equations of motion together with the appropriate boundary 
conditions, there results a well-defined system of equations from 
which the shock and pressure perturbations may be determined. The 
shock perturbation is represented by the following expansion: 

r (I) = (a| b| c^z+ . . . ) sin ü)t (10) 

The coefficients may be found from direct substitution into the equation 
of motion and are given in table II for representative values of y. 

y = l. 4 y = 1. 6667 

ä 

ÏÏ 

c 

.04607 

.20355 

.22705 

.04304 

.21320 

.16355 

TABLE II 
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ai 
.¡J)i 

Direct substitution of the shock perturbation into the pressure- 
shock shape relation (2) results in the perturbation pressure being 

Notice that the perturbation pressure is the sum of two components : 
the first, which is in phase with the piston displacement, is associated 
with the oscillation frequency, while the second, which is ninety 
degrees out of phase, is associated with the damping of the oscillation. 
Each component is plotted in figure (4). 

4. Forces and Moments 

(4) 
Using the notation of figure (3), it has been shown that the 

normal force and pitching moment coefficients can be determined from 
the following relations : 

(12) 

where the pitching axis has been taken through the nose of the body and 
the small angle approximations have been assumed. 

The pressure integrand which is common to both equations (12) 
and (13) is, of course, the sum of two terms; the stationary pressure 
at zero angle of attack and the perturbation pressure. Due to 
symmetry, the integrated contribution of the former is null so the 
pressure integral depends only on the perturbation components and 
may be integrated around the periphery of the body very easily. By 
introducing the nose bluntness ratio Tj, which is the ratio of the body's 
nose radius to its base radius, the expressions (12) and (13) may be 
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integrated along the length of the cone by elementary techniques once 
it is recognized that the variable £ may be written as 

X 

i 

This may be deduced from the geometry of figure (3). 

The integrated values of the normal force and pitching moment 
coefficients (12) and (13) may then be differentiated with respect to 
either a or ql / V to give either the static or dynamic stability 
derivatives, as the case may be. 

The stability derivatives for a 10° cone pitching about an axis 
through its nose in an atmosphere where the ratio of specific heats has 
a value of 1.4 are plotted in figure (5) as a function of the bluntness 
parameter, 7). The destabilizing influence of increased nose bluntness 
is apparent. 

4 

COMPARISON WITH EXPERIMENT 

The experimental values for Cm and Cm which were 
Q q 

established over a broad range of nose bluntness ratios and pitching 
frequencies in reference (1) serve as the basis of comparison with the 
preceding analysis. For the configurations with larger nose bluntness 
ratios (greater than approximately 10 percent) these experiments 
found a slight and linear increase in the dynamic derivatives 
Cmq + Cm¿ . with increasing pitch frequencies, although the static 

derivatives were insensitive to changes in the frequency. Insofar as 
Cmq is defined under the limiting process of frequency tending to zero, 

the experimental values of Cm^ + Cm^ extrapolated to zero frequency 

have been plotted in figure (5). Frequency effects, if they exist in 
^niq’ are a higher order and would require a greater degree of 

precision in the power series expansions (5) and (9) in order to be 
delineated theoretically. 

The stability derivatives discussed above and graphed in figure 
(5) are only valid for blunted cones performing pitching oscillations 
about an axis through the nose of the body. This unlikely circum¬ 
stance, however, presents no serious limitation to the applicability of 
these results to bodies pitching about another axis location, in view of 
the axis transfer relations established by Tobak and Wehrand 1 Tp 

“•¡®§ 
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FIGURE 5 
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brief, if the pitch axis is located a distance xCg from the nose, the 
normal force and pitching moment derivatives may be expressed as 
functions of xCg/i and the stability derivatives evaluated with the pitch 
axis through the nose of the body, with the exception of which 
remains unchanged. 

With the values of 77 and xcg/f corresponding to the experi¬ 

mental model of reference 1, Cm and Cm have been computed from 
a q 

the above expression and plotted in figure (0). 

In view of the restriction (4) on £ , the region of valid 
comparison in figure (6) extends up to values of the correlation 
parameter of reference 1,A = [0 (l-77)/2îj] 'z equal to around one- 
half. Within this range, the experimental and analytical values of 
CmQ agree very well although there is an obvious discrepancy in the 

dynamic derivative Cm + Cm^ . This quantitative discordance might 

be attributable to the analysis' tacit assumption that the shock wave 
responds immediately to piston perturbations. With such a model, 
Cm* is zero since phase lags in the perturbations do not exist. On 

the other hand, the inability to separate the experimental Cm^ and 

Cm. unfortunately necessitates :omparing the Qm^ theory with 

the Cm + Cm¿ °* t^le experiment. It is also noted that the experi¬ 

ments were run at a Mach number of fourteen which corresponds to a 
value of 1. 37 for the hypersonic similarity parameter K, while the 
theory has assumed that K is infinite. In view of the approximate 
nature of the model, the overall agreement is considered qualitatively 
satisfactory. 

SUMMARY 

An analysis of the effects of bluntness on the static and dynamic 
pitching moment derivatives of a slender cone has been presented. 
The theory was founded on Chernyi's approximate model of the flow 
around a blunted cone and analyzed the unsteady flow around the 
pitching body by perturbing its analogous piston problem. 

The solution to the integrodifferential equation which describes 
the stationary flow field was approximated by a power series, as was 
the solution to the linearized perturbation equation. Equations for the 
stationary and perturbation shock shapes and pressure distribvitions 
have been presented while a comparison, over a defined range,, 
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(U) ORGANIC PHOTOVOLTAIC DEVICES 

by 
Aleksandar Golubovic 

2II 

Space Physics Laboratory 
Air Force Cambridge Research Laboratories (OAR) 

L. G. Hanscom Field, Bedford, Massachusetts 

Photovoltaic effects in inorganic materials are well known and have 
been studied extensively. 1 Voluminous research on their characteristics 
and properties has led to the development of operational solar cells. On 
the other hand, research on electrical properties of organic materials 
has been sporadic and inconclusive in spite of the fact that interesting 
electrical phenomena were observed more than sixty years ago. 
Although most of the compounds are insulators (< 10“ 1-3 mho), organic 
materials of nearly metallic conductivity (< 10" 1 mho) have been syn- 
thesized recently. & Although the electronic properties of organic semi¬ 
conductors bear some resemblance to those of inorganic materials, there 
would appear to be fundamental differences in the mechanism of conduct¬ 
ion resulting from the fact that organic compounds are molecular crystals 
whereas the inorganic semiconducting compounds are valence bonded. 
There are other important differences in physical and chemical proper¬ 
ties between inorganic and organic solids. The greater thermal insta¬ 
bility and molecular complexity of most organic materials are major 
factors discouraging their utilization in electronic devices. On the other 
hand, a wide variety of organic molecular structures is available and 
there is the possibility that by subtle variation of functional group substi¬ 
tuents on a basic molecular framework, one can custom tailor desirable 
properties. 

When an irradiated photoconductor is sandwiched between two dif¬ 
ferent metallic electrodes a photovoltage is generated. Absolute voltages 
are a function of the metals used as the electrodes. In organic materials 
the phenomena were first studied in cells prepared from photosensitizing 
dyes. An open circuit photovoltage of 10 mV and a photocurrent of 10"ö 
amperes was observed in a photocell made from pinacyanol. Also, 
systems such as gold (or aluminum) polycyclic aromatic hydrocarbon- 
alkali metal generated photovoltages of up to 1 volt and power as high as 
10-8 watts.7 The development of inorganic p-n junction solar celle 
inspired attempts to make organic p-n junctions from similar configura¬ 
tions. MeierS constructed cells from p-conductive merocyanines and 
n-conductive malachite green and recorded a maximum open circuit 
voltage of 100 mV and photocurrents of 10"8 to 10"9 amperes. Nelson» 
prepared surface cells with junctions between dyes and cadmium sulfide 
and observed a maximum photopotential of 200 mV across platinum 
electrodes. Meier, 10 using the same materials, obtained comparable 
photovoltages with sandwich cells and with silver bromide and rhodamin-B 
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layersH he observed photovoltages of up to 350 mV. Calvin and Kearns^ 
obtained open circuit photovoltages of 20C mV in cells prepared from a 
combination of oxidized tetramethyl-p-phenylenediamine and magnesium 
phthalocyanine. Needier13 recently reported photovoltages up to 3 volts 
from sandwich cells containing thin layers of sensitizing dye and an 
arylamine. 

Unfortunately, none of the above systems generates currents 
greater than 10”® amperes and hence the power output is severely re¬ 
stricted. In the following work, we have examined different materials 
and cell parameters in an attempt to increase the power output of cells 
made from organic thin films by decreasing the internal resistance. 

EXPERIMENTAL 

Thin film cells were fabricated as follows: Aluminum electrodes 
(average transparency 20%) are deposited by high vacuum sublimation 
on a i-yrex glass plate (25 by 18 mm). The organic compound and a 
second electrode of gold are deposited in turn on the aluminum electrode. 
By the same method, one can deposit adjacent organic layers of dif¬ 
ferent materials. The construction of the cell is shown in B igure 1. 
The deposition assembly, shown in Figure 2, allows the preparation of 
four separate cells simultaneously. Organic materials are sublimed 
from tantalum or stainless steel cups at 200 to 300°C at a pressure of 
1 to 2 X 10”® mm Hg. It was found that the quality of the gold electrode 
depends on the smoothness of the organic layer. Best results are ob¬ 
tained when organic compounds are sublimed through a distance of 
10 cm. 

Two classes of organic materials were used in the present work: 
(a) Photoconductive compounds (See Table 1); (b) Nonphotoconductive 
materials such as electron acceptors (7, 7, 8, 8- tetracyanoquinodimethan 
(TCNQ), chloranil, and so forth), ion-radical salts (TCNQ-triethylam- 
monium anion-radical complex), and the free radical <*' - diphenyl- 
¡3-picrylhydrazyl (DPPH). Two kinds of cells were fabricated: cells 
utilizing photoconductive material in the form of a single layer, and 
cells utilizing materials of type a and b in the form of a double layer. 
The photoconductor was deposited on the aluminum electrode in the 
double layer cells. 

Commercially available batches of anthracene, tetracene, and 
pentacene were purified by crystallization, chromatography, and sub¬ 
limation. Phthalocyanine was purified by high vacuum sublimation. 
Aceanthraquinoxaline was synthesized from the condensation reaction 
between aceanthraquinone and o-phenylenediamine. The yellow product 
was purified by chromatography and crystallization (mp 250°). Analytic 
results are: (Caled for C22H12N2* C* 86. 82; H, 4. 1; N, 9.22. Found. 
C, 86.64; H, 4. 19; N, 8. 96%). The sample of 2, 7 dinitrofluoren -A0 - 
malononitrile (DFM) was kindly furnished by Dr. T. K. Mukherjee. 
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TABLE 1. 
F2lTentat}yn Va.lues of Resistivity, Dark Activation 

USed^',h" PresremrWort! ^ °rganÍC Photo™"ductors 

a. D.C Northrop and O. Simpson. Pro,. Ray, Soc. (London! A Ms-„a (1956) 
b. A. Golubovic, Unpublished results^ -- A/Wvv 

c* J» Kaufhold and K. Haufe 7 
Chem., 69; 168 (1965). -Q£hem., Her. Bunsenges. Physik. 

d. T.K. Mukherjee, J. PhyS. Chem. (in press) 
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ELECTRICAL MEASUREMENTS 

The cell was illuminated through the semitransparent aluminum 
electrode by a 500 watt quartz-iodine lamp. Measurements of voltag 
(Vn) andcurrent do) were taken with a Keithley model 150A voltmeter 
innut reaSe lOll ohms) and a Keithley model 610A electrometer 

respectively? both connected to a Moseley X-Y recorder model 135 AM. 
The light intensity was varied by using Kodak f • 
The enen of the incident light was determined with the YSE Kettering 
Radiometer model 65. The spectral dependence cf the photocurrents 
wa^measuredm the visible region by scanning with a Bausch and Lomb 
grating monochromator with a 900-watt xenon ‘“"f“ 
The entrance slit of the monochromator was set at 5 mm and the exit 
slit at 2 mm. The absorption spectra of the organic films were deter- 
mined fromk Cary 14 spectrophotometer. The film thictaess was 
measured by means of a Sloan interferometer model M-100. 

RESULTS AND DISCUSSION 
The The results of the measurements are summarized m™182; 

rxQ-ramptpr L is the intensity of monochromatic light incident on the 

V V recorder model 135 AM. The fmal column lists the eniciency 

{raU^rr^^hPee:Ä7l«^rlis^egS wfibr^ect^o ' 

SEääääää 
the direction of illumination. 

in general the power output of the cells is improved upon addition 
f opcond laver of an electron acceptor or an ion-radical complex. For 

of a as the starthig material, the efficiency increases 
!Xa+?P fQctnrï Î o i Î 1 5 and 2. 5 upon addition of a second layer of 
DFMe(ceíÍ No. 14)', TEA+TCNQ-TCNQ (cell No. 4), chloranil (cell No. 7), 
DF?LrNO /pill No 5) respectively. This finding confirms previous 
nhservatkms I5* 16, 17 that both the dark current and the photocurrent^ _ 
in n-tvne organic photoconductors can be enhanced substantially by dop g 

with electron-acceptors. The power ouJut ^JuTEA+TCNQ^TCNQ11 " 
K« oriHina a laver of the anion radical salt TEA luniy 

whereas ttie^usefof ttfnelïl free radical (DPPH) has a detrimental 

effect. 

hereof r.hea?eûf(^geu-eBe3n. kI" 
where Io>is^theCphotocurrent, L the light intensity andKisa constant. 
The exponents n of these plots vary from 0. 86 to 1. 6. For n _ l. 
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Almeleh and Harrison^ have postulated that the charge carriers are 
either generated by a single exciton process and recombine by a mono- 
molecular mechanism or that they are generated by a double exciton 
process and recombine via a bimolecular process. For n > 1, these 
authors speculate that a double exciton process and a monomolecular 
recombination mechanism are dominant. 

The spectral dependence of the photocurrent for tetracene cells 
Nos. 3 and 5 is shown in Figure 6. Both cells followed the optical 
absorption spectrum of tetracene itself. In other cells, although the 
main absorption peaks of the photoconductors are retained in the curves 
of photocurrent versus wavelength, the poor resolution in the 300 to 500 
mu range made detailed comparison difficult. In all cases, the photo¬ 
conductivity threshold nearby coincides with the threshold for optical 
absorption. 

The activation energies for photoconductivity of a number of cells 
were determined from the relationship between photocurrent and tem¬ 
perature which followed the equation I0 s A exp [ -AEph/kT] where A 
is a constant, k the Boltzmann constant, T is absolute temperature, and 
AEph the photoactivation energy. The results shown in Table 3 are all 
close to the typical value of 0. 2 eV for photoactivation in organic 
materials. 

TABLE 3. Activation Energies of Photocurrents 
Measured over the Temperature Range 298 to 363°K 

Cell 
No. 

Materials AEph 
in eV 

3 

4 

5 

8 

9 

Tetracene 

Tetracene + 
TEA+TCNQ-TCNQ 

Tetracene + 
TCNQ 

Pentacene 

Pentacene + 
TEA+TCNQtTCNQ 

0. 124 

0.267 

0. 195 

0. 144 

0. 197 

SUMMARY AND CONCLUSION 

Photovoltaic cells containing organic materials have been prepared. 
The fabrication of such cells involved a sublimed layer of an organic 
photoconductor sandwiched between aluminum and gold electrodes. 
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The photocurrent output in the above cells has been enhanced by second 
arv layers of electron-acceptors. There is some indication that the 
efficiency of the photovoltaic cell can be improved further by suitable 
choice of more powerful acceptors. 

It is evident that the power output of the present cells is still quit® 
inferior to that of conventional photovoltaic devices. These cells how 
pver A°mark a distinct improvement in the efficiency with which light 
energy can be converted into useful electrical energy by use or,®^ 
materials. Research on the phenomenological aspects of photovoltage 
in organic materials, in conjunction with the development of new m 
terials, supports the premise that organic photovoltaic cells will prov 
to be practical devices for energy conversion. 
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Figure 3. Photocurrent — Light Intensity Relationship of Tetracene 
Photocells. The numbers in parenthesis represent the cells 
in Table 2 
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Figure 4. Photocurrent — Light Intensity Relationship of Pentacene 
Photocells. The numbers in parenthesis represent the cells 
in Table 2. 
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Figure Photocurrent - Light Intensity Relationship of Phthalocyanine 
and Aceanthraquinoxaline Photocells. The numbers in 
parenthesis represent the cells in Table 2. 
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(U) TIME-OPTIMAL ATTITUDE CONTROL OF A SPINNING VEHICLE 

Pirk H. de Does, Captain, USAF 
FJSRL, OAR, USAF Academy, Colorado, 8o840 

The design of efficient attitude control systems for extra- 
atmospheric vehicles is of considerable importance. The basic functions 
of a spacecraft attitude control system are those of maneuvering the 
vehicle in a prescribed manner and stabilizing it when a desired 
orientation has been acquired. One important attitude control problem 
is that of maneuvering a spin stabilized vehicle where various 
performance criteria are considered. For example the performance of a 
space vohicle attitude control system may be evaluated in terms of the 
amount of fuel consumed during a specified maneuver or the time required 
to re-orient a vehicle from some initial position to a desired final 
position. 

The research discussed in this paper is directed to the problem of 
re-orienting a spinning vehicle in minimum time. Such a maneuver is 
important in certain military and scientific missions. For example, 
consider the problem of making rapid corrections in the orientation of 
a spinning re-entry vehicle during the extra-atmospheric portion of an 
intercontinental trajectory. During the latter phase of such trajectories 
the vehicle's attitude influences a variety of parameters including 
aerodynamic forces during initial contact with the atmosphere, Taus 
minimum time attitude control may be an important consideration for 
such mission requirements. 

The problem considered, a time-optimal control problem, is one of 
properly orienting a spinning vehicle with respect to specified reference 
directions, starting from known initial conditions of the vehicle's 
attitude and nutation rates. This problem has been studied extensively 
by the author [1], As a result: 

1. Mathematical techniques for computing the time-optimal control 
law for a wide class of vehicles in which small changes in attitude are 
required were obtained. 

2. The influence of spin rate, vehicle geometry, control magnitude, 
and thruster configuration (Figure l) on the time required to optimally 
re-orient a spinning vehicle was demonstrated. 

3. True time-optimal solutions which may be useful in conjunction 
with feedback control or as a reference in the evaluation of nearly 
time-optimal schemes were obtained. 
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Discussion of the Problem 

i nartc the analytic and computational aspects of the 
In several respects, difficult. When confronted 

optimal attitude control Pro^1~1“ ® relvyon some type of idealized 
with such situations one mus „tenificant insight as to the behavior 
model. Such ®odels ^ft^ P^ of tnis analysis it was assumed 
of the actual system. *°r * ^ P d mat;hema tic ally as a rigid body 
that the system could be represe represents a realistic 
with a single axis of ^J^^/^eedingly simple to 

ri;:f::dbinW“oyvïdCe relatively nule insight as to the behavior 

standpoint. 

The problem specifications must al®° ^^^tg^reactio^wheels, 
type of control device it wa^ assumed that 
etc.). For the problem cons „„Mnations of thrust-limited reaction 
control is provided by various combinations of th idered are 

8 °ï rfeíSaUtfa)”“ -3 -art'lTalu 4-jet co„tl8uratlon. 

Cases S)Fr (cj-repreaL't the sttuattoa 
of the basic cocflguration ce8e a have ftlled respec ed 

corresponds to a single gimballed Jet which may the basic 

in a plane normal to the vehicle s sp , * hi tl are connected at the 
spacecraft consists of two ® section (which houses the attitude 

the vehicle's axis of symmetry. 

Figure 1 Control Jet Configurations 

(a) jets 
(b) 2-jets (0 1-jet 

(d) Gimballed Jet (e) Non-Spinning Thrust Ring 
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The system under investigation was represented mathematically by a 

set of linear differential equations of the form 

x(t) = A(t) x(t) + B(t) u(t) 

These equations relate angular velocity and position, forces and 

accelerations, nutation rates and time, etc. In the above system of 

equations ^c(t) represents a vector whose components are the state 

variables. These give the state of the system at any time and thus 

represent the angular position and velocities of the system. The 

components of the vector u(t) represent control variables that one may 

use to control the system. For the system described in the previous 

section, these controls correspond to control jet angle, thrust 

magnitude, and jet "off-on" times. The primary objective is then to 

determine a minimum time maneuver from all possible control sequences 

which will cause a specified change in the state of the system. 

For systems described mathematically by the preceding equation it 

is possible to obtain the necessary conditions for the time-optimal 

control law by the application of a mathematical technique known as the 

maximum principle, [2]. If the maximum principle is applied to the 

equation representing a system with a gimballed jet, case (d), one 

obtains the optimal steering law as a continuous function of time. 

However, when applied to equations representing the remaining configura¬ 

tions, cases (a), (b), (c), (e) it is found that the control jets must 

operate discontinuously or in an "on-off" mode. The maximum principle 

thus gives only the qualitative nature of the control law. To obtain a 

control law that quantitatively satisfies all the conditions of the 

physical system it is necessary to determine the initial amount of 

thrust, the time the engine is to be turned on or off and the final time 

when the optimum maneuver is to be completed. This results in the 

requirement to solve a two point boundary value problem, the satisfying 

of specified values for the initial and final states. 

Solution to the Time-Optimal Control Problem 

For systems of fourth order and greater, a solution to the two 

point boundary value problem usually requires a computational scheme 

which involves the use of a high speed digital or analog computer. 

However the author has succeeded in generating closed form solutions for 

case (d) and for specific situations arising in cases (a) and (b). These 

significant results will be discussed in more detail in the following 

paragraphs. 

The first step toward the results discussed earlier involved 

normalizing the set of differential equations which describe the motion 

of the vehicle. Thus, all information essential to the problem (i.e., 

spin rate, vehicle geometry, thrust level, initial nutation rates, etc.) 

may be condensed into a minimum number of physical parameters which 
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completely describe the system. This procedure has three important 

advantages: the number of cases which must be considered and in turn 

the computer time required to investigate the control problem are 

greatly reduced; the influence of system parameters on the control law 

and the terminal time can be readily determined; and, the control law 

for a wide range of problems m^v be conveniently described in terms of 

these physical parameters. This entire procedure is unique in that a 

family of solutions is generated for each analytic or numerical 

solution to the two point boundary value problem. The utility and 

uniqueness of these solutions are discussed in the following paragraphs. 

In the case where control is provided by a glmballed jet, case (d), 

the author [1] has found closed form solutions to the attitude control 

problem. In this case, symplifying assumptions are held to a minimum in 

that the initial and final values of the state variables were chosen to 

be as realistic as possible and yet retain solvability of the system in 

closed form. Solutions of this type are very useful in that one may 

readily determine both the jet steering angle ß (see Figure 1) as a 

function of time and the optimum maneuver for a wide range of problems 

which are specified in terms of the physical parameters. Thus if a 

control problem lies within the scope of this analysis one is able to 

readily determine how an ideal control system must operate in order to 

carry out a given maneuver in minimum time. In addition, the character¬ 

istics of the optimal control law and the minimum time required to re¬ 

orient a spinning vehicle can be determined. These concepts will be 

demonstrated by an example problem at the end of this text. 

In cases (a, b, c, e) the control jets must operate in an "on-off" 

or discontinuous mode and therefore it is more difficult to generate 

closed form solutions as was the case in the preceding paragraph. In 

most instances where the control must operate in a discontinuous mode 

the two point boundary value problem must be solved on a high speed 

digital computer. Many of the modern computational procedures which are 

used for solving boundary value problems of this type employ mathematical 

schemes which require an initial estimate of the steering or control law 

and the terminal time. An algorithm or computing rule is then used to 

systematically modify the steering law and the terminal time until a 

specific set of boundary conditions is satisfied. The computer time 

required to carry out this process depends upon how close the initial 

"guess" is to be actual optimal control law. If the results of an 

analysis are to be useful in terms of evaluating the effect of vehicle 

geometry, spin rate, thrust level, etc., then the two point boundary 

value problem must be solved repeatedly for a wide range of system 
parameters. This would become very inefficient in terms of computer 

usage unless a systematic method was developed for reducing the error 

between the initial "guess" and the correct optimal control law. The 

significant result of this study is the development of a method which 

overcomes the computational difficulties described previously and 

greatly reduces the computer time required. 
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actualW Î° “P ?" essentul i” Che success of the method and 
all Ufo™«™ " ST1 and torsatillty. The first demands that 
inltial°nu?t«n e8scn,;laI to the problem (l.e., spin rate, thrust level 
DhvsUal ? ? €tc.) must be combined Into a minimum number of 
nr™»a * P?s which completely describe the system. This 
procedure was described In a previous paragraph. lie second Is that 
the algorithm's utility Is directly related to the choice of the 

representatlon°of1th°r **? SySt‘'"1' For an aPPr°Ptlate mathematical 
These sôîû«Ôl ,f ? 8y? ’ eXaCt ar,alytlc “elutions have been found, 
nrsv ®olutJons are based on specific sets of values of the physical 
Hli2e7Ll0r a par“c“lar “yatem. The computational scheme .l.lch was 
employed makes use of these enact solutions In that variations are made 

result y:'La hT8”^? ;P?“' “tPtting trom the known solutions. The 
a. m technique which is efficient in terms of computer usage in that the error between the "starMmy" i ‘-«“yui-er usage in 

small Tn starting and actual control laws is very 
smail. In addition, exact analytic solutions have been found for cases 
(a, b) for a range of parameters where the time required to completeT 
maneuver is small compared to the vehicle's spin rate. ? 

The advantage of this computational scheme compared to those 

h^ fl Lr r ?°lve tha a““"da control probtm i, that families of solutions are generated and plotted as graphs wi* « 
minimum expenditure of computer time. From the resulting graphs one 
can readily determine the control law, the optimal maneuver and the 

tiLTtíml soluírd t0 re"°rient a sPinning spacecraft, kus true 
time optimal solutions are provided which may be used in conlunction 
with feedback control or as reference in the evaluation of ñíaííy 

rtd\T^a\rntr°\8Cheine8* 11,686 concePts can be understood^ore 
eadily arm the utility of the method may be demonstrated by considering 

« an example the optimal control for a iyplc.l re-orîentaUon 

Example 

Consider the problem of re-orienting a spinning spacecraft in 

casem(d) “Heñírth^T?1 Í8 frovided by a gimballed reaction jet, s- ™ s ,r=.s sä 
nutation rate'“.‘aer6«!0 

provides such a representation of the minimum time for re-orientation 
Xtprovldea . dl^nalonleaa angle of re-orlent.tl„n,ïn e™o hê 
moment, of Inertia about the vehlcle'e principal „1., the .pin r“e 
the maximum torque, and the actual angle of re-orientation Tt «io«’ 
provides a dimensionless minimum final time Tf in terms ôf th 
final time, the vehicle', geometry, end the .pí? í«e Fl^r. ? T“1 

rîgî 0ffthe di®6n8ioale88 miRimu® final time versus the diLnsionless8 “ 
g e of re-orientation. Thus if the terminal attitude is changed, the 
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spin rate increased or decreased, the vehicle's mass altered, or a 

smaller or larger control jet used, the new terminal time may be 

determined directly from Figure 2. Similar curves have been determined 

from which the optimal control laws have been found. Use of these 

curves is illustrated in Figure 4, where the terminal time is given for 
various combinations of spin rate and thrust level. The corresponding 

vehicle configuration and re-orientation angle are given in Figure 3. 

Figure 2 Dimensionless Minimum Final Time vs. Dimensionless 

Re-orientation Angle 

Legend: 

t^ = final time (seconds) 

Q = defined in Figure 3 

I = moment of inertia about spin axis 

1=1=1 = transverse moment of inertia 
X y 

wz = spin rate 

T = maximum torque 
max n 

t2 2 
0Iz(oz 

rr 
max 



Figure 3 Coordinate System and Vehicle Specifications 

Legend; 

Z 

I2 = 25 slugs . ft2 

IX = ly = 80 Slugs . ft2 

W2 = 1000, 500 RPM 

Vehicle Weight = 1000 lbs 

ß Position of Gimballed Jet 

X, Y, Z Space Fixed Coordinate System 

X, y, z Body Fixed Coordinate System 
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Figura 4 Thrust vs Time for Spin Rates of 1000 and 500 RPM 

Time (seconds) 

Thrust (lbs) 
Spin Rate 

1000 RPM 

Spin Rate 

500 RPM 

50 4.20 2.10 

100 2.00 1.10 

150 1.30 0.73 

200 1.00 0.57 

250 0.8o 0.43 

300 0.66 0.36 

350 0.57 O.33 

4oo 0.51 0.30 

450 0.45 0.28 

500 o.4o 0.25 

Applications 

As discussed earlier, an important military problem is one of 

re-orienting a spin stabilized payload in minimum time. The methods 

previously described are directly applicable to this problem and can be 

used in the design oi the control system required to maneuver the 

vehicle. In addition one can use the results of this study in the 

design of attitude control systems required for spinning spacecraft used 

for meteorological and communication missions. As a design tool, the 

method has an important advantage in that answers to the following 

questions are readily available. For a given vehicle configuration 

what is the minimum time required to carry out a specified change in 

attitude? How do the system paramete?:s affect the minimum re-orlenta- 

tion time? What are the characteristics of the optimal control law in 

terms of the system parameters? How do the controller configurations 

shown in Figure 1 compare with one another in terms of efficiency? 
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He method also provides a reference for evaluating the Performance 

which are specified in terms of the physical parameters. 
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