I. Introduction

Electric Charging and
Discharging Processes of
Moving Projectiles

During free flight aircraft of every kind are in a
specific electrically charged condition. The physical
processes, leading to electric charging and discharging,
are of a complex nature. A number of investigations
have been made with the intention to avoid the charging process of aircraft and the involved disturbing
secondary efffects [1].

Projectiles are electrically charged quite similarly
to aircraft. They are more suitable for experimental
investigations: It is possible to guide them without
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much expenditure, under laboratory conditions,
through or past measuring devices in a defined manner, and there is a great variety of different types of
projectiles with regard to size, shape, velocity, tracer,
etc.

Research into electric charging effects on projectiles has been done, e.g., [2-81. Practical applications
are mentioned, e.g., methods for velocity
Abstract
measurements [2]. Several individual phenomena are
Every type of missle is electrically charged during free flight. The
described, but there are some contradictory results
physical mechanism, leading to the electric charging and discharging and a comprehensive understanding of all effects with
respect to charged projectiles is still missing.
effects, was investigated by measuring the electric field surrounding
For the investigations discussed in this paper a
projectiles while leaving the muzzle region, during free flight, and
of individual tests have been executed on very
variety
on impact on targets. The electric charge on projectiles is
different
projectiles with calibers between 4 and 203
10- 10-' C. Numerous experimental results were obtained with
mm
and
velocities
between 50 and 1200 m/s. Furthercalibers 4-155 mm and velocities 50-120lm/s. A physical model
the electric charging and discharging was
more,
about the complex charging effects is derived.
studied under varying conditions. In such a manner it
is possible to understand the fundamental physical effects which lead to charging of aircraft and missiles of
all kinds and to describe them more or less quantitatively. Thereafter, the charge quantities existing on
the projectile can be predicted within certain limits
and the electric field distribution in the surroundings
of flying projectiles can be indicated.
-

II. Measurement Device
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The investigations concerning the electric charge of
moving projectiles were conducted during undisturbed
free flight and under the influence of external disturbance. The most important parameter describing the
charging and discharging processes is the value of the
projectile's charge. To measure the electric charge
without touching the projectile, special sensors were
placed in the vicinity of the trajectory of the projectile. As shown in Fig. 1, electric charges Q is
generated on a sensor when a charge Q. passes the
sensor. There are two methods to measure the charge
generated on the sensor:
1) The sensor is coupled to the input of a charge
amplifier. Then the output voltage U,c,(t) of the
charge amplifier is proportional to the charge Q(t)
generated on the sensor.
2) The voltage UR(t) is proportional to the time
derivative of Q(t).
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Fig. 1. Representation of experimental set-up for measuring electric
charge Q generated on surface of sensor and signals recorded UcA(t)
and UR(t). C, is capacitance of cable. C. is capacitance of sensor.

the projectile's trajectory over a short distance (the
order of magnitude is one caliber length).
The experimental set-up shown in Fig. 2(c) is
suitable for investigating the charging processes of
projectiles while penetrating targets.
In order to describe quantitatively the charging of
moving projectiles in the following, the mathematical
expression for UR(t) is developed. Referring to Fig. 1,

Ig(t) = dQ(t)/dt =

IJ(t) + IJ(t)

(1l

+ JR(t)

where R is the resistor between the sensor and the
ground, C. is the capacitance of the cable, and C. is
the capacitance of the sensor. Starting from (1), the
following differential equation is obtained:

(2' )

UR(t) + R(Cs + Cc) duR(t)/dt = r I(t).
If the inequality

(3' )

R(C, + Cc) dUR(t)/dt < UR(t)
is valid the voltage UR(t) is proportional to I,(t):

UR(t)

=

(4 )

R Ia(f).

The inequality (3) is realized by a sufficiently small
time constant
T =

(5' )

R(C, + C,).

Measurements have shown that, in connection with
the sensors applied, (3) is valid when R < 100 kQ.
Fig. 2. Different sensor types applied.

Both signals UcA(t) and UR(t) are represented in
Fig. 1. The signals were recorded by means of storage
oscilloscopes, transient recorders, or magnetic tape
units.
According to the measurement problem, different
sensor types were applied (see Fig. 2). The shape of
the projectiles and the sensors, and the arrangement
of the sensors, and the projectiles's trajectory determine the electric field distribution and therewith the
charge Q generated on the sensors.
The cylindrical sensors for instance, shown in Fig.
2(a), are suitable for measuring the projectile charge.
q., where 1 > d, 1 > L (L = length of the projectile).
In order to investigate the dynamic behavior of the
projectile charge Qo(x) as a function of the distance to
the weapon, several cylindrical sensors were arranged
along the trajectory.
Whether there is an electrical structure of projectiles' shock waves is investigated by means of a plane
sensor which, as in Fig. 2(b) is arranged parallel to
228

111. Experimental Results
In the following some typical measurement results
are presented, which were selected out of a variety of
more than 300 individual tests.
In Fig. 3 a signal is shown which is produced by a
free-flying projectile (cal. 20 mm, v = 1000 m/s)
passing a ring-shaped sensor as in Fig. 1. A comparison of this experimental signal with a calculated
signal gives information about the electric charge
distribution on the projectile's surface and of its surroundings. The theoretical calculation is calculated to
a first approximation from a line charge of length L,
which moves on the axis of symmetry of the ringshaped sensor with velocity v as in Fig. 3.
In this connection the following equations are
valid:

Q(x) =
-

-k(f(x + L)2'+ a2
v(X + L)2 + b2
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Fig. 4. Shadowgraph of projectile leaving muzzle and passing muzzle flash (cal. 4mm, v = 350 m/s).
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Fig. 3. Measured and computed signals which are obtained by application of ring-shaped sensor. The projectile's charge is assumed
as a line charge, v is velocity of projectile or line charge.

(7)

UR(t) = R dQ/dt = R[dQ(x)/dx] dx/dt

2ms

If dx/dt = v = a constant it is valid that

R v A [(x + L)/\/ (x +

UR(X)
- x/ x +a
8
= -

+

(x
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+

L)2
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+

Fig. 5. Influence on projectile's charge when the projectile moves
through a cloud of dust (cal. 4.5 mm, V = 150 m/s).

a2

b2

x/2 X2+b 2

(8)
where Q. is the line charge, Q is the charge generated
on the ring-shaped sensor, a and b are the dimensions
of the sensor according to Fig. 3., x is the coordinate
according to Fig. 3 and A is the charge density of the
line charge, A = constant. The good conformity of
the experimental and theoretical signals allows the
following conclusions, shown in Fig. 3:
I)The electric charges are equally distributed over
the cylindrical metallic projectile's surface.
2)The charges keep stationary with regard to
time - at least during the time interval of passing the
sensors of approximately 200 MIs.
3)1n the surroundings of the projectile the concentration of charge carriers is comparatively very low.
In all executed individual tests these statements
have proved to be qualitatively true. The compilation
of the following test results modifies the above mentioned very simple model of the equally electrically
charged projectile's surface. The following phases of
the trajectory of a projectile, essential in connection
with the eletric charge and discharge, were taken into
consideration: effects in the muzzle flash when the
projectile leaves the weapon muzzle, charge and
discharge during free flight through the surrounding
air, and finally the effects when projectiles impact on
targets of various kinds.

Fig. 4 shows a projectile (cal. 4 mm), leaving the
weapon muzzle and moving through the muzzle flash.
By means of a sensor as in to Fig. 1, the charge of the
projectile as well as the electric field generated by the
muzzle flash is recorded.
Fig. 5 explains how a cloud of dust increases the
electric charge on the projectile. This effect is based
firstly on the relatively strong eletric charge of the
dust particles themselves impinging on the projectile
and secondly on the triboelectric effects when the dust
layer is removed from the surface of the projectile
during further flight.
Quite similar effects appear when the surface of
projectiles with relatively high velocity is moistened
with water prior to firing. Missiles which are positively charged when dry, show a strong negative
charge when wet. This effect is attributed to the polar
character of the H20 molecules. On the moistened
surface of the projectile a polarized double layer with
regard to charge is developed. During the flight this
layer is partially destroyed or stripped by the strong
air stream, which leads to a charging of the projectile.
In Fig. 6 it is shown how the shock wave of a
supersonic projectile generates signals on the measuring sensor near the trajectory. Comparative
measurements on shock tubes make one believe that
in shock waves electrical polarizing effects of the impurities in the air (dust and aqueous particles) take
place. It seems that, on account of their polarizing
double layers, electric fields are carried along with
shock waves.
Fig. 7 shows that a free-flying missile is in a continuous, dynamic, electric charging and discharging
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Fig. 6. Influence of shock wave on UCA signal recorded when
supersonic projectile (v = 1000 m/s) passes sensor in short distance
s (the order of magnitude is one caliber length).
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Fig. 7. Representation of a charge cloud behind free-flying projectile and UC,A signal recorded, (V = 1000 m/s).

IV. Conclusions

Fig. 8. Shadowgraphs of projectile (cal. 20 mm, v = 1000 m/s)
penetrating aluminium foil and oscillograms demoristrating charge
change by different target materials.
muzzle

charge

tion of the target materials aluminium foil, paper,
plastic, metal, and wood is accompanied by the quick
generation of electrically charged dust particles, which
might lead to an electric charging, discharging, or
recharging of the projectile's surface.
In Fig. 9 a complex process with regard to the
charging and discharging behavior of a projectile with
a tracer insert can be seen. It shows the summarized
and evaluated result of a series of investigations
whereby the electric charge is measured at different
points of the trajectory: 1) The projectile leaves the
muzzle flash with an initial charge of Ql. 2)
Penetrating a paper sheet, it is recharged to a charge
value of Q2 very fast. 3) The tracer starts to burn, by
which means the projectile is gradually recharged
again and finally reaches the charge value Q£.
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Fig. 9. Representation of complex charging and di scharging processes of tracer bullet. Measurement results show d ynamic behavior
of projectile's charge after tracer is activated (cal.,20mm, v = 1000

m/s).

state at the same time. A train of free chiarge carriers
follows the missile like a tail. The recom bination time
of the charge carriers is approximately 0 .5 s.
Fig. 8 shows effects occurring before and after the
impact of projectiles on target materials. The destruc-

On projectiles in motion and, generally, on aircraft of all kinds, various electric charging and
discharging mechanisms are competing with one
another. The respective strength of these mechanisms
depends upon the size, shape- and capacitance of the
projectile, the nature of the surface as to dust and
moisture, the existence of a tracer insert, velocity, and
finally upon the respective flight phase (muzzle flash,
free flight, impact on the target material).
After the projectile has left the weapon muzzle
and the muzzle flash, it is in initial condition and has
the primary charge Q,.
For the following reasons a constant charging Q+
takes place during free flight: 1) the triboelectric effect: stripping material particles (dust, aqueous particles) from the surface by means of the powerful
airstream - in general this effect seems to be dominant; 2) impact of charged particles on the projectile's
surface; 3) alternating effect with electric fields,
caused by the shock wave; 4) further effects, e.g., a
reacting tracer. Coincident with the charging Q+, a
discharging Q takes place, which is unimportant for
small projectile charge Q(t), but which increases with
growing Q(t), but which increases with growing Q(t),
so that Q(t) reaches a limit value Q2, at which point
Q+ = Q (see Fig. 10). This limit value Q2 is reached
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TABLE I

Fig. 10. Schematic representation of projectile's charge development.

when the electric field strength near the charged projectile has grown to such an extent that a discharge Q
takes place by spraying off charge carriers. The maximum charge value Q2 of the projectile is mainly
dependent on the size and shape of the projectile.
Estimates about the strength of the charge flux Q
out of measurements applied according to Fig. 7 and
9 have demonstrated that, depending on the size of
the projectile, 10-6A < Q < 10- A. In a balanced
condition, the strength of the electric charge flux Q+ is
of the same order of magnitude.
In Table I the medium charge values Q2 obtained,
and their polarity P in the case of saturation, have
been complied for some of the projectiles tested.
Generally, the polarity P of Q2 for one kind of projectile is alike. P seems to be determined by the degree
of impurity, caused by combustion effects in the
weapon tube and in the muzzle flash, by the moisture
content of the projectile's surface, and by the existence of a tracer insert. A distinct dependence of the
charge value Q2 on the velocity v of the projectile has
not been found.
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When the projectile penetrates the target material,
the condition of the projectile, especially of its surface, is altered extremely rapidly and intensely. This
fact may lead to a basic alteration of the strength of
the polarity as well as of the charge value Q2.
The numerous experimental results can be
qualitatively compatibly classified into the physical
model of charging and discharging mechanisms on
aircraft.
Further investigation of individual subproblems,
e.g., a quantitative description of the electric double
layers on the projectile surface or the charging effects
in connection with shock waves, will take place.
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