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1 ABSTRACT

F-function distributions for tweshock (bow and tail) signatures with minimum impulse,
minimum overpressure, or minimum bahliock overpressure were the culmination of the early
sonic boom theory. lIterative methods were developed to derivesgossnharea disttutions

for wing-body wind tunnel models to produce pressure signatures similar to the optimized
predictions. A major shortcoming of these results is that they optimize the wodtaase

shock ground signature. Physically, the gresighature paramet is minimized by
maximizing the bowand taitshock strength as close to the aircraft as possible. This requires
that intermediate shocks coalesce into the bow and tail shock as rapidly as possible. Less than
optimal twashock signatures result wherstlsoalescence occurs closer to the ground. Also, the
prescription of thé-function only determines a unique equivalent body of revolution, it does not
produce a unique aircraft geometry, thus actual geometries are generally determinedhbg trial
error. Sonic boom minimization research conducted at the University of Colorado as part of the
DARPA Quiet Supersonic Platfornrstarted in 2000, and follean work is reviewed. The
aircraft shaping methods employ constrained optimization where certain dasignepers such

as total lift and the allowable excursions of the overall slaapeonstrained. The process starts
with a realistic aircraft shape and ends with cigsstion area and lift distributions to produce a
tailored F-function that isolates sommumber of intermediate shocks. Flight test data from the
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2003 Northrup Grumman tests of the-Esand Shaped Sonic Boom Demonstrator are used for
comparison.

2 F-Function-Based Vehicle Shape Optimization

Seebass and Argrowd][ discuss the origins oF-function-based vehicle shape optimization.
Their discussion concludes with the Josezbas$seorgeDarden (JSGD) theory that focused

on tailoring the Whham F-function thatoriginatedf r om Whi t ha moé €]. Duringgi n al

the first year othe DARPAQuiet Supersonic Platform (QSP) Projece tesearch group at the
University of Colorado, Boulder (UCB) proposed and developed a vehicle shape optimization
strategy for the minimization of the initial shock pressure rise (ISPR). The strategy went beyond
the original JSGD theory to combine classiineartheory based tools with staté-the-art CFD

tools. Thiswork is described in Ref8:6.

2.1 The Lockheed Martin Point of Departure (POD) Aircraft

2.1.1 F-Function Lobe Balancing with Fuselage Optimization
The motivation for--function lobe balancing is to preserve a multiph®ck groundsignature,

where fAsmudck @l eefers to the presence of inter

shocks. Argrow et al.3] discuss the orig of the idea of lobe balancing and the two situations

for which a multipleshock signature is generated duringhigh t i t ude (O 30 kft)

case can occur for large aircraft where the ratio of the cruise altitude to the vehicle equivalent
length is small enough that the méd signature is frozen and aasymptotic N-wave
ovelpressure signature does not form before intersecting the ground. The North Ameri¢én XB
Valkyrie is an example of an aircraft with a measured muispleck signatwe [3,7,8]. The
second case is related to a feature ofRFenction first discussed by WhithanZ][and later
discussed in the context of sonic boom minimization by Koe§|&0j. In this case, a negative
positive lobe pairing of equal magnitude will evolve into a shock wave that propagates into the
far field without coalescing into other shocks. The Lockhed&@4 Sarfighter is an example of a
small aircraft that can produce a thusfeock signature, even when cruising at high altit@s. [

Hayes and Haefelilfl] plot the F104 F-function whidh shows a balanced lobe pair that
produces aintermediate shockhat does not merge with the bow or tail shockggrow et al.

also discuss how the-F0 4 experi ment al data verifies
intermediate shocks decay more rapidly thtize bow and tail shocks as the aircraft altitude is
increased.

Farhat et al.4] present ar--function based vehicle shapgtimization scheme to immize the
ISPR. In Farhat et al5] the scheme is modified to seek negafpasitive lobe pairs in the-
function then to directly modify the iecle geometry to globally minimize the magnitude of the
integrated area difference between neggpsitive lobe pairs.

For the optimization scheme applied to the Lockheed Martin Point of Departure (POD) Aircratft,
two parameters describe the inclination of the nose of the target aircraft and its curvature
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intersection with the fuselage. The intersection between the fesataljthe nose is constrained

to remainC* continuous. Six parameters control the dihedral, sweep, and twist angles of the
canard and the wing; specifically, one vertical and one horizontal degree of freedom (dof). The
vertical dofs are allowed to move independently, but the horizontal dofseotahard are
constrained to have the same motion, and the horizontal dofs of the wing are also constrained to
have the same motion.

In each case, the vehicle length, lift (weight), and inviscid drag (induced and wave drag) are
constrained to remain constarFigurel (a)(c), from Farhat et al4], shows surface pressure
contours for the unmodified POD, a shaymimized version without lobe balancing, and a
shapeebptimized version with lobe balancing. For the cases shown, the cruise weight is 98,000
Ib, at an altitude of 45,000 ft, and a Maulmber of 1.5. The cruise angle of attack (determined
by matching lift to the vehicle weight), is 0.7 Results for cruise Mach number of 2.0 are
reported inTable2. The primary shape changes are with the canard and the wing dihedral. This
is partly due to limits placed on the shape parameters while satisfying fixed constraints.
Geometry limits are required to maintain a reasonable aerodynaape;saccording to linear
theory an unconstrained geometry will approach a needle shape to minimize the thickness ratio.
Details of the parameter choices and constraints are discussed in Farhdj.et al. [

Figure 1 Lockheed Martin POD pressure contours at cruise condition: (a) unmodified airframe,
(b) shapeoptimized without lobe balancing, and (c) shapéimized with lobe balancing.

An F-function comparison of the original POD to the le@anced optimized version is shown

in Figure2. Note the difference caused by the shape and lift change of the canard. The shift and
magnitude increase of thefunction near the nose is consistent with the JSGD result that nose
bluntness reduces the ISPR. According to JSGD theory, an infinitely blunt nose minimizes ISPR
by maximizing the shock strength as close to the aircraft as possible so that atmospheric
attenuation is maximized [ 12, 13]. Note that inFigurel the optimization morphs the canard

such that the maximum amount of canard volume and lift are maséar forward as possible.
Since lift is directly proportional to cross sectional area of the equivalent body of revolution, the
lift at the nose adds to the volumetric bluntness. There is also a noticeable rearward shift and
reshaping of the wing camibution approximately between 0.65/4 < 0.9.
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Figure 2 F-functions vs. normalized distance for the POD and-leddanced optimized POD.

Tablel andTable2, from Farhat et al4] report the optimization results for the POD for cruise
Mach numbers of 1.5 and 2.0. The first column indicates whédtHenction lobe balancing

was, or was not, used. The second column indicates the number of optimization iterations for
convergence. In the third column, the ISPR of the original POD is iedidat parentheses,
followed by the optimized results, both reported in units ofI(gff).

Table 1 Shape Optimization of the POD foly = 1.5

Shape Optimization Iterations (Initial) Optimized ISPR [psf]
Without Lobe Balancing 13 (1.616) 0.152
With Lobe Balancing 9 (1.616) 0.083

Table 2 Shape Optimization of the POD fit, = 2.0

Shape Optimization Iterations (Initial) Optimized ISPR [psf]
Without Lobe Balancing 15 (1.866) 0.328
With LobeBalancing 12 (1.866) 0.324




F-functions for theMp = 1.5 case were input into the ARAP]] atmosphere propagation code

to compute ground signatures for the unmodified and-batt@nced optimized POD shown in
Figure3. For the lobébalanced case the intermediate shock is still relatively strong and the tail
shock is basically unchanged. Note that for a ground observer, the time between the bow and
intermediate shock is about 8&. This exceeds the minimum interval of about 20 me/faoch

the human ear can distinguiséparate acoustic evenis.|
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Figure 3 Ground signatures for the POD and the tbbaéanced optimized POD computed using
ARAP.

2.1.2 Propulsion Effects on ISPR

In a review of sonic boom theory, Hayddl] stated that a supersonic aircraft appears to a distant
observer as a linear source distribution whose strength is determined by three terms: a term
proportional o the lift, a term proportional to the difference between the @essonal area of

the engine exhaust and intake streams far from the aircraft, and a term proportional to the density
decrease caused by heating from the shock system. At the samerumnfEsgri 15] stated that

the engine can be used to reduce the sonic boom and that the effects of the propulsion system are
dependent on thengine cycle and flight Mach number. In neither case was there a detailed
analysis or reference to experimental data to substantiate these comments.

Ressler 16] derived equations to estimate the effect of engine cycle and efficiency on the
equivalent body. He modeled a turbofan engine as an ideal, isentropic ductéthfan ideal

turbine power podhowever there is ambiguity in the system débns. With the assumption

that the area decrease generated by the fan must be larger than the increase caused by the turbine,



Ressler derives an equation that gives a lower bound for overall engine efficiency. Skgbass [
stated that the effects of eXxhaust pl umi ng,
boom due to lift by about five percent (assuming this is accomplished withoutadtitvave
dagwhi ch it cannot be). o

Miller and Carlson 18] showed that the use of heat and/or force fields can lead tcrisgtéme
pressuresignatures. They also show that the energy required to operate these schemes is roughly
twice what is required to maintain steady level flight. Their analysis also assumed no added
weight for the field generating equipment. Milld9] extended this work to examine thermal

fins applied to a proposed 3ASST. He showed that by burning fuel as the heat souR@fin

fins, under the nose and aleothe tail, the modified SST would produce a fimisetime
signature in place of both the bow and tail shocks. He estimates that this system would require
60% more fuel. However, his analysis does not include the weight added, or the effects on
perfomance, due to this system. He concludes that this system could be feasible.

Swigart R0] experimentally verified the concept of a heat field usedetiuce the sonic boom.
Using fins approximately ortird to onehalf the aircraft length, extended below a wind tunnel
model, he showed that the sonic boom can be reduced. He also showeddkat stifucture
can be use to produce finitsse-time sgnatures and he proposed thatafis combustion might
be advantageous from a sonic boom standpoint.

The DARPA QSP program generated renewed interest in energy deposition for sonic boom
minimization. Shneider et aR]] discuss some of computational and experimental work done at
Princeton as part of the DARPA QSP program. They focused on redteirgjrength of the

bow shock withupstream energy deposition. While they show some reduction in the bow shock
strength, they indicate that their results are preliminary. Marconi &2lpifesent a numerical
investigation of the keel concept examined by Swig&@ [and report that the power
requirement results are cortsist with Refs. 18 and [L9].

In thefollowing section, a simple analyss presented to investigate h@mgine exhausnight
be usedo modify the sonic boom signature for the POD aircraft.

2.1.3 Exhaust Plume Effects on the Equivalent Body and ISPR

The influence coefficient method for computiagjuasionedimensional flow is employed to
model the evolution of the engine exhaust plug®.[ The algorithm was validated by
comparing to exapies in Zucrow and Hoffmar2B] and Miller and Carlsonifg].

Figure4 illustrates the equivalent body of revolution, with various contributingpmments, for

the POD aircraft as it would appear to an observer directly below the flight path. Cruise
conditions for this and subsequent calculations in this sectioMare 1.5 at an altitude of
45,000 ft with a vehicle weight of 98,000 Ib. Hgure 4(a) the equivalent body includes
contributions from th crosssectional area and lifthis equivalent body is the lighteolored
cylindrical shapesuperimposed onto the silhouette of half of the POD. Note that the equivalent
body is computed for the entire vehidkhough, for clarity, only halthe vehicle is shown. The
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exhaust plume is added as an extension from the rearmost portion of thefuB&dpe,
appearing as a small flair emerging beneath the vertical tail.

No information for the proposed engine for the POD was providelde authordy Lockheed
Martin. After surveying representative engine choices based on those currently aviitable
Pratt & Whitney F100, lowbypass, mixed exhaust turbofan engine was chosen for the
following analysis. Data for this engine was taken from Mattingly eR8]: [

Exhaust stagnation temperatdie = 1681 K (non afterburning)
Exit Mach numbeM, = 2.214
Nozzle exit ared. = 1.12 nf

The nozzle is assumed to be perfectly expanded such that the exit pressure is equal to the
ambient pressure. The engine mass flow rate was computed with the assumptiomlef no
spillage and the ratio of specific heats for the exhaust was get1adt.

In Figure 4(b) and (c) the equivalent body includes the contribution from the exhaust plume
assumed to start at the axial location of the exit ofahgine nacelle. The annular region,
downstream of the bulge generated by lift from the wing, is the difference insgctésnal area
from inclusion of the plume area. The cregstional area downstream of the introduction of the
plume is reduced frorat indicated by the inner radius of the annular region.

Figure4 (a) View othe Lockheed Martin POD with the equivalent body due to ceesdional
area superimposed and a simulated plume extending from fuselage rear; (b) equivalent body
including crossectional area, lift, and exhaust plume located at ¥r@oordinate of the enigpe
exhaust nozzle; (c) equivalent body from (b) superimposed on the oblique POD view.

Figure5 shows the effect on the ISPR by the starting location of the plume. As the plume is
moved from the nose of the aircraft, it first causes a slight ISPR increase, followed by a much
larger decease. Beyond aboxt= 29 m the plume no longer directly affects the ISPR. This
indicates thé--function balance point beyond whi€kfunction contributions cannot feed into

the bow shock.The balance poing is the point along thg-axis where the iegral ’r‘j F(x)d .

has maximum positive valu8-p]. Of course it is unlikely that an exhaust plume would
originate at the nose ttie aircraft; however, the plot Figure4 (a) View othe Lockheed
Martin POD with the equivalent body due to cresectional area superimposed and a
simulated plume extending from fuselage rear; (b) equivalent body including-seasisnal
area, lift, and exhaust plume located at tkeoordinate of the enigpe exhaust nozzle; (c)
equivalent body from (b) superimposed on the oblique POD view.



Figure5 was created to compare to results reported from RE827], discussed in the previous
section. The purpose of this exercise is to shimswsmall influence of the plume and to show
how the plume influence on the ISPR diminishes as it approachesltred point. Note that
regardless of the location of the plume, it affects the overall location of the balance point,

depending upon how it subtracts or adds to the equivalent body.

Figure 4 (a) View ofthe Lockheed Martin POD with the equivalent body due to esessonal

area superimposed and a simulated plume extending from fuselage rear; (b) equivalent body
including crosssectional area, lift, and exhaust plume located akibeordinate of the emge

exhaust nozzle; (c) equivalent body from (b) superimposed on the oblique POD view.
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Figure 5 Effect of plume location on ISPR for the POD.
3 Shaped Sonic Boom Demonstrator (SSBD)

3.1 F5-E and SSBD Results

Pawlowski et al. 26] provide an overview of the Shaped Sonic Boom Demonstrator (SSBD)
program, describing its objective to be the first aircraft designed to prodsjeecdic ground
overpressursignature.Figure6 shows the Fi& and SSBD CAD models showing the-ESose
modification used to create the SSBD variafor the Euler calculations that follpthe final
computational mesh for the H5 contained 198,6319 elements and 389,569 nodes, while the
SSBD mesh contained 2,121,227 elements and 417,017 nodes. The models were run for
conditions similar to those repged for the SSBD tests, flight Mach number of 1.34, with
ambient conditions from the 1976 US standard atmosphere at 32 kft.
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Figure 6 CAD models of, (a) the Northrup Grumman-E&nd, (b) the SSBD.

In Figure7 the F-functionsF(y) for the F5E and SSBDare compared Here, y = x -br is the

characteristic distance witl,() the axial and radial coordinates, respectively, and,/M? 1.

Note that the SSBD is about Inblonger than the Fk, so that ifFigure7 the SSBDF(y) starts

further to the left. At the nosedlmagnitude of(y) for the SSBD is much larger than fdret

F5-E, corresponding to an effectively blunterse. As discussed earlier, this is a feature of a

bow shock minimized according to JSGD theory. Following this, the most noticeable difference

is fory-values 18 meters from the nose where the SSBD profile is noticeably flatter than-the F5

E with more negative area in this region. Such shapeF@f) shoul d produce a
signalti?ri®. o [
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Figure 7 F-function comparison of F& and SSBD.

Figure 8 shows the measured grounderpessure signatures from thé&-E and SSBD flight

tests andrigure 9 is an overlay of the ground signatures computed withatkai s | i ci ng t oc
and the ARAP propagation code used in the UCB aircraft shaping c®@gs The slicing tool

builds the equivalent body of revolution by cutting plati@eugh the aircraft geometry, inclined

at the freestream Mach number and including the equivalent area contribution from lift as
described in Ref.Z7]. The agreement is relatively good in overpressure magnitudes and signal
duration, and the computation clearly predicts thevdve for the FEE and the flabp signature

observed for the SSBD. For this comparison, the ARAP overpressure vs. disignaewas

converted to overpressure vs. time using the cruise Mach number of 1.34 and the local speed of
sound of 986 ft/s (standard atmosphere model).
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Figure 8 Ground signatures from the SSBD tests (plot provided by Northrup Grumman, 2005).
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Figure 9 Computed F5E and SSBD signatures overlaid onto experimental data.

Much can be determined about the origins of the observable features in the ground signatures
using the lineatheorybased toolsFigure10 andFigurellwere created to determine how the
aircraft shape affects thefunctionand neaifield pressure distributiongrigure10 shows a

side view of the F and the SSBD, similarllyigure11 shows planform views. The airframe
silhouettes are plots of the (X,Y) coordinates whereatbeslicing routine cuts through the
vehicles and projects surface coordinates onteehtcal plane of symmetry and a horizontal
plane that contains the-&xis of the CAD mdel. The slicing angléhe sum of the freestream
Mach angle and the vehicle angle of attasknost evident ifrigure10(a). The equivalent

body crosssectional area distributioiy), F(y), and neafield ovempressure at 10 m from the
equivalent body(y) are plotted along the axis to the right. Again, it igiobs that theSSBD is

a bit longer than theF-E. The next feature to notice is that the dig\(y), between the

maximum canopy height and the engine inlet, is smaller for the SSBD than forEes&5here

i's i mproved O6ar ea thaAly)distgbations ard duiee simiamai nder of
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Figure 10 Equivalent body area distributioAgy), F-functionF(y), and overpressuggy), at 10
m from the equivalent body, and balance pgiith side view, (a) FoE, (b) SSBD.

Figurellshows a planform view of both aircraft. The canopy and inlet shocks are easily visible
in the neaffield pressure distribution. Note that thleaping of the SSBD seems to almost

eliminate the canopy shocK.he inlet shock appears to be of about the same magnitude for both
aircraft. Evidently, the origin of the canopy shocks can be traced to the p&¢ifiyrilses at
abouty = 6 m andy = 7 mfor the F5-E and SSBD, respectivelylhe origin of the inlet shock

can also be traced to abgut 8 m andy = 9 m respectively.The expansioitompression of the

wing is obvious in thé&(y) plot neary = 10 m and/ = 11 m, respectively.
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