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Capacitor-Driven Coil-Gun Scaling Relationships
Zhang Yadong, Wang Ying, and Ruan Jiangjun

Abstract—Scaling method is an applied scientific method em-
ployed in experimental analysis. Also, in the analysis of an elec-
tromagnetic-launch system, the scaling method can be an aid in
the conversion of test results from models to original. This paper
focuses on the capacitor-driven coil-gun scaling relationships be-
tween the original and the model. The current-filament method is
used to derive the scaling relationships of a capacitor-driven coil
gun. If the input scale factors are chosen properly, output scale
factors can be calculated by the scaling-relationship equations.
Two single-stage coil guns were constructed and tested to verify
the scaling method. The calculated scale factors agreed quite well
with the test data. Further, three-stage coil guns were simulated
based on Ansoft to verify the scaling method of the field results
and changes in velocity with respect to the discharge position. It
is shown that the scaling method is feasible. These laws allow,
with proper application, the construction of experimental models
in which phenomena similar to those occurring in the original are
reproduced. The result can then be recalculated, using the scale
factor for the physical quantity, into the original configuration. A
detailed derivation and validation will be presented in this paper.

Index Terms—Coil gun, current-filament model, model, scaling.

I. INTRODUCTION

A COAXIAL capacitor-driven coil gun consists of a barrel
formed by an array of stationary coils, which create a

magnetic field for propelling an armature. The coils of the barrel
are fed in sequence by a set of capacitor-driven circuits. Com-
pared with a rail gun, a coil gun has virtues of high efficiency, no
sliding electrical contact, and suitability for launching massive
objects [1]–[4].

The scaling method has been widely used in electromagnetic-
launch technology [5]–[7]. Due to resource constraints, con-
ducting experiments in models makes economical sense.
Model-system test results and the experiences gained during
the fabrication and testing can be extremely valuable. However,
how to extrapolate the result from model tests to original
constructions is more essential. As a bridge, the scaling method
can set up the relationships between the model and the original.
Once scaling relationships are established, the performance
of the original construction can be reproduced by experiment
on the scaled model. The result can be recalculated, using
the scale factor for the physical quantity, into the original
configuration. This paper, based on the current-filament method
and some electromagnetic-field equations, deduced the scaling
relationships of a capacitor-driven coil gun. Then, two single-
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Fig. 1. Filament model of the capacitor-driven coil gun.

stage coil guns were constructed and tested to verify the scaling
method. Further, finite-element simulations based on Ansoft
were constructed to verify the scaling relationships between the
two models, including circuit and field results.

II. DERIVATION OF THE COIL-GUN

SCALING RELATIONSHIPS

In a coil gun, forces are characterized by the current and
the variations in the mutual inductance between the armature
and coils. The mutual inductance could be determined using
the current-filament method described in [8]. It assumes an
axisymmetric accelerator geometry. The set of equations can be
derived by considering the induction acceleration of a circular
filament, driven in a repulsion mode by another concentric
circular filament subjected to an arbitrarily varying voltage.
An induction coil gun based on the current-filament method is
modeled by the equivalent circuit shown in Fig. 1.

Employing Kirchhoff law, the network equations of the ith
stator coil is expressed as

RciIci + Lci
dIci

dt
+

i−1∑
k=1

Mccki
dIck

dt
+

m∑
j=1

d

dt
(McaijIaj)=Ui

(1)
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where

Ui = Ui0 − 1
Ci

t∫

ti

Ici dt, t ≥ ti. (2)

Employing Kirchhoff law, the network equations of the jth
filament is expressed as

RajIaj + Laj
dIaj

dt
+

i∑
k=1

d

dt
(MackjIck)

+
m∑

k=1,k �=j

Maajk
dIak

dt
= 0. (3)

The basic coil-gun equations are expressed as

F =
n∑

i=1

m∑
j=1

IciIaj
dMacij

dz
= ma (4)

v =
∫

a dt (5)

l =
∫∫

a dt dt. (6)

The resistance equation is expressed as

R = ρl0/s. (7)

The self-inductance and mutual inductance are

L ∝ f(μ, x), M ∝ f ′(μ, x). (8)

The efficiency of a coil gun is calculated as

η =
1
2m0v

2

1
2

n∑
i=1

CiU2
0

=
m0v

2

n∑
i=1

CiU2
0

. (9)

The electromagnetic-field equations for the system can be
written as

∇× B

μ
=J (10)

∇× J

σ
= −∂B

∂t
(11)

∇ · B = 0 (12)

where
Ui voltage applied to the ith coil;
Rci resistance of the ith coil;
Raj resistance of the jth armature;
Lci self-inductance of the ith coil;
Laj self-inductance of the jth armature;
Mccki mutual inductance between the ith and kth coil;
Maajk mutual inductance between the jth and kth armature;
Mcaij mutual inductance between the ith coil and jth

filament;
Ici current in the ith coil;
Ick current in the kth coil;
Iaj current in the jth filament;
Iak current in the kth filament;
B magnetic flux density,

J current density,
t time,
σ electrical conductivity,
μ permeability.

As a prerequisite, the model must be subjected to physical
processes similar to those existing in the original. The equation
systems for the original and the model are the same and differ
only in the indexes of the physical quantities. We denote as
() and (a) the coordinates associated with the original and
model, respectively. Scale factor K used to describe the scaling
relationship is defined as ()′ = K (), i.e., B′ = KB B, etc. All
homologous values of the original and the model must, for each
quantity, maintain a constant proportionality to each other. With
this notation, the equations for the model can be written as

KRci
KIci

RciIci+KMccki

KIck

Kt

i−1∑
k=1

Mccki
dIck

dt
+· · ·

KLci

KIci

Kt
Lci

dIci

dt
+KMcaij

KIaj

Kt

m∑
j=1

d

dt
(McaijIaj)=KUi

Ui

(1a)

KUi
Ui =KUi0Ui0−KIci

Kt

KCi

1
Ci

t∫

ti

Ici dt (2a)

KRaj
KIaj

RajIaj +KMackj

KIck

Kt

i∑
k=1

d

dt
(MackjIck)+· · ·

KLaj

KIaj

Kt
Laj

dIaj

dt
+KMaajk

KIak

Kt

m∑
k=1,k �=j

Maajk
dIak

dt
=0

(3a)

KF F =
KIci

KIaj
KMacij

Kl

n∑
i=1

m∑
j=1

IciIaj
dMacij

dl
=KmKama

(4a)

Kvv=KaKt

∫
a dt (5a)

Kll=KaK2
t

∫∫
a dt dt (6a)

KRR=
KρKl0

Ks

ρl0
s

(7a)

K ′
LL∝KμKxf(μ, x), KMM ∝KμKxf ′(μ, x) (8a)

Kηη=
KmK2

v

KCi
K2

U0

mv2∑n
i=1 CiU2

0

(9a)

KB

KxKμ
∇×B

μ
=KJJ (10a)

KJ

KxKσ
∇× J

σ′ =−KB

Kt

∂B

∂t
(11a)

KB

Kx
∇B=0. (12a)

Physical similarity entails the condition that the equations
for the original and the model differ only by a constant. This
means that the power products of the scale factors must equal
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Fig. 2. Original model and scale model of the experiment.

each summand in (1a)–(12a). For example, the conditions on
the scale factors of (1a) can be expressed with the following:

KRci
KIci

=KMccki

KIck

Kt
=KLci

KIci

Kt
=KMcaij

KIaj

Kt
=KUi

.

(13)

With this notation, one could obtain the condition equations
for the scale factors from (1a)–(12a). Because a coil-gun system
is often constructed by linear materials, the permeability and
electrical conductivity of the model and the original are the
same. We could set Kρ = Kσ = Kμ = 1 as the preconditions.
Finally, the scaling relationships can be transformed and sum-
marized as (14).

The solutions of these equations give the scale laws which
govern the relationships of the scale factors with each other
for the physical quantities. If a coil-gun model is constructed
to research the original, the scaling relationships of (14) must
be followed, where Kt must be equal to the square of the
geometric scale factor Kx, and the gun current-peek scale factor
KI must be equal to KU0Kx, etc. The original and the model
have the same efficiency. The scale factors could be selected
flexibly based on different experimental conditions. The results
gained from experiments on the model can now be converted
into the original
⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Kη = Kρ = Kμ = Kσ = 1
Kv = KR = KRci

= KRaj
= 1/Kx

KM = KL = Kr = Kl1 = Kl2 = Kr0 = Kz = Kx

Kt = K2
x

KCi
= K3

x

KB = KUi
= KU0

KIck
= KIaj

= KIak
= KIci

= KU0Kx

KJ = KU0/Kx

Km0 = K2
U0

K5
x.

(14)

III. EXPERIMENTAL VALIDATION

To verify the scaling relationships of a coil gun, two single-
stage coil guns were constructed, as shown in Fig. 2. The
geometry parameters of the two models are shown in Fig. 3.
The geometry scale factor is Kx ≈ 0.8. The mass of the original
armature is 40 g, and the scaled armature is 20 g. Therefore, the
mass scale factor is Km = 0.5. According to (14), we could get
KC ≈ 0.5 and KU0 ≈ 1.24. The power source that we used and
the results that we tested are shown in Table I. The scale fac-
tors of current peek, time, and velocity are KI = 0.82 ≈ Kx,
Kv = 1.23 ≈ 1/Kx, and Kt = 0.615 ≈ K2

x, respectively. The
calculated scale factors according to (14) could agree quite well
with the test data. We can see that the scaling method is feasible.

Fig. 3. Geometry parameters of the coil-gun experiment. (a) Geometry of the
original. (b) Geometry of the model.

TABLE I
SCALING RESULTS OF THE EXPERIMENTS

Fig. 4. Comparison of the test result and Ansoft result.

IV. NUMERICAL VALIDATION

There is only one stage coil in the experiment which cannot
demonstrate the changes in velocity with respect to the dis-
charge position in a multistage coil gun nor show us the field
results. Thus, two 3-D finite-element models based on Ansoft
were constructed to validate the scaling relationships.

The transient solver in Ansoft has been widely used in coil-
gun studies [9], [10]. To confirm the accuracy of Ansoft, the
experiment parameters in [11] are simulated and compared. The
test result in [11] and the Ansoft simulation result are shown
in Fig. 4. It is shown that the simulation result is a bit higher
than the test results. However, taking friction, noncoaxiality,
and other factors into consideration, the simulation result is
thought to be correct, and Ansoft is workable to solve the
coaxial induction coil gun.
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Fig. 5. 3-D simulation model of the three-stage coil gun based on Ansoft.

Fig. 6. Geometry parameters of the original coil-gun simulation.

For simplicity, the power sources of every stage coil were
set to be the same. Every coil in the original is powered by a
capacitance of 2 mF and initial voltage of 1.5 kV. According
to (15), every coil in the model is powered by a capacitance
of 0.25 mF and initial voltage of 6 kV. The mass of the
original armature is 0.2 kg, and the mass of the armature model
is 0.1 kg.

The original and the model in the simulation look exactly the
same, as shown in Fig. 5. The geometry of the original is shown
in Fig. 6. The geometric scale factor Kx and voltage scale factor
KU0 are selected to be the input scale factors, where Kx = 0.5
and KU0 = 4. According to the scaling relationships of (14),
the output scale factors can be calculated as

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

KCi
= 0.125

Kt = 0.25
Km0 = KM = KL = Kr = Kr0 = Kx = 0.5
Kη = Kρ = Kμ = Kσ = 1
Kv = KR = KIck

= KIaj
= KIak

= KIci
= 2

KB = KUi
= KU0 = 4

KJ = 8.

(15)

The simulation results of the original and the model are
shown in Figs. 7–9 respectively. It is seen that the calculated
scale factors could satisfy (15) quite well, where KI = Kx =
0.5, as shown in Fig. 6, and Kv = 1/Kx = 2 and Kt = K2

x =
0.25 as shown in Fig. 7. The magnetic-flux densities at the
corresponding moment of the two models are shown in Fig. 8.
It is shown that the magnetic-flux density distribution in the two
systems are the same, while their values fulfill B′/B = KB =
K2

x = 4. The simulation results show quite clearly that every
parameter follows the scaling relationships of (15).

Fig. 7. Simulation results of the current curves. (a) Current curves of the
original. (b) Current curves of the model.

Fig. 8. Speed curves of the two models.

V. CONCLUSION

The application of the scaling method as a scientific method
has a long tradition in some research areas. Since experiments
are very important in the coil-gun research, the scaling method
can also be a valuable aid here. The scaling relationships of
a capacitor-driven coil gun have been deduced in this paper.
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Fig. 9. Magnetic-flux density of the two models. (a) The magnetic-flux density
of the original at 0.002 s. (b) The magnetic-flux density of the model at 0.0005 s.

Then, two single-stage coil guns were constructed to verify
the conclusion. Further 3-D finite-element simulations were
constructed to verify the scale factors of velocity and field
quantity in the multistage coil gun. Analytical conclusions are
summarized as follows. Scaling method is feasible in the coil-
gun design. With proper application, scaling relationships allow
the construction of experimental models in which phenomena
similar to those occurring in the original are reproduced. The
results can then be recalculated, using the scale factor for the
physical quantity, into the original configuration. The efficien-
cies of the two systems are the same. The scale factors can be
selected flexibly based on the different experiment conditions.
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