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1. InTRoDUCTIon

The ballistic wave generated by a projectile moving at supersonic 
velocity was the subject of experimental studies from the end of 19th 
century and the beginning of 20th Century [1-2]. A semi-empirical 
theory enabling to calculate this shock wave was developed during 
World War II and after this war [3-6]. The theory was later extended 
to aircraft in order to foreknow the intensity of sonic boom, for 
instance when supersonic jets such as the French airliner Concorde 
or the USAF’s strategic reconnaissance plane SR-71 Blackbird 
were put into service [7-9]. However, small-calibre projectiles are 
the subject of recent studies, in mind for their operational detection 
and location [10-11]. On the other hand, the sonic boom generated 
by solid bodies entering the upper atmosphere was the subject of 
experimental studies [12-13]. In this case, classic physical models 
are on the very borderline of their application domain. We are 
interested in those uppermost cases that are in fact simulated by 
the same semi-empirical code. The study is completed by 
computations performed with the help of the ONERA’s CFD code 
CEDRE, giving pressure and velocity profiles around the Apollo 
Command Module moving at high altitude and at high Mach 
number. 

2. BAllIsTIC WAVE Of A PROJECTIlE

2.1.  Theory

For human hearing, the ballistic wave generated in the atmosphere 
by a body such as a rifle bullet moving at supersonic speed (Fig. 1) 
is perceived as a sharp snap similar to a whip crack when the 
projectile is passing by. The wave corresponds to a shock wave 
bordered with a sudden overpressure in front of the wave and a 
sudden underpressure at its rear part, hence the generic 
denomination “N-wave” given to the time signal (see Fig. 2, on the 
left). This profile can be characterized by two parameters: pressure 
amplitude ∆P and going past duration ∆T. Their values at a given 
distance from the projectile path can be calculated with the help of a 
semi-empirical formalism [4-6]. Dimensions and shape of the 
projectile are introduced by the Whitham function (also called 
“volume function”) the integral IW of which, used in order to calculate 
∆P and ∆T, is given by: 
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1I ds

s – x
S x

dx
S

0 0
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L

r
=

m^ h# #  (1)

where S(x) is the cross-section of the mobile at abscissa x and L is 
its length (see Fig. 3), s being an integration parameter. It should be 
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ABSTRACT

The ballistic wave is a shaking generated 
by a solid body moving at supersonic 
velocity in the atmosphere. To human 
hearing, it is heard as a crack for small 

projectiles, as a detonation (sonic boom) 
for large-sized bodies. Their common 
signature is an N-shaped profile giving 

pressure in function of time, the 
formalism of which is known. But this 

formalism presents a practical difficulty, 
namely the calculation of a “volume 

function” for the mobile in question: we 
present an option for that calculation in 

the classical case of projectiles shot from 
small-calibre firearms (Camp Irwin, 

California, USA, 1944). Besides, that 
formalism has to be adapted for any 

object the diameter of which is bigger 
than length, which is the case of the 
Apollo Command Module during its 
reentry into the atmosphere above the 
Pacific Ocean. Measurements of sonic 

boom were carried out aboard US Navy 
ships during reentries of Apollo 15 and 
Apollo 16 Command Modules. These 

measurements constitute a very 
interesting data base in order to test, in 
cases of high altitude and high Mach 

number, the results given by a model of 
fluid mechanics and a model of 

nonlinear propagation in the one hand, 
by an analytical semi-empirical model 

on the other hand. 
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noted that the complex formulas giving the values of 
∆P and ∆T also refer to the Mach number of the mobile 
and to the ambient atmospheric conditions. In Ref. [11-
12], Equation (1) is implicitly replaced by the following 
formula:

 I
L
R2

W =  (2)

where R is the projectile radius and L its overall length. 
A calculation of IW performed at the ONERA with the 
parabolic shape of the nose cone shown in Figure 3 
leads to the same formula, aside the fact that L is 
replaced by the length H of the ogival part of the bullet. 
Moreover the calculation shows that a sharp shape of 
the nose (similar to that of Fig. 1) generated by an arc 
of parabola, R and H remaining unchanged, increases 
the value of IW given by Equation (2) only slightly. 

2.2.  Application

We refer to experimentations performed at Camp Irwin, 
California, in November 1944. They provided the data 
base used in Ref. [4]. The following calibres were 
tested: 7.62 mm (.30 inch), 12.7 mm (.50 inch), 20 mm 
and 40 mm. All these calibres were in standard service 
in U.S. Army at this time. Unhappily full test data are 
available for two calibres only, 12.7 mm and 40 mm. 
The study of corresponding firearms and ammunitions 
led us to consider the following initial velocities for 
projectiles: 880 m/s (Mach 2.58) for 12.7 mm calibre, 
854 m/s (Mach 2.50) for 40 mm calibre. To perform the 
calculations, we have chosen the ambient pressure 
and temperature which correspond to the CIRA/
COSPAR statistical atmosphere for the month of 
November, latitude 35° North, height 750 m over sea 
level. We have supposed that the fly-by speed of the 
projectiles during the experiments was roughly equal to 
their muzzle velocity. 

The shapes of 12.7 mm bullet and of 40 mm shell are 
taken into account in order to calculate the values of 
integral (2) and of the theoretical parameters of the 
N-wave. 

As experimental values of pressure peak ∆P and of fly-
by duration ∆T of the ballistic wave, we adopt the 
averages determined by Du Mond et al. [4] out of 
several test shoots. It is important to notice that the 
amplitude ∆P is a datum less reliable than the duration 
∆T for two reasons: 

•  at short distances, the nonlinear effects lead to an 
important decreasing in pressure according to the 
distance, a fact which is not reported by the far-field 
formalism used; 

•  Du Mond points out that there are sound reflection 
effects on the ground which are not quantified in his 
analysis.

These two types of effect tend to increase the amplitude 
of ballistic wave in comparison with theoretical 
calculation. In contrast, their influence on the ballistic 
wave duration seems to be negligible.

For the fly-by duration DT of the ballistic wave at 
various measurement distances, comparison of 
computed values to measured values (with use of the 
ONERA’s code JAZZ that applies the Whitham’s theory 
with some simplifications) is shown in Fig. 4 for two 
calibres, 12.7 mm and 40 mm. As a general rule, the 
similarity is very satisfactory, as it is also with 
calculations performed by Du Mond et al., who used a 
more or less similar formalism. 

P∆T

∆P
t

x

Figure 2.  Time profile and space profile of the N-wave.

Figure 1.  Shock wake from a rifle bullet [2].
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Figure 3.  Geometry of a projectile to calculate the Whitham function.
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The same comparisons are done for the pressure peak 
∆P in Fig. 5 - unhappily no reproduction of any actual 
recording is found in [4]. As expected, the differences 
between calculation and measurement are clearly 
greater, but we have to note that:

•  these differences decrease when the distance 
increases;

•  for the same distance, these differences are greater 
for the 40 mm calibre than for the 12.7 mm calibre.

The former remark is easy to explain by the decreasing 
of nonlinear effects, in particular decreasing of thermal 
dissipation, when we go away from the projectile path. 
The latter remark has the same cause, in relation with 
the calibre of projectiles to which the distances have to 
be related: thus 4 meters is equivalent to 315 calibres 
for the 12.7 mm bullet, but only to 100 calibres for the 
40 mm shell.

We transferred to both Figures 5, linked up with calibres 
12.7 mm and 40 mm respectively, the amplitudes 
calculated from the measured durations by the way of 
Equation (3) - so-called “reverse calculation”. Obviously, 
it gets closer to simulations, because this calculation 
cancels both nonlinear effects and effects of reflection 
on the ground at once. Note that the ratio ∆T/∆P 
removes the common factor IW

1/2 in the formalism, and 

therefore is independent of the geometry of the 
projectile. We have indeed after simplification: 

 2 1

1P
T

P c M –
M r

0 0 2c

c

D
D
=

+
 (3)

where r is the distance to the bullet trajectory, M is the 
Mach number, P0, c0 and γ being ambient data 
(pressure, sound speed, air specific heat ratio). 

3.  SonIC BooM oF APoLLo CoMMAnD 
MoDULE

3.1.  Simplified approach

The sonic boom of aircraft is a large-scale ballistic 
wave which is perceived as a violent detonation for 
human hearing, in particular if focusing occurs - do not 
confuse with the double-bang, the causes of which are 
different. The theory applied is identical to the theory of 
ballistic wave of projectiles, except the introduction of a 
“lift function” to take into account the effects of 
incidence, what increases the amplitude of the 
corresponding N-wave. Note that often a dissymmetry 
appears between the “positive” and “negative” parts of 
the amplitude: for instance, the Figure 6 shows the 
recording of a focused sonic boom due to the 
acceleration of an aircraft in horizontal flight [14]. 

Figure 4.  Comparison between computed and measured values for ∆T.
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Figure 5.  Comparison between computed and measured values for ∆P.
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The case of sonic booms arisen from Apollo Command 
Modules during their reentry into the atmosphere 
above the Pacific Ocean [12-13] is different: indeed, 
velocities and altitudes have magnitude beyond usual 
limits of the model (Mach 3 at 26,000 m high at the 
most for SR-71), and a lift effect is generated by the 
incidence of the vehicle in reference to the velocity 
vector (about 20°). The problem that arises for the 
modelling is linked up to the particular shape of Apollo 
Command Module, a shape that has nothing in 
common with the one of a bullet or of an aircraft: 3.4 m 
high for 3.9 m in diameter (Fig. 7). 

In order to calculate the Whitham’s integral IW for the heat 
shield, we suppose that its shape is generated by an arc 
of parabola: note that H replaces L in Equation (2). 

On the other hand, some computations of fluid 
mechanics (ONERA’s code ELSA) and of nonlinear 
propagation (NASA’s code TRAPS [15]) concerning the 
influence of the length of a mobile on the N-wave 
duration DT showed that this duration had to be 
corrected by the following factor: 

 8F D
L

T

1
4

=D c^ mh  (4)

where L is the overall length and D the diameter of the 
mobile.

Note that the value of this corrective factor would be 
close to one for the “slender body” which served as 
reference for the Whitham’s theory [5], what can be 
accepted for firearm projectiles in general, because of 
the cap effect which widens the projectile wake (see 
Fig. 1).

∆T

(b) Measured on U.S.S. Kawishiwi∆P

Figure 8.  Recorded sonic boom signal [12], equivalent N-wave.

Moreover, a factor of reflected field equal to two has to 
be brought to amplitude ∆P when sensors are put on 
the ground, in this case the deck of US Navy’s ships 
stationed under the reentry trajectory of the spacecraft.

The signals recorded on the ships have an irregular form 
very probably due to the reflection on the sea surface of 
the incident wave: see the double peak of “positive” and 
of “negative” pressure in Fig. 8. Following this 
hypothesis, parameters [∆P, ∆T] of an equivalent N-wave 
were correctly determined in the NASA’s papers.

The Whitham’s formalism is valid for a homogeneous 
atmosphere only (i.e. at a constant altitude), but the 
parameters of N-wave can be computed by taking into 
account ambient conditions of temperature and 
pressure prevailing in altitude and at sea level [16]. 
Table 1 shows the result of simulations from JAZZ code 
compared to measurements of sonic booms from 
Apollo 15 and Apollo 16 flights: for every flight point the 
altitude and Mach number of which are specified, we 
give the ratio ∆P computed to ∆P measured for 
amplitude, and the ratio ∆T computed to ∆T measured 
for duration. 

We can see that the error does not exceed ± 30 % for 
the amplitude ∆P and ± 10 % for the duration ∆T, with 
mean ratios close to one, which can be considered as 
a good result for a semi-empirical code, considering 

Figure 6.  Sonic boom from a fighter Mirage III [14].
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Figure 7.  Apollo Command Module [12].
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Table 1.  Comparisons calculation-measurements for Apollo’s sonic booms.

US Navy ship Altitude (m) Mach number Ratio of ∆Ps Ratio of ∆Ts

USS Genesee 52,500 15.9 0.8 0.9

USS Ponchatoula 44,400 9.8 0.7 1.0

USS Kawishiwi 33,400 4.6 1.3 1.2

USS Okinawa 28,900 3.1 1.0 1.2

USS Ticonderoga 27,600 2.6 1.3 1.2

Average ratio 1.0 1.1

the simplifications carried out (neither incidence nor lift 
effect). Note that here the “short-body correction” of 
Equation (4) plays an important role in the calculation 
of the N-wave duration.

3.2.   Numerical approach

Geometry of Apollo Command Module  
and considered flight points 

The Command Modules CM112 and CM113 of Apollo 
flights 15 and 16 are identical, but their precise 
geometry was not published. The Apollo 6 Command 
Module - geometry available in [17], including the 
radius of curvature at the junction of the spherical cap 
with the conical part (see Fig. 9) - well reproduces the 
characteristics of CM112 (Apollo 15) and CM113 
(Apollo 16). Possible differences, of the order of 1 
millimeter or 0.5 degree, will not act upon Navier-
Stokes computations focused on the wake. 

Two points of flight corresponding to the recorded sonic 
booms have been selected: 

•  for Apollo 15: z = 52.5 km, M = 16, T = 268 K, P = 
58.4 Pa;

•  for Apollo 16: z = 44.1 km, M = 9.6, T = 272 K, P = 
186 Pa.

For the reentry of Apollo 16 Command Module, some 
meteorological measurements from instrumentation 
carried aboard a sounding rocket are given in [13]. For 
the Apollo 15 mission, we have based our argument on 
the US 1976 Standard Atmosphere model.

Preliminary analysis

In order to run Navier-Stokes computations, the 
essential point is to know the gas thermochemical state 

and the most appropriate physical model in order to 
describe such a state. According to the dissociation 
parameter, i.e. the product of upstream volumetric 
mass density ρ by reference length Lref, one may 
foreknow that thermochemical state at the stagnation 
point by analogy with the study of R.N. Gupta et al. [18] 
about stagnation point on a sphere. Figure 10 shows 
the result of this analogy (the dissociation parameter is 
conserved): the studied cases Apollo 15 and 16 are 
both in a domain where the five chemical species are 
existing when the air is assumed in thermochemical 
equilibrium at the stagnation point. 

Downstream, when the gaseous expansion is passing 
at the junction of the heat shield with the conical part 
and in the wake, these species can recombine 
occasionally, but the maximal number of species shall 
remain equal to five. However, it is not possible to 
assume that the flow remains at thermochemical 
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Figure 9.  Geometry of the Apollo 6 Command Module [17].
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equilibrium downstream, because kinetics of chemical 
recombination achieves finite values. However, a set of 
adapted chemical kinetics can be selected (Park’s 
5-species model). 

Axisymmetrical analysis 

Although both Command Modules were stabilized 
along their trajectories by a highly negative incidence 
(angle of attack included between –22° and –20° at the 
considered points of trajectory), an initial step to 
determine the best model for the thermochemical state 
of the gas consisted of doing a preliminary study 
supposing that the flow was axisymmetrical (i.e. without 
incidence).

The results of the Apollo 15 case are shown in Figure 
11. We compare Navier-Stokes computations assuming 
that the 5-species air mixture is either at chemical 
equilibrium or at chemical nonequilibrium (finite rate 
chemistry).

The stagnation region is noticed to achieve the 
chemical equilibrium with a good approximation. 
However we also observe, from the very start of the 
reduction in pressure and all along the central part of 
wake, that the temperature is clearly less high in case 
of computation in nonequilibrium state than in case of 
equilibrium assumption. From this observation we infer 
that the rates of chemical recombination (it releases 
energy to the air flow) cannot be considered as infinite. 
In particular, it has a consequence on the shape of 
shock and on the pressure field which is represented 
as cross-sections in Figure 12.

Note that the turbulence in the wake is taken into 
account by a model of Spalart and Allmaras. It modifies 
neither the shape of the shock nor pressure profiles, 
consequently the selection of the model does not 
matter much, but this selection is necessary to stabilize 
the flow in the central region of the wake (see 
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computation by half-wake in Figure 13). Moreover, 
Reynolds numbers achieved in the close and far wake 
increase sufficiently so as to admit, even considering a 
real gas hypersonic regime, there is established 
turbulence in this disturbed region. Note that the wake 
appears smoother in this case (Fig. 13, above). 

Reconstructing of a sound source in 3D

The physical models selected could be identified in the 
cases of Apollo 15 and 16, as those of 5-species 
chemical equilibrium and 2-equations turbulence 
model. A 3D-mesh made up of parallelepipedic cells 
has been performed so as to catch the bow shock in 
the whole wake (for instance the location of the shock 
can be deduced by rotation from its position observed 
in axisymmetrical test case). Twenty six million cells 

were necessary to catch the hypersonic flow field for 
three kilometers downstream from Apollo 15 Command 
Module. Actually, because the shock is highly tilted at 
hypersonic speeds, this distance is mandatory if the far 
field assumption has to be respected accordingly with 
a sound propagation computation. But a shorter wake 
(500 m long) was employed for the Apollo 16 case, due 
to a smaller Mach number at a lower height. 

Such highly meshed computations are extremely 
unusual for real gas in the hypersonic domain, focusing 
mainly on the flow in the vicinity of the vehicle rather 
than in its far wake.

Longitudinal profiles of pressure extracted from 3D 
calculations and used as input data into the sound 
propagation computations are displayed in Fig. 16. A 
significant discrepancy is then observed between the 
usual supersonic N-wave profile and the present 

Figure 12.  Vertical cross-sections of wake in pressure.
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pressure profile, which tends towards the upstream 
value in an asymptotic way. Moreover, despite the high 
angle of attack and the expected 3D nature of the flow, 
the far-wake flow field is weakly asymmetrical regarding 
the pressure profiles. 

Using the 20 m transversal profile (red curve in Figure 16) 
as input for the nonlinear propagation code TRAPS [15], 
we observe an intermediate shape of the propagated 
wave at first (Fig 17-1), then a return to the N-shape at 
sea level (Fig. 17-2). As a matter of fact, an intermediate 
shape was recorded actually (see Fig. 18), but this 
shape is also understandable by a wave reflected on the 
sea surface which arrives a small delay after the direct 
wave. The computation of Figure 17-2 provides the right 
global amplitude [∆P+ + ∆P–], but it clearly overestimates 
the duration of the observed N-wave. We can think that 
the nonlinear propagation used is not well adapted to the 
physics of high atmosphere.

In Fig. 19 is represented the result of the simulation by 
means of the semi-empirical model JAZZ (see Table 1, 
line USS “Genesee”), by adding to the calculated 
N-wave another N-wave reflected on the surface of the 
sea, of same duration but of amplitude one half: indeed 
the reflected wave arrives on the sensors with a 
grazing incidence. The delay has been calculated by 
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Figure 19.  Simulation of the signal received aboard USS “Genesee”, by taking 
into account a sound reflection on the sea surface.
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taking into account the height of the ship, knowing that 
the sensors are put on the deck.

4. ConCLUSIon

We showed two possible approaches in order to 
calculate a ballistic wave and a sonic boom. Our former 
approach requires classic models of semi-empirical type, 
while the latter requires heavy computation codes of fluid 
mechanics (CEDRE code) and of sound propagation 
(TRAPS code). In the latter case, a thorough study was 
carried out in order to found the physical approach that is 
the best adapted to high altitude. In the vicinity of Apollo 
Command Module, the CFD code CEDRE does not give 
a classical N-wave, but a half-alternation followed by an 
asymptotic return to the ambient pressure. At sea level, 
a nonlinear propagation restored a classic N-shaped 
profile with a correct amplitude, the duration of signal 
observed being overvalued. 

It is interesting to notice that the semi-empirical model 
JAZZ can be utilized with success in the Apollo case, in 
spite of unusual conditions of height and speed for this 
type of model. For the N-wave duration, we apply a 
“short-body correction” which does not appear in the 
Whitham’s theory. The simulation of the actual signal 
recorded at sea level can be improved by taking into 
account the sound reflection on the surface of the sea. 
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