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The puzzle of whip cracking – uncovered by a correlation
of whip-tip kinematics with shock wave emission?
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Abstract. During whip cracking the whip-tip reaches a su-
personic velocity for a period of about 1.2 ms, thereby emit-
ting a head wave with a parabolic-shaped geometry. A de-
tailed study of this mechanism which encompasses the mo-
tion analysis of the whip-tip as well as the determination of
the local origin of the shock emission requires a sophisti-
cated recording technique. A pre-trigger framing high-speed
video camera system was used which was triggered by an
acoustical sensor and synchronized with a pulsed copper-
vapour laser. The phenomena were visualized by the direct
shadowgraph method and recorded cinematographically as
digital images at a frame rate of 9 kHz using a CCD-matrix
with 256(H)× 128(V) pixels. The resulting series of frames
allowed, for the first time, (i) a reconstruction of the whip-tip
trajectory, (ii) a determination of the tuft velocity and accel-
eration, (iii) a correlation of whip-tip kinematics with shock
wave emission, and (iv) a motion analysis of the turning
and unfolding mechanism of the tuft. The tuft at the whip-
tip was accelerated within a distance of about 45 cm from
a Mach number ofM = 1 to a maximum ofM = 2.19,
thereby reaching a maximum acceleration of 50,000 g. The
shock is emitted at the moment when the cracker, arriving at
the turning point of the lash, is rapidly turned around. After
emission of the shock wave the tuft is strongly decelerated
to M < 1 within a short distance of only 20 cm.

Key words: Whip cracking, Shock visualization, Head wave,
High-speed videography, Pre-trigger framing cinematogra-
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1 Introduction

Whip cracking is probably the oldest means available to man
of generating shock waves. Since antiquity its sharp pierc-
ing report has been used as an aid for drovers, tamers and
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coachmen, and even in our times it is practiced tradition-
ally for quite different reasons in Southern Germany and
Switzerland.1

To provide an effective cracking, i.e. controlling the
whip with a minimum of strength to get a crack as loud
as possible, special whip constructions have been evolved,
all based on practical experience and empiricism. In gen-
eral, an “optimum whip” is incrementally assembled, each
element becoming lighter and more slender towards the end
of the whip. Figure 1 shows as an example a view of such
a whip construction. It consists of: (1) a long elastic handle
made of several braided wooden sticks; (2) two loosely con-
nected leather straps, and (3) a tight-braided thong of two
leather laces. The lash at the whip-tip is stepped and con-
sists of hemp, or nowadays, a fine-braided cord of synthetic
fibers which is tightly braided threefold to form part (4), and
twofold to form part (5). The terminal lash (6) consists only
of a single cord. The most important part of the whip is the
so-called cracker (c) at the lash-tip, a short piece of the cord,
some centimeters in length, behind the knot which is frayed
out to form a brush or tuft. The knot alone cannot provide an
effective cracking sound, which can easily be demonstrated
by just cutting away the tuft. To further improve the crack-
ing efficiency, some professional whip operators provide the
outermost part of the lash with additional knots (k) which
certainly increase the mass and, therefore, accumulate the
kinetic energy at the whip-tip. The bull whip, a derivative
of the East European karbatsche, has a short leathern stick.
It is heavier constructed than the whip shown in Fig. 1 and
can reach a length of up to 6 m.

1 In Southern Germany whip cracking has been practiced at Shrovetide
since the Middle Ages to generate noise and used besides other instruments
like bells, rattles and drums to contrast the following Lent, a period of
silence and contemplation. The popular conception that the rite of noise
generation has pagan roots and was originally practiced in order to cast out
the winter demons has not yet been proved scientifically (Mezger 1991).
In Upper BavariaAperschnalzen, a distinguished kind of whip cracking
is celebrated annually as a competition (Kapfhammer 1977), and was first
demonstrated worldwide in 1972 at the open ceremony of the Olympic
Games in Munich. – In Switzerland whip cracking is used traditionally
in some alpine valleys for communication purposes and applied besides
cow-bells and alp horns, while in some central areas it is practiced at St.
Nicholas’ Day in a particular, rhythmic manner (Mezger 1997).
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Fig. 1. View of a whip particularly constructed to generate strong cracks

In the beginning of gas dynamics, a discipline only a
good century old, the mechanism of shock generation by
supersonic phenomena was not understood and high-speed
photography was still in its infancy. Despite these deficien-
cies it is surprising that the puzzle of whip cracking, a highly
transient supersonic phenomenon not directly resolvable by
the naked eye, was already under investigation, and one im-
portant condition, the supersonic motion of the whip-tip, was
already correctly presumed. However, it will be shown here
for the first time that this is not the only condition needed
to generate strong shocks.

To uncover and correlate all these details of the mech-
anism of whip cracking, a complex fast pre-trigger framing
recording system with a frame rate of at least 50 kHz and a
resolving power of better than 20 lp/mm would be required.
Such a system, however, is not yet commercially available.
Nevertheless, using laser stroboscopy combined with state-
of-the-art high-speed videography and a direct shadowgraph
technique a deeper insight look into the puzzle of whip
cracking was obtained, and for the first time an exact corre-
lation between whip-tip dynamics and shock-wave emission,
as well as visualization of the behavior of the cracker after
entering the supersonic phase, was achieved.

The present study of whip cracking was initiated by the
ZDF (Zweites Deutsches Fernsehen, Second German Tele-
vision) which had asked for a movie to demonstrate this
phenomenon in a popular-science telecast. The recording
technique used for the visualization of these events of un-
controlled occurrence may be of interest for the visualiza-
tion of entirely different high-speed phenomena, for example
the bursting behavior of pressurized vessels, thus allowing
the study of shock effects as well as their local origin and
causality.

2 Historical background

In the period 1885-1887 Ernst Mach and Peter Salcher car-
ried out their famous supersonic ballistics experiments which
showed that a projectile moving with a velocity exceeding
the sound velocity generates a characteristic cone-shaped
shock wave, the so-called head wave.2 In general, any body

2 The expressions “head wave” (Kopfwelle) and “tail wave” (Achter-
welle) were coined by E. Mach (1887) and introduced into the English lit-

Fig. 2. Portrait of Otto Lummer (1860–1925), professor of physics at Bres-
lau University who as early as 1905 speculated on whip cracking as being
a supersonic phenomenon (Courtesy ofDeutsches Museum M̈unchen)

moving with supersonic velocity produces such head waves,
and Mach and Doss (1899) assumed that the sharp bang
of a meteorite approaching the earth and entering the at-
mosphere with supersonic velocity is created by a head
wave. Lummer (1905), Fig. 2, was the first who, inspired by
Mach’s publications, explained whip cracking by the head
wave phenomenon. He correctly assumed that the sharp re-
port is caused by the free end of the whip which eventually
reaches supersonic speed. Although Lummer was derided
by his friends and colleagues for this interpretation, Winkel-
mann (1909) and Prandtl (1913) acknowledged his hypothe-
sis in their encyclopedic articles, and from thereon it became
common knowledge in many textbooks on acoustics and gas
dynamics. However, a definite experimental proof had yet
to come.

Lummer also tried to approach the problem experimen-
tally. Unfortunately, his cinematographic technique could
not resolve the dynamics of the whip-tip in its final stage
of acceleration, the essential phase in the process of whip
cracking. His studies could only resolve the middle part of
the lash which revealed a maximum velocity of only 200

erature by C.V. Boys (1893). Both waves can have slightly different cone
angles. In the case of whip cracking the moving body, i.e. the cracker, is
quite small and both waves practically merge into each other.
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m/s. The first progress in the experimental confirmation of
Lummer’s hypothesis was made by Carrière (1927, 1953)
in France at the Institut Catholique de Toulouse. To facili-
tate the visualization of the whip-tip dynamics within a fixed
field of view and at a constant depth of focus, he constructed
a machine-driven whip. Using a multiple spark chronograph
he observed that the whip-tip could reach a maximum ve-
locity of 900 m/s (Carrìere 1953). Furthermore, in a cum-
bersome series of experiments he even obtained the first still
shadowgraphs of the emitted shock wave. However, instead
of a head wave characterized by a parabolic-shaped or a
conical shock front, he observed a circular wave structure
fully surrounding the whip-tip.

Lummer’s hypothesis was first theoretically supported by
Grammel and Zoller (1949) from the University of Stuttgart.
Their research was initiated by the eye-clinic at the Uni-
versity of G̈ottingen where strange eye injuries had been
diagnosed. Small pieces of copper wire had deeply pene-
trated into the eye, but barely left an injury to the cornea.
These patients were coachmen who had used whip lashes
of stranded copper wire instead of textile or leather materi-
als. This raised the question whether these micro projectiles
were originated during whip cracking and how supersonic
processes were involved. Grammel and Zoller proved math-
ematically that at increasing time during propagation of the
lash loop towards the free end the velocity of the whip-tip
could increase without limit.

The experimental results of Carrière were later extended
for a real whip by Bernstein, Hall and Trent (1958) at the
U.S. Naval Research Laboratory. They used a bull whip
which was operated by an expert whip cracker. Using a
movie camera at 120 frames/sec they clearly resolved the
lash dynamics, particularly the formation of the loop in the
lash which propagates towards its tip, thereby quickly in-
creasing in speed and finally exceeding the sound velocity
when approaching the whip-tip. This last phase occurs in
the submillisecond regime and was resolved using a high-
speed camera at a frame rate of 4 kHz. The evolution of
shock waves was visualized by a still camera, and the re-
sulting snapshots, taken at various time instants and pseudo-
cinematographically composed, clearly revealed for the first
time the typical head wave character of the emitted crack.
Later these results, originally published in an acoustical jour-
nal and barely noticed among the shock physics commu-
nity, became better known by the excellent booklet of Glass
(1974) on cosmic, terrestrial and man-made shock-wave phe-
nomena.

Bernstein et al. also extended the mathematical model
of Grammel and Zoller and calculated the tension in the
lash which increases without limit as the traveling loop ap-
proaches the tip. Similar results were also obtained by Szabó
(1972, 1976), professor of mechanical engineering at the
Technical University Berlin. Being a Hungarian by birth,
he used to demonstrate in his lectures whip cracking with a
Hungarian pastoral whip, a sort of bull whip. He approached
the problem mathematically from the viewpoint of classical
mechanics rather than from gas dynamics and came to the
same conclusion that the tip can move faster than the sound
velocity.

Fig. 3. Black Forest whip cracker at Shrovetide showing whip cracking
in its final phase and shortly before shock emission. Note the loop which,
starting from the whip-stick and traveling down the lash, has almost reached
the whip-tip

3 Schematics of whip lash dynamics

In order to produce a sharp cracking sound, it is necessary
to throw the lash in such a way that it starts as a sharp loop
near the handle. This initial phase starts rather slowly and in
the very beginning can even be resolved by the trained eye.
Figure 3 shows the position of the loop just before arriving
at the lash end.

Theoretically, the phenomenon of whip cracking can be
explained by the dynamic behavior of a buckling disconti-
nuity in a rope. When a rope with a free end is pulled at
constant translation velocity around a sharp bend of small
radius, the free end is accelerated by the centrifugal force
to a higher velocity than the translation velocity (Kucharski
1941). This effect increases with decreasing length of the
free end and can lead to a very high velocity of the free
end. The same mechanism also happens at whip cracking
with the only difference that the loop itself travels down the
lash towards the tip, while the whip-stick, and therefore the
lash between the stick and propagating loop, remain almost
at rest. Since the kinetic energy stored in the moving lash
is focused into an increasingly shorter and lighter piece of
the remaining whip-lash, the law of conservation of energy
requires that the velocity of the free end strongly increases
when it approaches the lash-tip.

This phenomenon of the traveling loop is important in
order to understand the development of the supersonic phase
and is depicted schematically in Fig. 4. Recently, Bürger
(1995) demonstrated that in a suitable frame of reference
the spatial velocity of the whip-tipV (x) can be calculated
simply by applying the law of conservation of energy. He
presumed (1) an infinitesimal bend radiusr → 0, (2) a whip-
stick at rest, and (3) neglected any air drag effects. At the
beginning, Fig. 4a, the whole lash is straight and moves with
the velocity U from right to left. For a lash of length L and
mass M with an attached cracker of mass m, the law of
conservation of energy requires that

1
2

(M + m)U2 =
1
2

(
M

L + x

2L
+ m

)
V 2

which yields for the velocity of the lash-tip
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Fig. 4. Simple model of whip-loop motion after B̈urger (1995):a starting
position with lash at velocityU , propagating from left to right;b interme-
diate position; andc briefly before reaching maximum whip-tip velocity

V (x) = U

√
M
m + 1√

M
m

L+x
2L + 1

.

At the beginning the cracker is positioned atx = +L,
and the whip-tip has the same translation velocity as the
lash, i.e.V = U . However, with increasing propagation in
thex-directionV (x) grows and, approaching the free end at
x → −L, reaches the maximum velocity

Vmax = U

√
M

m
+ 1

which increases without limit for an infinitesimal cracker
mass (m → 0). For a stepped whip-lash construction such
as shown in Fig. 1, the ratioM/m is quite high and reaches
a value of almost 300. Although in practice the assumptions
(1)–(3) are not fulfilled as will be shown below, the simple
model clearly demonstrates thatV can reach at least an order
of magnitude greater thanU .

Assumption (2) requires that the lash moves in an inertial
system with the stick at rest at all times, i.e. that the hand
does not perform any work. However, to further increase the
shock intensity it is a common practice of whip experts to
pull the stick with a jerk in the positive x-direction when the
loop is still in the intermediate state, as illustrated in Figs. 3
and 4b. This might increase the velocity V when reaching
the turning point and intensify the Kucharski effect. The
present measurements, however, could not demonstrate this
effect, because only the final state of the loop was observed,
as shown in Fig. 4c, and the stock was far beyond the field
of view.

4 Experimental arrangement

4.1 Problems of shock visualization

Contrary to the initial phase of whip cracking the recording
of the supersonic phase provides various technical problems.
It is impossible even for an expert whip cracker to operate
the whip-tip in such a way that (1) his movements and body
heat do not disturb the flow in the field of view, and the
crack is (2) generated reproducible at a fixed location and
(3) triggered precisely at a given time instant.

Problem (1) excludes the application of highly-sensitive
optical methods for recording the shock such as schlieren or
interferometer techniques. Low-sensitive methods, however,
require cracks of higher strength, a strenuous task which re-
quires a well-trained whip cracker. Problem (2) relates to
the difficulty of sharply imaging the whip-lash as well as
the shock which can only be done by an optical system with
a large depth of focus and field of view. Problem (3) is the
most difficult one, particularly if the shock emission is to be
traced back in time to its local origin. This requires a spe-
cial camera with pre-trigger framing, i.e. a camera which is
permanently recording, but stopped by the occurrence of the
crack itself, for example by an acoustical trigger. In addi-
tion, to perform the experiments economically, a recording
technique with an immediate playback facility is essential.

4.2 Direct shadowgraphy

To fully visualize the whole mechanism of whip cracking, a
large field of view of at least 2× 8 m2 would be required.
Most of this area would be allotted to the initial phase in or-
der to cover the movements of the operator and the develop-
ment and propagation of the loop along the long whip-lash.
The visualization of shock emission, however, is limited to
a small field close to the whip-tip. Therefore, to resolve this
supersonic phase in more detail, a selective enlargement is
indispensable.

In order to visualize simultaneously the whip-tip dynam-
ics and shock expansion an imaging system with a large
depth of focus and a fairly large field of view are required.
Shadowgraphy in parallel light would be ideal, but its field
of view is limited to the diameter of available concave mir-
rors, normally not exceeding 60 cm. An alternative, although
less sensitive, is the method of direct shadowgraphy, using
a high-intensity point light source to cast a shadow of the
object from a central projection. An intense light source is
capable of illuminating a large field of view. The princi-
pal advantages of this technique are its simplicity and in-
sensitivity to any heat or flow disturbances created by the
movements of the whip operator. However, the shadowgraph
technique is only capable of detecting strong changes in the
index of refraction and is therefore only sensitive to strong
cracks.

The experimental setup is shown schematically in Fig. 5.
The light from an intense pulsed laser is focused onto a pin-
hole with a diameter of 0.5 mm which acts as a point light
source, evenly illuminating the screen. The objective lens
of the high-speed framing camera is positioned as close as
possible to the pin-hole and is focused on the screen via
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Fig. 5. Experimental setup for simultaneous recording of whip-tip motion and shock wave emission

a small mirror or prism. To absorb the scattered laser light
from the camera objective it is helpful to use a small shield
between camera and pin-hole.

When the whip-lash passes between the pin-hole and the
screen with supersonic speed, it cast shadows of the whip
lash and the disturbance caused by the shock front. Both are
imaged by the camera side-inverted. The camera also records
the whip-lash in front-light. In the arrangement of Fig. 5 the
camera views the object under almost the same visual an-
gle as its shadow, although both are positioned in different
planes and the shadow image is larger than the object it-
self. This is an important advantage, because in practice it
would be difficult to measure the actual distance between
whip lash and screen in order to trace back the enlarged
shadow image to its real dimensions. However, since there
is an unavoidable small displacement between the pin-hole
and the camera objective, the image taken in reflected light
does not completely superimpose with its shadow image, cf.
for example the image of the whip lash in Fig. 7. This small
defect could be eliminated by, for example, using a beam-
splitter. Disadvantageously, however, such a setup would
reflect only a fraction of the light emerging from the screen.
Furthermore, any scattering of the incident laser light at the
beamsplitter would be detrimental to the image quality.

The optical resolution of the system is inversely related
to the diameter of the pin-hole; directly related to the dis-
tance between pin-hole and screen, and inversely related
to the distance between object or disturbance and screen

(Schardin 1942, Hyzer 1962). The sensitivity depends on
the strength of the crack and the distance between pin-hole
and screen. In practice, a minimum distance is also required
for the whip operator to provide sufficient clear room for his
action. A good compromise between sensitivity and resolu-
tion is a position 1 m from the screen.

The screen used was a simple projection screen as com-
monly used for slide projection. A retro-reflective screen
(Scotchlite) has a much higher reflectivity and, therefore
needs a less intense light source (Edgerton 1979). However,
a screen of the required size would need to be assembled
from strips, and the resulting joint lines would impair the
image quality.

4.3 Camera system

A Kodak EktaPro HS 4540 high-speed video recording sys-
tem was used. At present this is the fastest video system
commercially available. The standard video camera incor-
porates a dynamic digital memory which stores 1024 full
frames at 4.5 kHz, each with up to 256 gray levels. This
“resolving” buffer continually replaces old frames with new
ones and can capture events which happened before the
shock had reached the microphone (pre-trigger framing). The
camera was stopped at a pre/post-event trigger ratio of 50%.
The trigger signal was provided by a microphone closely po-
sitioned to the screen. The digital images could be replayed
from the memory instantly. This permitted the forming and
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analysis of a large number of cracks in a short time and
facilitates the experiments considerably, because even for a
trained whip operator it was not easy every time to place the
whip-tip in its final motion within a field of view of only
1.2 × 0.6 m2. The positions of the cracker and the shock
wave were measured by displaying the digital images on a
PC, counting the number of pixels and comparing them with
a calibrated distance.

The maximum frame frequency of the camera was 40.5
kHz, but the CCD-matrix was then reduced to 64×64 pixels
which was not sufficient to resolve the shock wave. A good
compromise was to operate the camera in half-frame mode
at 9 kHz, corresponding to an interframe time of 111µs.
The resulting 2:1 image format was also well adapted to
the extended geometry of the whip-lash. The CCD sensor
of the camera has a format of 10.24 × 10.24 mm2 and in
the half-frame mode uses 256(H)× 128(V) pixels. The pixel
size of 40×40 µm2 corresponds to an area of 4.7×4.7 mm2

on the screen. For example, the shadow of a shock wave
propagating with a Mach number of 2, cast on the screen
and imaged onto the sensor surface, needs about 7µs to
propagate from one pixel to the next. Although the resulting
spatial and temporal resolution are rather low, the image
quality was still sufficient to resolve the supersonic phase
and to trace the position of the shock front.

4.4 Pulsed light source

The high-intensity pulsed light source was a 25 W copper-
vapour laser from Oxford Lasers, model ACL 25. The pulsed
laser could be operated at a repetition frequency of up to
20 kHz. The duration of each pulse was in the order of 20
ns which provided an excellent stop motion capability. The
laser was synchronized by the high-speed video camera sys-
tem which could be operated only at various fixed recording
rates. In the present case the camera was always operated in
half-frame mode at 9 kHz.

Each laser pulse had a peak power of up to 200 kW, but
a relatively high beam divergence of 6 mrad. Thus, only a
fraction of the energy of each pulse passed through the pin-
hole. A standard laser system equipped with a plane-plane
cavity was used. A better collimation at higher focusable
power can be obtained by using an “off-axis” unstable cavity
or an injection controlled oscillator/amplifier arrangement
(Oxford Lasers 1988). In particular, the last mode results
in a higher focusable power than provided by a plane-plane
cavity to several orders of magnitude. This improvement
would allow the use of lasers with a lower average power
to illuminate a larger screen.

4.5 Whip construction

The whip illustrated in Fig. 1 was also used in our experi-
ments. The stick had a length of 1.4 m and the thong a total
length of 3.2 m and a total weight of 97 g. The lash parts
(4)-(6) were made of a highly supple braided cord, consist-
ing of hundreds of 20µm thick polyamide (nylon) fibers.
The cord had a specific weight of 3.75 g/m, an outer diam-
eter of 2.5 mm and a rupture limit of 1100 N. The weight

Fig. 6. Shock emission from a booby pistol

of the cracker including the knot amounted to 0.37 g. The
terminal lash (6) had a total length of 0.6 m.

5 Results and conclusions

5.1 Sensitivity test

In order to test the sensitivity of the optical setup, we first
visualized the shock emerging from a booby pistol which
was fired parallel to the screen at a distance of about 1 m.
We used blank cartridges with a caliber of 9×17 mm loaded
with black powder (Dynamit Nobel # 380/9). Figure 6 has
been selected from a series taken at a frame rate of 9 kHz.
Close to the muzzle exit the blast wave has a velocity of
more than 800 m/s which in a distance of 0.9 m reduces
to about 600 m/s. The sensitivity test proved the method
to be capable of clearly tracing the shock wave within the
total area of the screen. However, for reproduction purposes
the contrast in Figs. 6 and 7 has been slightly enhanced by
image processing.

5.2 Whip-tip trajectory

The lash moved within the field of view for a time period of
about 7 ms, corresponding to about 70 digital frames when
operating at a frame rate of 9 kHz. Figure 7 shows some
selected frames of such a series and illustrates the transition
from the subsonic phase of whip-tip motion (cf. Fig. 7a) into
the supersonic phase (cf. Fig. 7b–e) and the reversion into a
subsonic phase (cf. Fig. 7f).

A complete series of digital frames allows a fairly good
reconstruction of the trajectory of the whip-tip as shown in
Fig. 8a. The trajectory shows whip-tip loci at equal time in-
tervals and is a direct plot of experimental data obtained by
the analysis procedure described in Sect. 4.3. Entering the
supersonic phase of whip cracking at point B, the whip-tip
loci increasingly stretch out and reach a maximum distance
at point C, indicating that the tip has here reached its maxi-
mum velocity.

All theoretical models (Grammel and Zoller 1949, Szabó
1966, B̈urger 1995) assume a motion of the whip-tip parallel
to the straight part of the lash between stick and loop, as
illustrated in Fig. 4. This assumption, however, which would
result in a straight trajectory of the whip-tip, is not realistic,
as shown in Fig. 8a. The curved nature of the trajectory
is caused primarily by centrifugal forces rather than by a
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Fig. 7a–f. Cinematography of whip-tip
motion at various Mach numbers and cor-
related shock wave emission:a subsonic
phase,M = 0.69; b transonic phase,
M = 0.85; c moment of maximum whip-
tip velocity, M = 2.19; d during strong
deceleration within the supersonic phase,
M = 1.42; e shortly before leaving the
supersonic phase,M = 1.29; andf back
again in the subsonic phase,M = 0.6.
Note that each frame is also superimposed
by a faint ghost image of the preceding
frame, a defect caused by the video cam-
era at high frame rate

Fig. 8a,b. Whip-tip kinematics:a trajectory of the whip-tip, andb derived
velocity of the whip-tip as a function of time. The points A...F marked in
a relate to time instants shown in Figs. 7a–f

limited flexibility of the lash which in the present example
was made of a highly flexible braid.

5.3 Velocity of the whip-tip

The resulting velocity v of the whip-tip along its trajectory
is given by

v =

√
∆x2 + ∆y2

∆t
,

where∆x and∆y are the changes in position at time step
∆t and derived from neighboring experimental points shown
in Fig. 8a. The velocity-time-profile of the whip-tip thus cal-
culated results in a polygon. Figure 8b is a polynomial fit to
the polygon data, obtained usingMicrosoft Excel. The most
interesting phase, the supersonic phase of whip-tip motion,
amounts to about 1300µs and at the frame rate of 9 kHz
was covered by 12 frames. The tuft at the whip-tip was ac-
celerated within a distance of about 45 cm from a Mach
number ofM = 1 to a maximum ofM = 2.19.

5.4 Shock wave emission

In Fig. 7c, the shock wave is seen for the first time at the
moment when the whip-tip had reached its highest velocity.
However, at that time the shock had already traveled some
distance. Since the shadowgraph technique was not sensitive
enough to resolve the steepening process, it is not possible
to fully trace the shock wave back to its origin. A better
temporal and spatial resolution would be desirable. A higher
temporal resolution would be possible only by operating the
camera at 18 kHz in the quarter-frame mode using a matrix
of 256(H)× 64(V) pixels. However, in order to fully catch
the supersonic phase of whip cracking it would be extremely
difficult to place the whip-tip within the narrow field of view
of only 1.2×0.3 m2. The spatial resolution of video cameras
is also rather low and still far beyond the minimum resolving
power of 20 lp/mm obtainable on film.
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Fig. 9. Schematic sequence of temporal cracker positions 1→ 15 and
corresponding shock wave positions 9′ → 13′, illustrating the turning and
unfolding mechanism of the tuft and the corresponding shock wave propa-
gation. Note that for the sake of clarity the cracker and shock wave posi-
tions are not shown in equal time steps. Phases of cracker motion: subsonic
1 → 3; supersonic 4→ 11, and again subsonic 12→ 15. At position 9
the cracker has reached its maximum velocity (cf. also Fig. 7c), and the
emitted shock wave at position 9′ becomes visible for the first time

In the supersonic phase the whip-tip covered a distance
of about 65 cm and moved in a highly non-steady mode, cf.
Fig. 8b. Therefore, the head wave did not develop the well-
known cone-shaped front as in the usual case of a steadily
moving projectile (Mach and Salcher 1887). In the acceler-
ation phase the maximum velocity of 744 m/s was reached
after about 850µs. In the shorter deceleration phase, last-
ing about 350µs, the head wave has a parabolic-shaped
geometry as in the case of a strongly decelerated projectile
(Prandtl 1937). In this case the moving body (cracker) is in-
creasingly lagging behind the shock front. Since the cracker
was not moving on a straight line, the head wave was not
exactly symmetrical. However, any shock focusing effects
(Gobrecht 1970) resulting from this asymmetry could not
develop because of the very short duration of the supersonic
phase.

5.5 Behavior of the cracker

To generate a strong crack, it is very important that the
cracker have a soft and dense tuft. The aerodynamic mech-
anism of the cracker is not yet fully understood. It is well-
known that the drag coefficient of many bodies and projec-
tiles of basic geometry, moving steadily and head-on along
a straight trajectory, increases significantly within the tran-
sonic regime (cf. for example Dubs 1961). Corresponding
data for a strongly accelerated motion along a curved tra-
jectory do not exist. In addition, under these extreme con-
ditions the aerodynamic behavior of fluffy bodies, such as
the tuft of a cracker, has not yet been studied, which makes
it very difficult to evaluate the aerodynamic behavior of the
cracker in terms of transiently acting drag forces. However,
a careful analysis of the series of experiments has clearly
indicated that the mechanism of shock generation is pri-
marily determined by the growing transverse position of the
cracker when approaching the turning point of the whip-lash.
Figure 9 schematically shows the increasing rotation of the
cracker before, during and after passage of the supersonic
phase which amounts in total to more than 250◦.

At a low velocity of about 200 m/s the cracker still moves
horizontally head-on with the tuft only a little opened. This
may be caused by drag forces acting along the tuft fibers,
cf. Fig. 7a and Fig. 9 at position 1. Subsequently, increasing
in speed and entering the transonic regime, the tuft fibers
close tightly and take on the diameter of the lash, cf. Fig. 7b
and Fig. 9 at position 2. Starting at position 4, the cracker
moves with supersonic velocity and at position 8 approaches
the turning point which is not a sharp discontinuity, but has
a radius of about 9 cm. The centrifugal forces, acting now
increasingly onto the tuft, are larger at the free end than at
the knot side and promote a sudden, pendulum-like revo-
lution of the tuft fibers round the knot by almost 90◦, cf.
positions 8→ 9. The cracker reaches its maximum velocity
at position 9, cf. also Fig. 7c. This process of turning over,
occurring in a short time interval of about 100µs, generates
a strong volume flow, thereby transforming the stored kinetic
energy very effectively into an acoustic shock. In the subse-
quent phase of extreme deceleration, the fibers spread apart
as shown at positions 13→ 15, remniscent of the unfolding
of an umbrella.

The shadowgraph method, capable only of resolving
strong shocks, does not show any shock emission from the
tuft within positions 4→ 8, although already moving with
supersonic velocity. This leads to the important conclusion
that for generating strong shocks the supersonic motion of
the tuft is only aconditio sine qua non, but that the essential
mechanism is the abrupt turning of the tuft in the final stage
of acceleration.

As shown in Fig. 8b the velocity of the cracker steadily
increases in the acceleration phase with a remarkable rate
of 50 m/s per 100µs, corresponding to an acceleration of
50,000 g. This momentarily produces an extreme tension
in the lash and provokes a heavy wear and tear of the tuft
fibers which need frequent trimming. The very high transient
tension loading of the fibers may also explain the emission
of micro projectiles from a lash made of a braided copper
wire, as mentioned in Sect. 2. The absolute value of the de-
celeration even surpasses the maximum acceleration. Since
the weight of the cracker is small, but the area exposed and,
therefore, the provoked drag force, are quite large, the decel-
eration process fromM > 2 back toM < 1 occurs within
a surprisingly short distance of only 20 centimeters.
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to P. Müller and R. Weiß from theHöllenzunft Kirchzarten, Black Forest,
for providing the whip cracking.

References

Bernstein B, Hall DA, Trent HM (1958) On the Dynamics of a Bull Whip.
JASA 30:1112

Boys CV(1893) On electric spark photographs; or photography of flying
bullets etc. by the light of the electric spark. Nature 47:415 and 440

Bürger W (1995) Peitschenknall miẗUberschall. Bild der Wissenschaft,
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Oxford Lasers Ltd, Oxford, OX4 1RD, U.K.. Cavity designs for metal
vapour lasers. Technical Note No.1 (1988)

Prandtl L (1913) Gasbewegung. Handwörterbuch der Naturwissenschaften
4:544, Fischer, Jena
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