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1 ABSTRACT 
F-function distributions for two-shock (bow and tail) signatures with minimum impulse, 

minimum overpressure, or minimum bow-shock overpressure were the culmination of the early 

sonic boom theory.  Iterative methods were developed to derive cross-sectional area distributions 

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 worst caseða two 

shock ground signature.  Physically, the ground-signature parameter is minimized by 

maximizing the bow- and tail-shock 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 two-shock signatures result when this coalescence occurs closer to the ground.  Also, the 

prescription of the F-function only determines a unique equivalent body of revolution, it does not 

produce a unique aircraft geometry, thus actual geometries are generally determined by trial-and-

error. Sonic boom minimization research conducted at the University of Colorado as part of the 

DARPA Quiet Supersonic Platform, started in 2000, and follow-on work is reviewed.  The 

aircraft shaping methods employ constrained optimization where certain design parameters such 

as total lift and the allowable excursions of the overall shape are constrained.  The process starts 

with a realistic aircraft shape and ends with cross-section area and lift distributions to produce a 

tailored F-function that isolates some number of intermediate shocks.  Flight test data from the 
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2003 Northrup Grumman tests of the F5-E and Shaped Sonic Boom Demonstrator are used for 

comparison. 

2 F-Function-Based Vehicle Shape Optimization 
Seebass and Argrow [1] discuss the origins of F-function-based vehicle shape optimization. 

Their discussion concludes with the Jones-Seebass-George-Darden (JSGD) theory that focused 

on tailoring the Whitham F-function that originated from Whithamôs original paper [2].  During 

the first year of the DARPA Quiet Supersonic Platform (QSP) Project, the research 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 classical linear-theory based tools with state-of-the-art CFD 

tools.  This work is described in Refs. 3-6. 

2.1 The Lockheed Martin Point of Departure (POD) Aircraft 

2.1.1 F-Function Lobe Balancing with Fuselage Optimization 

The motivation for F-function lobe balancing is to preserve a multiple-shock ground signature, 

where ñmultiple-shockò refers to the presence of intermediate shocks between the bow and tail 

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

for which a multiple-shock signature is generated during high-altitude (Ó 30 kft) cruise. The first 

case can occur for large aircraft where the ratio of the cruise altitude to the vehicle equivalent 

length is small enough that the midfield signature is frozen and an asymptotic N-wave 

overpressure signature does not form before intersecting the ground. The North American XB-70 

Valkyrie is an example of an aircraft with a measured multiple-shock signature [3,7,8]. The 

second case is related to a feature of the F-function first discussed by Whitham [2] and later 

discussed in the context of sonic boom minimization by Koegler [9,10]. 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 Lockheed F-104 Starfighter is an example of a 

small aircraft that can produce a three-shock signature, even when cruising at high altitude [2,8].  

Hayes and Haefeli [11] plot the F-104 F-function which shows a balanced lobe pair that 

produces an intermediate shock that does not merge with the bow or tail shocks.  Argrow et al. 

also discuss how the F-104 experimental data verifies Whithamôs predication that the 

intermediate shocks decay more rapidly than the bow and tail shocks as the aircraft altitude is 

increased. 

Farhat et al. [4] present an F-function based vehicle shape-optimization scheme to minimize the 

ISPR.  In Farhat et al. [5] the scheme is modified to seek negative-positive lobe pairs in the F-

function then to directly modify the vehicle geometry to globally minimize the magnitude of the 

integrated area difference between negative-positive lobe pairs. 

For the optimization scheme applied to the Lockheed Martin Point of Departure (POD) Aircraft, 

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 fuselage and the nose is constrained 

to remain C
1
 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 dofs of the canard 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 constant.  Figure 1 (a)-(c), from Farhat et al. [4], shows surface pressure 

contours for the unmodified POD, a shape-optimized version without lobe balancing, and a 

shaped-optimized version with lobe balancing.  For the cases shown, the cruise weight is 98,000 

lb, at an altitude of 45,000 ft, and a Mach number of 1.5.  The cruise angle of attack (determined 

by matching lift to the vehicle weight), is 0.7̄.  Results for cruise Mach number of 2.0 are 

reported in Table 2.  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 aerodynamic shape; according 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 Farhat et al. [4]. 

 

Figure 1  Lockheed Martin POD pressure contours at cruise condition: (a) unmodified airframe, 

(b) shape-optimized without lobe balancing, and (c) shape-optimized with lobe balancing. 

An F-function comparison of the original POD to the lobe-balanced optimized version is shown 

in Figure 2.  Note the difference caused by the shape and lift change of the canard.  The shift and 

magnitude increase of the F-function 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 [1, 12, 13].  Note that in Figure 1 the optimization morphs the canard 

such that the maximum amount of canard volume and lift are moved as far 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 contribution approximately between 0.65 < y/L < 0.9. 

(a) (b) (c) 
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Figure 2  F-functions vs. normalized distance for the POD and lobe-balanced optimized POD. 

 

Table 1 and Table 2, from Farhat et al. [4] report the optimization results for the POD for cruise 

Mach numbers of 1.5 and 2.0.  The first column indicates whether F-function 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 indicated in parentheses, 

followed by the optimized results, both reported in units of lb/ft
2
 (psf). 

 

Table 1  Shape Optimization of the POD for MÐ = 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 for MÐ = 2.0 

Shape Optimization Iterations  (Initial) Optimized ISPR  [psf]  

Without Lobe Balancing 15 (1.866)  0.328 

With Lobe Balancing 12 (1.866)  0.324 
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F-functions for the MÐ = 1.5 case were input into the ARAP [11] atmosphere propagation code 

to compute ground signatures for the unmodified and lobe-balanced optimized POD shown in 

Figure 3.  For the lobe-balanced 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 28 ms.  This exceeds the minimum interval of about 20 ms for which 

the human ear can distinguish separate acoustic events [1]. 

 
Figure 3  Ground signatures for the POD and the lobe-balanced optimized POD computed using 

ARAP. 

2.1.2 Propulsion Effects on ISPR 

In a review of sonic boom theory, Hayes [14] 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 to the lift, a term proportional to the difference between the cross-sectional 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 same conference, Ferri [15] stated that 

the engine can be used to reduce the sonic boom and that the effects of the propulsion system are 

dependent on the engine 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 ducted fan with an ideal 

turbine power pod; however there is ambiguity in the system definitions.  With the assumption 

that the area decrease generated by the fan must be larger than the increase caused by the turbine, 
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Ressler derives an equation that gives a lower bound for overall engine efficiency.  Seebass [16] 

stated that the effects of exhaust pluming, as proposed by Ressler, ñéwould only reduce the 

boom due to lift by about five percent (assuming this is accomplished without additional wave 

dragðwhich it cannot be).ò 

Miller and Carlson [18] showed that the use of heat and/or force fields can lead to finite-rise-time 

pressure signatures.  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.  Miller [19] extended this work to examine thermal 

fins applied to a proposed 300-ft SST.  He showed that by burning fuel as the heat source in 80-ft 

fins, under the nose and above the tail, the modified SST would produce a finite-rise-time 

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 

performance, due to this system.  He concludes that this system could be feasible. 

Swigart [20] experimentally verified the concept of a heat field used to reduce the sonic boom.  

Using fins approximately one-third to one-half the aircraft length, extended below a wind tunnel 

model, he showed that the sonic boom can be reduced.  He also showed that off-axis structure 

can be use to produce finite-rise-time signatures and he proposed that off-axis 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 al. [21] discuss some of computational and experimental work done at 

Princeton as part of the DARPA QSP program.  They focused on reducing the strength of the 

bow shock with upstream energy deposition.  While they show some reduction in the bow shock 

strength, they indicate that their results are preliminary.  Marconi et al. [22] present a numerical 

investigation of the keel concept examined by Swigart [20] and report that the power 

requirement results are consistent with Refs. [18] and [19]. 

In the following section, a simple analysis is presented to investigate how engine exhaust might 

be used to 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 computing a quasi-one-dimensional flow is employed to 

model the evolution of the engine exhaust plume [23].  The algorithm was validated by 

comparing to examples in Zucrow and Hoffman [23] and Miller and Carlson [18]. 

Figure 4 illustrates the equivalent body of revolution, with various contributing components, 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 section are MÐ = 1.5 at an altitude of 

45,000 ft with a vehicle weight of 98,000 lb.  In Figure 4(a) the equivalent body includes 

contributions from the cross-sectional area and lift; this equivalent body is the lighter-colored 

cylindrical shape superimposed onto the silhouette of half of the POD.  Note that the equivalent 

body is computed for the entire vehicle although, for clarity, only half the vehicle is shown.  The 
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exhaust plume is added as an extension from the rearmost portion of the POD fuselage, 

appearing as a small flair emerging beneath the vertical tail. 

No information for the proposed engine for the POD was provided to the authors by Lockheed 

Martin.  After surveying representative engine choices based on those currently available, the 

Pratt & Whitney F-100, low-bypass, mixed exhaust turbofan engine was chosen for the 

following analysis. Data for this engine was taken from Mattingly et al. [25]:  

Exhaust stagnation temperature T0e = 1681 K (non afterburning) 

Exit Mach number Me = 2.214 

Nozzle exit area Ae = 1.12 m
2
 

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 assumption of no inlet 

spillage and the ratio of specific heats for the exhaust was set to g = 1.4. 

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 of the engine nacelle.  The annular region, 

downstream of the bulge generated by lift from the wing, is the difference in cross-sectional area 

from inclusion of the plume area.  The cross-sectional area downstream of the introduction of the 

plume is reduced from that indicated by the inner radius of the annular region. 

Figure 4  (a) View of the Lockheed Martin POD with the equivalent body due to cross-sectional 

area superimposed and a simulated plume extending from fuselage rear; (b) equivalent body 

including cross-sectional area, lift, and exhaust plume located at the x-coordinate of the engine 

exhaust nozzle; (c) equivalent body from (b) superimposed on the oblique POD view. 

 

Figure 5 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 decrease.  Beyond about x = 29 m the plume no longer directly affects the ISPR.  This 

indicates the F-function balance point beyond which F-function contributions cannot feed into 

the bow shock.  The balance point y0 is the point along the y-axis where the integral 
0

( )
y

F dx xñ  

has maximum positive value [3-5].  Of course it is unlikely that an exhaust plume would 

originate at the nose of the aircraft; however, the plot in Figure 4  (a) View of the Lockheed 

Martin POD with the equivalent body due to cross-sectional area superimposed and a 

simulated plume extending from fuselage rear; (b) equivalent body including cross-sectional 

area, lift, and exhaust plume located at the x-coordinate of the engine exhaust nozzle; (c) 

equivalent body from (b) superimposed on the oblique POD view. 
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Figure 5 was created to compare to results reported from Refs. [18-22], discussed in the previous 

section. The purpose of this exercise is to show the small influence of the plume and to show 

how the plume influence on the ISPR diminishes as it approaches the balance 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 of the Lockheed Martin POD with the equivalent body due to cross-sectional 

area superimposed and a simulated plume extending from fuselage rear; (b) equivalent body 

including cross-sectional area, lift, and exhaust plume located at the x-coordinate of the engine 

exhaust nozzle; (c) equivalent body from (b) superimposed on the oblique POD view. 

 

(a) 

(b) 

(c) 
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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 produce a specific ground 

overpressure signature.  Figure 6 shows the F5-E and SSBD CAD models showing the F5-E nose 

modification used to create the SSBD variant.  For the Euler calculations that follow, the final 

computational mesh for the F5-E 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 reported 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 F5-E and, (b) the SSBD. 

 

In Figure 7 the F-functions F(y) for the F5-E and SSBD are compared.  Here, y x rb= -  is the 

characteristic distance with (x,r) the axial and radial coordinates, respectively, and 2 1Mb ¤= -.  

Note that the SSBD is about 1.5-m longer than the F5-E, so that in Figure 7 the SSBD F(y) starts 

further to the left.  At the nose the magnitude of F(y) for the SSBD is much larger than for the 

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

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

is for y-values 1-8 meters from the nose where the SSBD profile is noticeably flatter than the F5-

E with more negative area in this region.  Such shape of F(y) should produce a ñflattop 

signatureò [1, 12, 13]. 

(a) 

(b) 
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Figure 7  F-function comparison of F5-E and SSBD. 

Figure 8 shows the measured ground overpressure signatures from the F5-E and SSBD flight 

tests and Figure 9 is an overlay of the ground signatures computed with the area ñslicing toolò 

and the ARAP propagation code used in the UCB aircraft shaping codes [3-6].  The slicing tool 

builds the equivalent body of revolution by cutting planes through the aircraft geometry, inclined 

at the freestream Mach number and including the equivalent area contribution from lift as 

described in Ref. [27]. The agreement is relatively good in overpressure magnitudes and signal 

duration, and the computation clearly predicts the N-wave for the F5-E and the flattop signature 

observed for the SSBD.  For this comparison, the ARAP overpressure vs. distance output was 

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 F-5E and SSBD signatures overlaid onto experimental data. 

Much can be determined about the origins of the observable features in the ground signatures 

using the linear-theory-based tools.  Figure 10 and Figure 11 were created to determine how the 

aircraft shape affects the F-function and near-field pressure distributions.  Figure 10  shows a 

side view of the F5-E and the SSBD, similarly Figure 11 shows planform views.  The airframe 

silhouettes are plots of the (X,Y) coordinates where the area slicing routine cuts through the 

vehicles and projects surface coordinates onto the vertical plane of symmetry and a horizontal 

plane that contains the X-axis of the CAD model.  The slicing angle, the sum of the freestream 

Mach angle and the vehicle angle of attack, is most evident in Figure 10 (a).  The equivalent 

body cross-sectional area distribution A(y), F(y), and near-field overpressure at 10 m from the 

equivalent body p(y) are plotted along the axis to the right.  Again, it is obvious that the SSBD is 

a bit longer than the F5-E.  The next feature to notice is that the dip in A(y), between the 

maximum canopy height and the engine inlet, is smaller for the SSBD than for the F5-E, so there 

is improved óarea rulingô.  The remainder of the A(y) distributions are quite similar. 
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Figure 10  Equivalent body area distributions A(y), F-function F(y), and overpressure p(y), at 10 

m from the equivalent body, and balance point y0 with side view, (a) F-5E, (b) SSBD. 
 

Figure 11 shows a planform view of both aircraft.  The canopy and inlet shocks are easily visible 

in the near-field pressure distribution. Note that the shaping of the SSBD seems to almost 

eliminate the canopy shock.  The 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 positive F(y) pulses at 

about y = 6 m and y = 7 m for the F5-E and SSBD, respectively.  The origin of the inlet shock 

can also be traced to about y = 8 m and y = 9 m respectively.  The expansion-compression of the 

wing is obvious in the F(y) plot near y = 10 m and y = 11 m, respectively. 


