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Sonic Boom Alleviation Using Keel Con� gurations
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A detailed numerical investigation of the application of off-axis volume control for sonic boom mitigation is
summarized. An 85-ft (25.9-m) aircraft � ying at a Mach of 2.4 at an altitude of 57,000 ft (17.4 km) in a real
atmosphere was studied. The off-axis volume was supplied by a keel system below the forward portion of the
supersonic vehicle. The off-axis volume increased the � neness ratio of the vehicle by adding volume under the
vehicle, thereby increasing its apparent length. A fully three-dimensional nonlinear Euler model was employed.
The results presented proved that off-axis volume addition is effective and ef� cient for increasing the apparent
length of the vehicle, thereby greatly alleviating sonic boom both on and off the � ight-path axis. It was also shown
that a keel swept forward normal to the Mach plane has a length ef� ciency factor equal to the freestream Mach
number. It was further demonstrated that heat additioncould be substituted for off-axis volume.Finally, nonlinear
effects serve to minimize the keel size.

Nomenclature
A = airplane area distribution, K x5=2

K = 5/2-area distribution strength
L = length
M = Mach number
p = pressure
Rb = body radius
r = radial coordinate
U = axial velocity
u = axial velocity perturbation
v = radial velocity perturbation
x = axial coordinate
y = curved characteristic line
¯ =

p
.M2 ¡ 1/

° = ratio of speci� c heats
¹ = Mach wave angle
½ = density
Á = angle about the x axis, relative to the ¡r axis

Subscripts

1 = � ight condition at altitude

Introduction

T HE minimumachievablesonicboomfroman aircraftis propor-
tional to itsweightdividedby the3/2 powerof its length.1;2 This

conclusion of the classical theory is the subject of little debate. The
overpressure due to the lift needed to overcome the aircraft weight
can not be avoided and is transmitted to the ground. In the case of
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subsonic � ight, this ground overpressure is spread over a long dis-
tance before and after the passing aircraft. In the case of supersonic
� ight, the overpressurecan accumulate into two sudden jumps, that
is, a sonic boom N wave. One approach to reduce the sonic boom
is to increase the aircraft length to provide a larger distance over
which the overpressures due to both lift and volume are spread. At
a � xed lift and payload, that is, volume, as a supersonic vehicle’s
length is increased, so too is its � neness (diameter-to-length)ratio,
which results in a decrease in wave drag. A decrease in wave drag
is conceptually consistentwith a decrease in sonic boom.

The possibility of eliminating shocks in the ground signature of
a supersonic aircraft was � rst considered in detail by McLean,3

whose motivation was to achieve acceptable supersonicover� ights.
The acceptability of sonic booms with � nite rise-time overpres-
sures has been demonstratedin recent human subject tests.4;5 Sonic
booms with rise times of about 10 ms and a realistic, 0.6-psf, over-
pressure were deemed acceptable by all of the subjects tested. In-
creasing the rise time reduces the acoustic power in the frequency
range to which the ear is most sensitive. Linear theory indicates
that the optimum shape for a � nite rise time is a 5/2-power area
distribution (that is, an isentropic spike), and the aircraft length
required to achieve a 10-ms rise time has been proven to be im-
practical. McLean3 considered a supersonic transport (SST) class
vehicle (600,000lb, � ying at 60,000 ft and Mach 2.7)and concluded
that a length of 1000 ft was required.This was reduced substantially
(to 570 ft) once atmospheric effects resulting in mid� eld signature
freezing were included, but it is still considered impractical. Even
the small (100,000-lb) vehicle considered in the present work re-
quires about a 75% increase in length to achieve a 10-ms rise time
(� ying at a 57,000-ft altitude and Mach 2.4). Major structural dy-
namics problems are associated with such a long, slender vehicle.

The problems associated with building very long, slender, low-
boomvehiclesled researchersin theearly1970s (SST time frame) to
consider exotic schemes for projectingthe in� uence of a supersonic
vehicle upstream. Miller and Carlson6;7 considered the projection
of both a heat and a force � eld upstream of an SST class vehicle.
Their work focused on projecting a “phantom body” in front of the
SST, with the goal of a � nite (10-ms) ground rise time. Using the
one-dimensionalequivalencebetween area and heat, they estimated
that producingan equivalent(� nite rise-time) length by such means
would require nearly the same power as that needed to propel the
vehicle.
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a) Forward swept keel, length ampli� cation factor = M1

b) Mach plane area matching

Fig. 1 Sonic boom mitigation concept.

The concept of an isentropic spike projected by energy addition
was reconsidered by Marconi,8 where two-dimensional computa-
tional � uid dynamics (CFD) was used to evaluate the energy re-
quired. This study found the power requirements to be consistent
with that of previous studies.6;7 A signi� cant wave drag reduction
was also found when the vehicle nose shock was replaced with an
isentropic pressure rise.

There are a number of challengingproblems associatedwith pro-
jecting energy upstream of a supersonic vehicle. Projection prob-
lems are avoided with the use of off-axis volume control as intro-
duced by Batdorf.9 Figure 1a depicts his concept as implemented
here by a forward-sweptkeel. Linear theory predicts that the asymp-
totic far-� eld � ow is independentof the details of the vehicle and is
in� uenced only by the cross-sectionalarea (and equivalent area due
to lift) distributionof the con� guration.In particular,in a supersonic
� ow, the cross-sectional area distribution in planes inclined at the
Mach angle (¹ in Fig. 1) governs the far-� eld � ow downstream of
those Mach planes.The theory predicts that whether the volume be-
ing cut is centeredalong the axis of the vehicle, that is, a nose spike,
or shifted off-axis, that is, the keel in Fig. 1, should not in� uence
the resulting far-� eld � ow.

The � rst and very signi� cant bene� t of off-axis volume addition
is a length ampli� cation effect. In the optimum case of a keel swept
forward normal to the Mach plane, a keel of length L can be used
to produce the same effect as a spike of length M1 ¢ L . This ampli-
� cation effect is signi� cant. A second advantageof off-axis volume
control,which was proposed by Batdorf,9 is that additionalheat can
be substituted for solid volume, that is, a thermal keel. Hanging a
keel and burning jet fuel in its wake could be an ef� cient means of
implementation,or the exhaust of a linear ramjet could possibly be
tailored and used to mitigate sonic boom.

Batdorf’s concept was tested by Swigart10 at Mach 2 and shown
to be feasible.Swigart testedan equivalentbodyof revolutionrepre-
sentinga typicalSST with an all-solidkeel in addition to a keel with
a portion of its volume replaced by a heated region. He also tested
a lifting wing–body combination with an all-solid keel. The keels

(both solid and thermal) were designed to match the Mach plane
area of a 5/2-power isentropic spike and achieved a nearly linear
near-� eld pressure distribution as expected. The solid keel tested
by Swigart was very large, extending the entire length of the con-
� guration. Only the thermal keel that was tested seemed practical.
Furthermore, preliminary calculations performed by us indicated
that a linear ramjet incorporated into the keel could facilitate this
concept and potentially mitigate the drag and produce thrust.

The principal objective of this study was to further advance
the keel concepts of Batdorf9 and Swigart10 using high-� delity
computationalmethods. Two representativeequivalentbodies,with
� neness ratios of 17: and 10:1, were examined. All of the results
presented here assume a freestream Mach number of 2.4. The anal-
yses for sonic boom mitigation were performed using a fully three-
dimensional, nonlinear Euler model, where the initial spike sizing
(Fig. 1a) was accomplished using a modi� ed version of classical
Whitham theory.11 The spike-to-keelmatching process is shown in
Fig. 1b. A simple biwedge cross section was located in each Mach
plane(dot–dash line in Fig. 1b)on thekeel.The dashedline in Fig. 1b
represents the maximum thickness location, and the biwedge keel
area is indicated. The spike-to-keel transformationwas found to be
sensitive to the keel wedge angle. That is, it was dif� cult, due to
nonlinear effects, to reproduce the spike � ow with large keel half-
angles. On the other hand, very thin keels are unacceptable from a
manufacturing point of view. A 5.0-deg half-anglewedge was con-
sidered a reasonablecompromise, and that was used as the baseline.
However, for comparativepurposes,a larger 10-deg wedge was also
examined. The near-� eld pressure signatures were extrapolated to
the ground using the methods in Refs. 12 and 13. In the propagation
computations, an 85-ft vehicle � ying at 57,000 ft in a real atmo-
sphere was assumed. The following speci� c goals were pursued.
First, off-� ight-path sonic boom mitigation was examined. Second,
techniques were developedand used to design thermal keel heating
distributions. Third, the use of alternate keel orientations, length,
and shape, to minimize overall size or produce tailored ground sig-
natures, was examined. Fourth, multiple keel � ow� elds, for overall
keel size reduction and improved off-axis mitigation, were studied.

Results and Discussion
Quasi-Linear Analysis

Seebass2 presents an algorithm for using linear theory to predict
sonic boom ground signatures. In summary, the mid� eld pressure
signatureis computedfrom theaircraftequivalentbodyof revolution
using the quasi-linear theory of Whitham11 making a large ¯r=y
far-� eld approximation,that is, computationof the F function.The
mid� eld signature is then propagated to the ground using acoustic
theory. A modi� ed version of this theory (describednext) was used
for initial sizingof the phantomisentropicspike (dashed-lined-body
extending forward of the airplane nose in Fig. 1).

In the present work, the far-� eld approximations in the clas-
sical Whitham theory11 were relaxed; this was facilitated by the
use of modern computational resources. Speci� cally, the small-
disturbanceperturbationvelocity� eld solution,with the Whitham11

modi� cations, to the linear form of the velocity potential equation,

Árr C Ár =r ¡ ¯2Áx x D 0 (1)

is given by

u
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Z y

0

f 0.´/ d´p
.y ¡ ´/.y ¡ ´ C 2¯r/

v

U1
D 1

r

Z y

0

.y ¡ ´ C ¯r/ f 0.´/ d´p
.y ¡ ´/.y ¡ ´ C 2¯r/

(2)

In Eq. (2), y.x; r / D const is the nonlinearcharacteristiccurvealong
whichdx=dr D cot.¹ C µ/ ¼ ¯ C .° C 1/M4u=2¯ ¡ M2.v C ¯u/ C
o.u2 C v2/ (Ref. 11). Neglecting the second-order terms, sub-
stituting for the velocity components [Eq. (2)], and integrat-
ing dx ¼ [¯ C .° C 1/M4u=2¯ ¡ M 2.v C ¯u/] dr from the body
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surface results in
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Here y.x; r / is the value of x ¡ ¯r where the characteristic meets
the body surface; f .x/ representsthe sourcedistribution,and, when
the tangencyboundaryconditionis applied, f .x/ D A0.x/=2¼ . Con-
sistent with the small disturbance theory, the pressure � eld was
computed from the linearized form of the compressibleBernoulli’s
equation (p C ½U 2 D const)

. p ¡ p1/=p1 D ¡° M2
1.u=U1/ (4)

Using the precedingnonlinear characteristic theory improves the
accuracy over traditional linear theory; however, multivalued solu-
tionsdue to wavecrossing(breakpoints)arepossible.Physically,the
overlap regions correspond to coalescence of the Mach waves into
a shock wave, followed by a discontinuous change in � ow prop-
erties across the shock. Because near-� eld solutions (r=L » 0:2)
were computed here, break points were rare, and, if they did occur,
the spatial extent was very small. Hence, a simple shock-� tting al-
gorithm similar to that of Whitham11 was incorporated. The main
simpli� cation was that the shock was placed at the midpoint of the
break region.

In summary, Eqs. (2–4), with 200 characteristics, were used to
predict the velocity and pressure � elds for a given airplane area
distribution (with and without the phantom isentropic spikes), in-
cluding the additional equivalent area due to lift. The integrals in
Eq. (2) were evaluatedusing a fourth-orderaccuratenumerical inte-
grationscheme;5000 incrementsin ´ were used to ensurenumerical
convergence to within 0.1%. A computer program was written to
performthis near-� eld analysis.The programwas validatedwith the
5/2-power frontal spike experiment given by Swigart.10 A compar-
ison of the present algorithm to the experimental data is shown in
Fig. 2, and the agreementwas consideredsatisfactoryfor the present
sonic boom mitigation analysis.

Fig. 2 Comparison of quasi-linear theory and Euler equation CFD
with the frontal spike (r = 50.8 cm) data of Swigart.10

Fig. 3 Equivalent Mach plane area distribution with phantom isen-
tropic spike and seventh-order polynomial splines (scales intentionally
left blank).

Fig. 4 Quasi-linear keel design to reduce the ground overpressure
from the baseline aircraft to the quiet supersonic planform design goal
of 0.3 psf.

The near-� eld solutions were extrapolated to the ground using
the NASA Ames Research Center sonic boom FORTRAN routines
in NFBOOOM. In particular, the ANET12 subroutine, which ex-
trapolates the signal through the nonuniform atmosphere, was in-
corporated into the Whitham theory11 program. A re� ection factor
of 1.9 was used, and wind effects were neglected. In addition, the
perceived ground pressure levels were estimated with the PLdB13

subroutine also present in NFBOOM.
Phantom isentropic spikes (effectively extending the nose of the

airplane in Figs. 1 and 2) were designed to lower the initial shock
pressure rise to the design goal of 0.3 psf. The length and strength K
of the 5/2-spike (A D K x5=2) were the design parameters.The spike
was blended to the body, and the body geometry was � t with � ve,
seventh-orderpolynomial curves. The coef� cients were selected to
ensure that the body � t was continuous through the third derivative.
Figure 3 shows an example aircraft area distribution (including the
equivalent area due to lift) with the isentropic (forward) spike and
the body � ts. This parameterization proved suf� cient for all con-
� gurations tested.Because the 5/2-spike removes the discontinuous
shock wave altogether, the perceived sound level (PLdB)4 was used
to convert the linear ground signature waveform sound level into an
equivalent shock wave signature, where the perceived sound levels
were matched.Figure 4 shows an example result, where a spike was
sized to reduce the initial shock pressure rise of just over 0.6 psf for
the baseline aircraft down to 0.3 psf (the design goal). The length of
the correspondingswept forwardkeel would be 8.1%of the baseline
aircraft length.

Nonlinear Analysis

The nonlinear design Euler procedure was initiated with a given
spike (length and area distribution).In most cases, this was supplied
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by the linearsizingschemediscussedin the precedingparagraphs.If
thedesigngoalwas a linearpro� le with a � nitegroundrise time, then
the 5/2-power area distributionwas used, otherwise, a simple coni-
cal spike was used. The spike matched the baseline body and slope
at a location depending on the baseline body and the spike. Some-
times, higher derivatives were matched. Given a chosen phantom
spike, an all-solid keel was designed simply by matching the Mach
planearea distributionof the spike.9 For the thermalkeel, an aft por-
tion of the area of the all-solid keel was replaced by heat addition.
The � rst iteration for the heating distribution and accompanying
area reductionwas arrived at with the one-dimensionalanalysisdis-
cussed in Ref. 10. This heatingdistributiondid not yield the desired
pressure distribution,as predicted by the present three-dimensional
nonlinear calculations,and so a series of design iterations using the
three-dimensionalCFD were performed.

The near-� eld (r=L » 2:0) pressure signatures were computed
using the CFD code VULCAN14 run in an Euler space-marching
mode. The heat was modeled using a source term in the energy
equation. Grid convergence studies indicated that approximately
3 million grid pointswere required to capture all of the details of the
� ow accurately.This was considered to be a large number of points
to resolve such a simple geometry, that is, a body of revolution
with a keel; however, this grid was required to resolve the shock
propagation far from the body. Furthermore, the grid lines were
aligned almost parallel to the shock, and they were clustered in the
neighborhoodof the shock.The presentEuler solutionmethodology
was validatedwith the experimentaldata of Swigart10; a comparison
is shown in Fig. 2. The NFBOOM code,with theparametersas listed
earlier, was used to propagate the near-� eld pressures to the ground.

Solid and Thermal Keels

Given in Fig. 5 is the near-� eld pressure distribution one body
length below a 17:1 � neness ratio body of revolution. The pressure
. p ¡ p1/=p1 is plotted vs an axial distance shifted to the origin of
the disturbance,that is, the Mach line from the spikenose or keel tip,
x0 D r= tan.¹/ D ¯r . The baselinebody was � t with a 5/2-spike, and
the baseline body–5/2-spike combination was simulated with the
Euler solver to produce the target signature for the keel design.The
pressure signature for the baseline body alone was also generated,
and the trace is included in Fig. 5 for comparison purposes. With
the target signature and phantom spike, a keel design process was
performed. The pressure signature for the “converged” keel, with
the aft portion replacedby heat (termed thermal keel), is also shown
in Fig. 5. The heating distribution was controlled at four points in
the base of the keel. The four numbered arrows in Fig. 5 represent
the locations of heat control points; these, along with the � nal total
temperaturedistribution,are shown relative to the keel in Fig. 6. The
iterationwas ad hoc, so that the targetpressuredistributionis arrived
at only approximately.The iterationproceduretook advantageof the

Fig. 5 Near-� eld pressure signatures one body length under the body
for the 17:1 � neness ratio body (1–4 indicate the locations of the heat
control points for the thermal keel).

Fig. 6 Total temperature � eld, thermal keel on 17:1 baseline body and
heating control point locations.

Fig. 7 Isobars in symmetry (� ight-path)plane, 17:1bodywith thermal
keel.

supersonic nature of the � ow by marching up the keel from control
pointnumber4 to 1. The in� uenceof each controlpointmovesdown
along the slope of the local characteristics,so that once the pressure
at point 4 (Fig. 5) converges to the target, the iteration is moved
to point 3, keeping the heat at point 4 � xed. As indicated, the keel
signature was in reasonable agreement with the target signature.

Given in Fig. 7 are the isobars in the symmetry (� ight-path)plane;
note the absence of a down-running shock. Shown in Fig. 8 is the
correspondingpressure map in a transverse, vertical plane approxi-
mately one-half of a body length from the baseline body nose. The
hole cut in the bottom of the shock by the keel is clear. The ground
pressure signatures for the baseline body, the baseline body with
the phantom spike, and the thermal keel under the � ight path and
40 deg off of the � ight path are presented in Fig. 9. The � nite rise
time (40 ms) of the spike is closely reproduced by the keel. Off of
the � ight path, two small shocks appear in the signature. Note that
40 deg off of the � ight path is the worst location in this � ow� eld.
Above 40-deg, natural boom mitigation dominates. In summary, all
of themodi� ed signaturesshown in Fig. 9 are much more acceptable
than that of the baseline body. An important conclusion from these
results is that this singlekeelproducedsigni� cant three-dimensional
mitigation over the complete ground signature.

Forward Sweep

Sweeping the keel forward such that the leading edge of the keel
is perpendicularto the freestreamMach line produces the minimum
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Fig. 8 Pressure map in plane at one-half body length, 17:1 body with
thermal keel.

Fig. 9 Ground signature comparisons: 17:1 body, 5/2 spike, and ther-
mal keel over and off of � ight path.

length (verticallybelow theaircraft)device.The impactof sweeping
the keel forward was investigated on a more realistic (in terms of
baseline ground signature overpressure) 10:1 � neness ratio body.
The results from this analysis are shown in Fig. 10. Speci� cally, the
near-� eld pressure signatures (directly below the aircraft) for the
baseline body, the baseline body with a 5/2 spike (target), a rear-
swept (RS) keel based on the 5/2 area, and an equivalent forward-
swept (FS) keel are compared.Note that the FS keel pressure seems
to exhibit a small shock at about the location of the nose shock
on the baseline body. This shock is typical and seems to originate
at the corner (Fig. 11) of the FS keels. The corresponding ground
signatures are shown in Fig. 12. The baseline body produced an
initial shock rise of about 0.52 psf. The 5/2 spike replaced the shock
with a linear pressure rise. The RS keel produced a signature that
was roughly similar in shape to the 5/2 spike, albeit with some weak
shocks (<0.1 psf). The FS keel replaced the single shock with two
weaker shocks, each of which met the design goal of <0.3 psf.

Fig. 10 Comparison of near-� eld pressures (one body length under
equivalent body), 10:1 baseline body, RS and FS all-solid keels.

Fig. 11 Comparison between thermal keel and equivalent all-solid
keel.

Fig. 12 Ground signature comparisons: 10:1 baseline body, RS and
FS all-solid keels.

Conical Spike

The FS keel results shown in Figs. 10 and 12 provided the moti-
vation for an alternate, easier to achieve, ground signature. Specif-
ically, the linear � nite rise-time ground signature of the 5/2 spike
was abandonedand replacedwith a series of weak shock waves. An
FS keel designed to match the area of a simple conical spike was
conceptualized and investigated. The near-� eld pressure signature
for an FS keel with the area based on a simple conical spike is also
plotted in Fig. 10.The correspondinggroundsignatureis also shown
in Fig. 12. The signature produced by the conical spike FS keel is
very encouraging. The ground signatures produced by this keel at
a number of stations to the side of the � ight path are presented in
Fig. 13, and, as indicated, all of the shocks in the ground signatures
meet the design goal (0.3 psf).
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Fig. 13 Ground signatures off of � ight path, 10:1 body FS all-solid
keel to match a conical spike.

Fig. 14 Near-� eld pressure signatures and area distributions for the
dual- and single-keel systems (10:1 baseline).

Dual Keels

In an attempt to improve the off-symmetry plane performance, a
dual-keel system was devised. (See the insert in Fig. 14.) Here, the
single symmetry plane keel is replaced by two keels 20 deg off of
the symmetry plane. Linear theory would require that each of the
two keels have exactly one-half of the sectional area of the phan-
tom conical spike that they are replacing. It was found here that
bene� cial nonlinear interactions reduced the required area substan-
tially. Presented in Fig. 14 are the near-� eld pressure produced by a
two-keel system, where each had one-eighthof the area of a single,
symmetry-plane keel. Although the pressure produced by the two
keels does not match the single-keel pressure exactly, any addition
to the two keel areas produced large increases in the pressure. Ad-
ditional design iterations may result in a better near-� eld pressure.
The corresponding ground signatures are plotted in Fig. 15, and,
although the two-keel signatures (over the � ight path and 40 deg
off) exhibit stronger shocks than the single keel, the results were
still within the 0.3-psf design goal.The insert in the upper-rightcor-
ner of Fig. 14 compares the planforms of the single- and dual-keel
con� gurations.

10-Degree Biwedge

To further reduce the planform area, the keel length was reduced
by 25%, and the section half-angle was doubled to 10 deg. The
results are shown in Figs. 16 and 17, where the insert in Fig. 16

Fig. 15 Dual-keel (conical spike area divided by eight) and single-keel
(full conical spike area) ground signatures.

Fig. 16 Planform reduction resulting from increased section angle;
short keel (75% conical area) on 10:1 baseline body.

Fig. 17 Ground signatures for the 10-deg section keel.
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shows the planform area reduction. The near-� eld pressure signa-
tures in Fig. 16 show that the length over which the pressure rises
was reducedproportionallyto the keel length.Compare correspond-
ing plots in Figs. 14 and 16. The impact on the ground signature is
shown in Fig. 17. The three-shock signature in Fig. 13 or 15 was
replaced by a two-shock signature due to coalescence. Each shock
still meets the design goal of 0.3 psf. The shock off of the � ight path
was only slightly above the design limit.

Conclusions
A detailed numerical investigation of the use of off-axis volume

control for sonicboommitigationwas performed.The conceptstud-
ied here increased the apparent � neness ratio of a vehicle by adding
volume under the vehicle, thereby increasing its apparent length.
The off-axis volume was supplied by a keel system below the for-
ward portion the vehicle.As such, the off-axis volumewas designed
to match the Mach plane area of a slender nose spike. The analy-
sis utilized fully three-dimensional, nonlinear, inviscid CFD and a
modi� ed near-� eld version of Whitham’s11 quasi-linear theory to
analyze and better understand the mitigation phenomena. The re-
sults presented here prove that off-axis volume addition is effective
and ef� cient in increasing the apparent length of a vehicle, thereby
greatly alleviating sonic boom. The following speci� c conclusions
were also drawn. First, the thin single keels produced signi� cant
three-dimensionalmitigation over the entire ground signature. Sec-
ond,heataddition,that is, the thermalkeel,was shown to be effective
in reducing the size of the all-solid keel. Third, sweeping the keels
forward to minimize the vertical lengthbelowthe aircraft was found
to be viable. Fourth, it was demonstrated that the nonlinear effects
associatedwith dual-keel con� gurations or thick section keels have
the potential to reduce the keel size.
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