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Application of Heat and Force Fields
to Sonic-Boom Minimization

DAVID S. MILLER* AND HARRY W. CARLSONf
NASA Langley Research Center, Hampton, Va.

There is much interest and some controversy concerning the possibility of sonic-boom sup-
pression through air stream alteration by application of force or heat fields. The present paper
presents a discussion of the relationship of these more exotic schemes to conventional ap-
proaches involving shaping of the aircraft itself, describes the required flowfield alteration
for the more promising heat field method and provides a first estimate of power requirements.
The results of the study indicate that finite rise-time signatures which offer substantial sonic-
boom alleviation are theoretically obtainable but that severe, if not unsurmountable, prob-
lems of implementation are presented.

Nomenclature

effective cross-sectional area due to a combination
of airplane lift, airplane volume, and the altered
airstream

initial phantom-body cross-sectional area
cross-sectional area of airstream
airplane flight altitude or perpendicular distance from

model to measuring probe
airplane or model reference length
phantom-body length
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power summation, I %-]dxdx

with circulation

rJo dx without
power distribution
incremental pressure because of the flowfield of air-
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rise time of sonic-boom pressure signature
stagnation temperature
distance measured along longitudinal axis from air-

plane nose, model nose, or initial change in phan-
tom-body area (i.e., phantom-body nose)
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dP/dx
Ap

Atr
To
x

Introduction

THE sonic boom continues to present one of the most
severe problems confronting the development of an effi-

cient supersonic transport system. It is estimated that cur-
rent plans to prohibit supersonic flight over populated areas
will limit worldwide supersonic transport sales to less than
half the potential market. Thus, a solution to the sonic-
boom problem would have a profound influence not only on
the current supersonic transport program, but also on the
entire structure of the air-transport system. Although in-
tensive research efforts of the past decade have led to a gen-
eral understanding of the sonic-boom phenomena and the
development of reliable prediction and minimization tech-
niques, no means has been found to reduce the sonic boom to
a level which unquestionably would be acceptable for routine
overland operation of supersonic transports.
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Recently, there has been much interest and some con-
troversy concerning the utilization of heat or force fields to
alter the airflow in the vicinity of the airplane in a manner
which might provide substantial improvements in sonic-
boom characteristics. The electroaerodynamic concept ad-
vanced by Cahn,1 which on re-examination2 appears to be
unfeasible for any practical degree of boom alleviation, at
least has served to stimulate imaginative consideration of
unexplored approaches. In this paper, basic concepts for
application of these more exotic schemes to sonic-boom
minimization are formulated, are related to the well-estab-
lished body of information concerning sonic-boom generation
and propagation, and are compared with more conventional
minimization techniques. For the more promising heat-
field concept, preliminary estimates of variations in flowfield
properties and power requirements for a representative
supersonic transport are presented.

Conventional Minimization Techniques

Numerous studies have attacked the problem of defining
configuration requirements for sonic-boom minimization
under various constraints. An illustration of conventional
minimization techniques, which employ shaping of the air-
craft to result in a favorable volume and lift development and
a more acceptable pressure signature, is given in Fig. 1. For
currently operational supersonic aircraft, a classical N wave,
as shown at the left of the figure, has been found to exist for
most flight conditions. For these aircraft, shaping for sonic-
boom minimization3"5 could affect a moderate reduction in
bow-shock overpressure and signature impulse (perhaps
about 15%) but the basic A^-wave signature shape would
remain.

For somewhat longer and more slender configurations,
representative of supersonic transport designs, a near-field
signature may be expected to extend from the aircraft to the
ground for some portions of the flight plan. Because the
signature shape depends on the airplane shape, further re-
ductions in overpressure, as illustrated by the plateau signa-
ture, could be achieved through airplane design modifica-
tions.6"9 Although the plateau signature achieves sonic-
boom benefits, the shocks and the attendant sonic-boom
noise still exist.

Upon relaxation of all realistic restraints on airplane length
and with a very carefully controlled effective area develop-
ment, the shocks themselves could theoretically be elimi-
nated10'11 as depicted by the finite-rise-time signature shown
at the right of Fig. 1. However, theoretical calculations
indicate that in order to implement this minimization tech-
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Fig. 1 Airplane design for sonic-boom minimization.

nique it would be necessary to increase the lengths of super-
sonic transports now under development by a factor of 3 or
more with no attendant increase in airplane weight. Thus,
at the present time a finite-rise-time signature appears to be
a desirable but unobtainable goal. Alternate methods for
the achievement of finite-rise-time signatures through em-
ployment of heat or force fields will be the subject of further
discussion in this paper; however, at this point,-it seems
appropriate to present evidence of the applicability of present
sonic-boom prediction methods and of. airplane shaping
techniques for sonic-boom reduction.

Current sonic-boom prediction and minimization tech-
niques are based on the solution for the supersonic flow about
bodies of revolution developed by Whitham12 and on the
theoretical work of Hayes,13 which relates airplane geometry
and lifting effects to equivalent bodies of revolution. With
the proper equivalent body used to represent the airplane,
present techniques, utilizing high-speed digital computers,14

permit the definition not only of the far-field pressure pattern
where an N wave has formed, but also of the complex near-
field pressure pattern where the signature characteristics
depend on the detailed airplane shape. Studies in which
theoretically determined pressure signatures are compared
with experimental data from wind-tunnel and flight-test
programs indicate that present techniques. provide reason-
ably accurate estimates of the sonic-boom characteristics for
a wide variety of airplanes and operating conditions.15"18

A sample of wind-tunnel test data which serves to sub-
stantiate the applicability of Hayes-Whitham techniques to
both the prediction and minimization problem is given in
Fig. 2. Signature measurements were made at a variety of
flowfield positions and test conditions for the 4-in.-long super-
sonic transport models shown in the figure. These par-
ticular signatures were obtained five body lengths below the
model at a Mach number of 1.4 and a lift coefficient of 0.1.
Effective area developments used in the derivation of the
theoretical signatures are shown in the inset sketches. Al-
though the signature for the basic model is quite complex,
there is seen to be excellent agreement with the theoretical
prediction. The signature shown at the right was obtained
for a model with a fuselage modification designed to produce
a plateau signature. The desired result was not quite at-
tained but a good approach has been made, and the extreme
sensitivity of the signature shape to small changes in model
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Fig. 3 Phantom-body concept.

shape is clearly shown. The same theory applied to an air-
plane of 400,000 Ib flying at 40,000 ft and M = 1.4 indicates
a maximum positive overpressure of 2.2 psf for the design
at the left and a value of 1.3 psf for the modified design.
Theoretical estimates for the basic configuration at M = 2.7
and h = 60,000 ft indicate the existence of a fully developed
N wave which precludes effective application of this minimiza-
tion concept for cruise conditions.

Phantom-Body Concept

Minimization techniques discussed thus far have required
changes'in the physical shape of the airplane; however, it
may be possible to alter the airflow about the airplane by the
employment of heat or force fields in such a way as to create
desired pressure signature characteristics without drastic
changes in the airplane dimensions.11'19 A phantom-body
or airstream-alteration concept for achievement of the
highly desirable finite-rise-time signature is shown in Fig. 3.
Depicted in the figure is an effective area development of an
airplane which would produce an N wave and the effective
area development of a phantom body, resulting from the
combination of an altered airstream and the airplane, which
would generate a signature without shocks on the airplane
flight track. The heat or force field must be distributed very
carefully and must extend well ahead and well behind the
airplane to insure a sufficiently long and properly shaped
phantom body. In fact, without careful planning the flow-
field alterations could easily aggravate rather than improve
the situation. A massive heat addition localized at the air-
plane nose, for example, would create an intense bow shock
and an obvious degradation of sonic boom characteristics.
Even with a properly constructed axial distribution, the air-
plane effective area assumes a different shape and magnitude
at ground positions away from the flight track, and thus,
shock elimination over the whole of the ground exposure
area requires carefully controlled azimuthal as well as longi-
tudinal distribution of the airstream alteration.

Alternate applications of the phantom-body concept which
would be equivalent within the assumptions of area-rule
considerations on which present theory rests are illustrated
in Fig. 4. The altered airstream whose boundary stream-
lines are depicted by dashed lines need not envelop the air-
plane as shown at the left, but may be displaced below the
airplane as shown at the center, provided the displacements
occur along Mach cutting planes. The airstream alteration

OFF AXIS

x - p h

Fig. 2 Wind-tunnel verification of prediction and mini-
mization techniques, M = 1.4, h/l = 5. Fig. 4 Equivalent application of concept.
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could also take place over a wider area as shown at the right,
the criterion being that area rule dictated effective area
development of the airstreams and airplane combine to create
the specified shape for each of the azimuth angles. For
simplicity, the following analysis is restricted to the azimuth
angle corresponding to the flight track and treats the on-
axis case as shown at the left; however, it can be seen that
analysis of the other systems would not be different in prin-
ciple. The analysis is also restricted to the heat-field method
which appears to offer more hope for practical implementa-
tion. A treatment of both the heat and force-field methods
has been given in NASA TN D-5582.

Analysis

The theoretical method employed to analyze the altered
airstream flow properties and to estimate the heat distribu-
tion and power requirements is based on the assumption
that the airstream which is to be shaped around the airplane
can be treated as steady, one dimensional, inviscid channel
flow of a perfect gas.

For a given airplane and given flight condition, the phan-
tom-body area development which will completely envelop
the airplane and produce a desired sonic-boom signature can be
determined. The forepart of the area development will have
a growth of area that varies as the f power of the distance
(an isentropic spike). The Whitham theory for a uniform
atmosphere can be employed to define the required length
and diameter relationship to prevent bow shock formation
for a specified Mach number and altitude. Prevention of a
tail shock is accomplished by a design process for the re-
mainder of the phantom-body area development which in-
volves trial and error application of a computing program
solution of the Whitham equations.14 Account of the favor-
able "freezing" effect of a real atmosphere through employ-
ment of the atmospheric propagation program of Hayes21

requires further iteration to define phantom-body shape
characteristics for a specified rise time.

The airstream channel is defined as the difference between
the phantom-body cross-sectional area and the effective
cross-sectional area of the airplane. The boundary condi-
tions of longitudinal pressure distribution along the channel
are established by calculating the surface pressure on the
phantom body using small-disturbances theory20 and by as-
suming that the pressure is constant across the channel.
The governing differential equations written in terms of
influence coefficients22 are then solved by iteration for suc-
cessive increments along the channel. A thorough descrip-
tion of the governing equations and solution techniques em-
ployed is given in Ref. 19.

The applicability of the present simplified analysis in treat-
ing practical problems of phantom-body concept implementa-
tion can be assessed by examining the assumptions and
simplifications employed in its development. One basic
assumption is that flow variations within a single heated air-
stream channel are sufficient to provide the distribution of
local compressions and expansions necessary for the desired
airstream alterations. It is recognized that the application
of this concept to an actual airplane configuration would re-
quire a detailed three-dimensional description of the required
heat field and would thereby necessitate the employment of
not one but a multitude of streamtubes. This more complex
approach would provide information concerning the radial
and azimuthal variations of the heat field in addition to the
longitudinal variations obtained from the present method;
however, neglecting the radial and azimuthal variation
greatly reduces the complexity of the analysis procedure and
is not expected to significantly alter the results of this pre-
liminary study.

Another basic assumption is that all of the distributed heat
energy is confined within the boundaries of the airstream and
is completely effective in creating the desired airstream altera-
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tions. A more realistic approach would consider heat transfer
across the airstream boundaries which would in turn influence
the entire flowfield in a different manner than does the
heating with no heat transfer. The relationships between
the heating rates and airstream variations for this case cannot
be easily established and are beyond the scope of this pre-
liminary analysis. Under the assumption of no heat transfer,
the manner in which the local heating influences the flow is
well defined.

It is also recognized that for strong shocks formed im-
mediately at the airplane surfaces, the airstream expansions
might not be fully effective in providing a cancellation; how-
ever, a typically pointed airplane nose or a subsonic-leading-
edge wing need not form strong shocks and cancellation
should be possible. Other complicating factors are the
effects that variations in the airstream flow properties will
have in altering the aerodynamic performance and flowfield
characteristics of the airplane and the effects that airplane
produced disturbances will have on the airstream; this
interaction between the airstream and the airplane is ne-
glected for results presented in this paper.

Subject to the previously discussed assumptions and
simplifications, the present method of analysis is believed
to be sufficient to indicate the nature of the altered airstream
flow properties and to make preliminary estimates of the re-
quired heat distribution and minimum power requirements.

Concept Application

The problems encountered in employing the phantom-body
concept to minimize the sonic boom can best be explored by
applying the concept to an actual airplane configuration. A
typical proposed supersonic transport having a length of 300
ft and a cruise Mach number of 2.7 at an altitude of 60,000
ft is the base-line configuration for the following discussion.
The cruise weight of the airplane is assumed to be 575,000 Ib
and no account is taken of weight increases due to onboard
equipment required to generate the phantom body.

Illustrations of the results of the study as reported herein
are restricted to the heat-field application which at present
appears to be of greater practical interest. In Ref. 19,
attention is given to both the heat- and the force-field meth-
ods.

As shown in Fig. 5, the creation of a finite rise time signa-
ture (A£r = 0.03 sec) required airstream modification ex-
tending over 200 ft ahead of and over 400 ft behind the 300-
ft-long airplane. An initial airstream channel area of 500
ft2 was selected for reasons which will be discussed later.
It is seen that because a typical airplane configuration with
irregularities in effective area development was chosen, the
smooth effective area required for the phantom body can
be created only with a modified airstream channel which
also displays irregularities.

Local variations in the airstream channel area cause local
variations in flow properties as illustrated in Fig. 6. Ex-
treme variations in Mach number and temperature could,
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of course, result in a degradation of aircraft aerodynamic
performance and would intensify already severe heating
problems. A very large initial channel area would minimize
these problems but would make the task of insuring the
proper distribution of heat that much more difficult.

The power requirements shown in Fig. 7 demonstrate the
severity of the problems to be encountered in attempts at
practical implementation of the phantom-body concept.
Irregularities and extreme gradients in the local power dis-
tribution indicate that great care would be required in the
selection and arrangement of heating devices. An even
more difficult problem is posed by the necessity of power re-
moval or refrigeration dictated by the presence of the nega-
tive values of local power. As will be explored in somewhat
greater detail later, the power removal requirement could be
avoided by reshaping of the airplane, but this in itself would
be a rather drastic measure. From the power summation
plot, it is seen that in the forepart of the airstream, ahead of
the airplane nose, it is necessary to add power to the airstream
amounting to more than the propulsive power output sup-
plied by engines producing an estimated 75,000 Ib of thrust
for the assumed flight conditions. Additional requirements
for heating and refrigeration along the remainder of the
phantom-body length would, if supplied by separate devices,
bring the total power requirement to about 12 X 108 w or
more than four times the propulsive power. Even if a rea-
sonably efficient system for recycling heat energy could be
devised to result in relatively low net power consumption,
the equipment would be sized by the lower curve, a power
requirement of more than 4 X 108 w.

It should be recognized that in the unlikely event of the
development of efficient means of processing the airstream
to drastically reduce cross-sectional area, the ideas of E. L.
Resler, Jr.23 would be worthy of further consideration. His
approach may be considered as an extreme application of
the phantom-body concept in which a constant area body
would be created by stream tube reduction only. If this
could be accomplished, no disturbance of any kind would be
felt outside the phantom-body boundaries.

An important factor in analyzing the phantom-body con-
cept is the selection of the phantom-body capture area AQ.
Variations in the flow properties and the total power require-
ments with changes of A0 are shown in Fig. 8. As expected,
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Fig. 8 Phantom-body initial area considerations.

the flow properties are very sensitive for small values of Ao',
therefore, to avoid large changes in the flow properties which
in turn alter the airplane performance characteristics, a
large initial area is desired. The total power is fairly in-
sensitive to changes in A0 throughout the range considered;
thus, an area of 500 ft2 appears to be a reasonable selection.
Larger values which do not significantly reduce flow property
variations would create even greater problems of heat-field
distribution.

The phantom-body length is the primary factor upon which
the sonic-boom signature characteristics as well as the power
requirements depend. Figure 9 shows how the rise time
A£r increases and the maximum ground overpressure Apmax
decreases as the phantom-body area development is stretched
out. In selecting a reasonable body length, no values less
than 900 ft were considered because lengths less than that
produce no finite rise time. Allowance has been made for
the somewhat reduced lengths which result from an exacting
treatment of real atmosphere effects afforded by use of the
Hayes computer program. As expected, the power require-
ments increase with increasing length. The desired rise
time is the primary factor for defining the necessary phan-
tom-body length and the total power requirements. A rise
time of 30 msec and a corresponding body length of 975 ft
was chosen for the example to provide a near minimum power
requirement while offering significant noise benefits24 and a
margin agaiuist possible adverse effects of atmospheric dis-
tortion.

The results of the studies reported in NASA TN D-5582
indicate that power requirements become less for lower Mach
numbers, but not to such an extent that the scheme appears
to be more practical. For higher Mach numbers, which are
more attractive from an economic standpoint, the power re-
quirements are greater. For a given Mach number, power
requirements are not significantly less at altitudes above or
below those normally selected for cruise economy.

Thermal Fin Concept

This discussion would not be complete without mention of
recent studies of ingenious methods for concept implementa-
tion conducted by S. B. Batdorf and R. J. Swigart of Aero-
space Corporation.25-26 Among the ideas explored were the
use of a powered tethered drone whose fuel for propulsion
and heating would be supplied through the tether, the use of
a continuous in-line train of explosive pellets ignited upon
launch from the airplane, and the use of what has been termed
a thermal fin.

The more practical of these ideas appears to be the thermal
fin which will be described with the aid of Fig. 10. The
unique features of the thermal fin scheme are the direct burn-
ing of fuel to produce the heat field and the introduction of
the heat below the airplane itself. S. B. Batdorf points out
that with direct burning of the jet fuel the power requirements
for bow-shock alleviation are not necessarily prohibitative;
and that off-axis heating in accordance with area-rule con-
cepts previously discussed would be more attractive for prac-
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tical implementation, especially from the standpoint of the
aircraft thermal environment and safety.

The conceptual single thermal fin arrangement illustrated
at the center of the figure is compared with the previously
discussed axial distribution of heating and cooling shown at
the left. The retractable fin which is required to extend
about 80 ft below the aircraft nose would, of course, incur
problems of aerodynamic performance, stability and control,
structural dynamics, and weight that have not been fully
explored. Because the thermal fin method as presently con-
ceived employs heating only, the airplane must be reshaped
and the phantom-body nose lengthened by about 27 ft to
provide an airstream which requires no heat removal. With
direct burning during the supersonic portion of the flight
for the example chosen, it is estimated that the power re-
quirement of about 4 X 108 w can be met with about a 20%
increase in onboard fuel. It will be noted that while a single
fin with heat addition only could theoretically eliminate the
bow shock, the tail shock would remain unless the aft portion
of the phantom body were reshaped in some manner.

A preliminary study of the additional heating require-
ments of a second thermal fin for tail-shock elimination has
been carried out. The solution was not iterated to the point
where all shocks are removed, but those that remain are small
and the over-all power requirement is believed to be a rea-
sonable estimate. From this study, it is concluded that total
elimination of shocks by employment of thermal fins would
require about 60% additional onboard fuel with no account
being taken of weight and performance penalties of the
system. There is however, the possibility that some of the
propulsive thrust could be supplied by the thermal fins,
thus reducing the propulsion system requirements. It
should be pointed out that the second thermal fin is only one
approach for elimination of the tail shock and that other,
not so obvious, extensions of the phantom-body concept
should be explored.

Conclusion

A study has been made of the potential benefits to be
gained, the problems encountered, and the power required
in the application of heat-field concepts to the sonic-boom
alleviation problem. The results indicate that, subject to
the simplifying assumptions made in the study, finite rise-time
signatures which would practically eliminate the shock-wave
noise are theoretically obtainable but require the creation of
a carefully controlled heat field extending far ahead of and
behind the airplane itself. A complicating factor is the not
insignificant variation of the flow properties within the phan-
tom body which may alter the airplane aerodynamic per-
formance. There is also some doubt that, in the practical
application of these schemes, airplane-produced shocks could
be completely cancelled and thereby prevented from pene-
trating the phantom body and propagating to the ground.

To assess some of the problems to be encountered in
attempts at practical implementation of the concept, an

Fig. 10 Thermal fin implementation.

illustrative example for a representative supersonic transport
configuration at a cruise Mach number of 2.7 has been
treated. Under the simplifying assumptions of the study
and for idealized conditions with weightless power generation
equipment and no energy dissipation, a power expenditure
considerably greater than the propulsive power output sup-
plied by the engines to sustain steady level flight was found
to be necessary to create the heat field ahead of and sur-
rounding the airplane. It was also discovered that not only
must some means be found to deliver continuously large
quantities of power to the air in the proper way, but that
unless extensive airplane redesign is undertaken means
must also be provided to extract power from the air in a
prescribed manner.

The thermal fin implementation of the phantom-body
concept proposed by Aerospace Corp. can be extended to
prevent formation of both the bow and tail shock without
the necessity of power extraction or circulation; however,
reshaping of the airplane as well as the thermal fin heat addi-
tion is required to achieve the desired result. For a typical
SST at cruise conditions, it is estimated that with direct
burning of fuel the bow shock could theoretically be elimi-
nated with 20% additional onboard fuel but that elimination
of all shocks would require about 60% additional fuel.

In spite of all the problems and limitations of the phantom-
body concept for sonic-boom alleviation (those discussed
herein, and others not treated) it is believed that further
study is warranted. There is no other approach yet sug-
gested for elimination of sonic-boom shocks that is not
directly contradictory to the accumulated knowledge of
sonic-boom phenomena or that does not require airplane
lengths far beyond any present contemplations.
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Biotechnology Problems Relative to the Space Shuttle Vehicle
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NASA Flight Research Center, Edwards, Calif.

This paper idscusses some of the problems associated with a shirtsleeve, side-by-side crew
station as presently proposed for the shuttle vehicle. Experience in the areas of visibility and
mission safety from flight programs such as the X-15 are cited as examples that lead to con-
sidering design criteria affecting the crew station configuration in the shuttle vehicle. Ade-
quate outside visibility envelopes must be provided for the approach and landing task, and
window size must be minimized to prevent breakage as a consequence of high-temperature
structural distortion. X-15 experience also indicates the necessity for a pressure backup
system when vehicles are repeatedly exposed to the extremes of re-entry conditions.

Introduction

I^HE shuttle mission presents some unique features which
should be investigated to allow engineering tradeoffs

on factors affecting the crew station. The space shuttle
concepts to date are seriously considering only a side-by-
side, shirtsleeve environment for the pilot/copilot crew
station. This arrangement has been interpreted from the
NASA Statement of Work for Phase B Shuttlecraft Design
which specifies a reusable airliner type of vehicle operated
by two crewmen in a shirtsleeve environment with high-
performance aircraft visibility.

The NASA Flight Research Center, although not directly
involved, has followed closely the evolution of the space
shuttle and is supporting the program in several technological
development areas. In the biotechnology area, investiga-
tions of pilot visibility requirements and crew thermal and
pressure protection systems are being conducted. It is
anticipated that the results of these investigations will con-
tribute to the development of the shuttle. Other contribu-
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tions of equal or possibly greater importance may be realized
as a result of the Flight Research Center's experience with
research aircraft. This unique experience, although not
acquired in space, is directly pertinent to the shuttle vehicle,
because the vehicle will operate as an aircraft once it has
entered the atmosphere. The assumption that the shuttle
will be manually landed in a conventional manner requires
an estimate of the mission-related importance of this task
and the concomitant visibility requirements. Our X-15 ex-
perience provides information concerning the relative im-
portance of these landing tasks and illustrates some of the
practical problems associated with providing the pilot with
the direct vision essential for the approach and landing
tasks.

The reusable shuttle concept poses some other problems
unique to the space community but familiar to aircraft de-
signers and operators. Cockpit pressurization problems
encountered in the X-15 airplane are but one example of the
kinds of failures to be expected when a vehicle is reused,1 par-
ticularly after being repeatedly exposed to the environmental
extremes of space and re-entry.

This paper briefly discusses the Flight Research Center's
experience related to biotechnology problems of the space
shuttle vehicle and suggests guidelines to satisfy the factors
considered.


