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GENERAL ENERGY RELATIONS FOR RAIL GUNS

Yu. L. Bashkatov and G. A. Shvetsov UDC 533.95:538.4

The question of energy relations is one of the most important questions in the descrip-
tion of the operation of rail guns and the analysis of their potential possibilities. For
limited energy storage in the supply source, the efficiency of the conversion of electromag-
netic energy into kinetic energy of the accelerated body essentially determines the possible
scale of the experiment. There are a large number of papers devoted to this problem (see,
e.g., [1-9]). In the analysis of the energy conversion efficiency there arises the question
of the optimal choice of the parameters of the system under study, ensuring the most efficient
conversion of energy stored in the source into the kinetic energy of the accelerated body:
the energy of the source, the inductance and active resistance of the circuit, the inductance
per unit length of the accelerator, the mass of the body, and other parameters characterizing
only the given type of source. Since the number of determining parameters is small, the main
method reduced to the numerical solution of the equations determining the acceleration pro-
cess together with analytical study of the asymptotic states. This approach is developed in
particular in the works cited above. Numerical solutions permit determining the optimal param-
eters of the system for a given energy source, but do not fully reveal the general energy re-
lations, characteristic of the rail gun method for accelerating solids.

The main analytical solutions, which permit evaluating, under a number of assumptions,
the velocity and efficiency with which the energy stored in the source is converted into ki-
netic energy of the body, were obtained in [1-3, 5, 6]. Without examining in detail the as-
sumptions made by the authors, we point out only that an assumption common to all of them
is that the active resistance of the circuit equals zero. As a consequence of this assump-
tion it was concluded that with a correct choice of the parameters of the accelerator and
source the conversion efficiency can be close to unity. At the same time the results of a
numerical solution of the equations and qualitative considerations regarding the ohmic losses
show that the effect of the active resistance of the circuit on the velocity of the body and
the efficiency can be very significant [5-8]1. 1In [7, 8] it is pointed out that ohmic losses
in real accelerators can substantially limit the possibility of rail guns.

The most complete analysis of the energy distribution in a circuit consisting of a capa-
citor bank and a rail gun has apparently been carried out in [9] for the experiments described
in the literature. For the acceleration of particles with a mass of 0.3 g a maximum velocity
of 3.3 km/sec with an energy conversion efficiency of ~1% was achieved. The ratio of the
kinetic energy of the body to the ohmic energy dissipated in the plasma bridge, accelerating
a dielectric body, equalled approximately 137. Data which would permit evaluating the ratio
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TABLE 1

% | R, A, GN/ml »,. km/ Ry, §2 A, GN/m| o, km/ | g, Q | .GN/m
km/sec sec sec

10 10-3 4.1077 20 10-3 2.10°7 40 10-3 10-7

30 3.10-3 4-»10"7 60 3.10°3 214077 120 3.10-3 1077

50 5.10-3 4.1077 100 5.10-3 2.10-7 200 | 5.10-® 10-7

of the kinetic energy of the body to the total ohmic losses in the circuit were not presented,
but it is obvious that it is small and falls between the two values indicated.

Thus the results of experiments and numerical modeling show that the effect of the active
resistance of the circuit on the efficiency of the accelerator operation can be very signifi-
cant and it must be taken into account when the maximum possibilities of rail gunsareevaluated.

This paper is concerned with the study of the dependence of the energy characteristics of
rail guns on the basic parameters of the circuit, including the active resistance. The ratio
of the kinetic energy of the body and the ohmic losses in the circuit is studied.

1. We represent the equations of motion and energy balance in the rail gun in the form

m2 ~ 2 p, ~ (1.1)
Wy = E(t) + Er(t) + W (1), (1.2)

where m and v are the mass and velocity of the body; A = dL/dx is the inductance per unit
length of the rail gun; I is the current; W, is the initial energy of the source; Ep(t) =

4
mv2/2 is the kinetic energy of the accelerated body; ER(0=='YHI%ﬁ are the ohmic losses in
0
circuit; R is the resistance of the circuit; and W(t) is the instantaneous value of the elec-
tric and magnetic energy in the circuit.

We rewrite the expression (1.2) as follows

Mk (t) + nr () = 1 — &(t). (1.3)

Here ni(t) is the efficiency of conversion of the energy W, into kinetic energy of the body,
nR(t) characterizes the relative fraction of ohmic ‘losses; and, e{(t) = W(t)/W,;.

If it is assumed that the active resistance of the circuit remains constant during the
operation of the accelerator, i.e., R = R, = const and v(0) = (0), then combining the expres-
sion for Eg(t) with Eq. (1.1) we obtain

Ep = 22R”, (1.4)
A
Ek v,
Ep T v’ (1.5)
430
Uy == 5= (1.6)
(vy is the characteristie velocity). TFor v < vg, E < Ep and for v > vy, Ep > Ep. As an il-

lustration Table 1 gives the values of v, calculated for A = 4-1077, 2:1077 and 10”7 H/m,
characteristic for rail guns with square, rectangular, and coaxial cross sections. It should
be noted that the ratio of the kinetic energy of the body and the ohmic losses in the circuit
(1.5) is independent of the shape of the current pulse.

Combining the expressions (1.3) and (1.5) we can obtain Ngs Nps and v as functions of wvy:

v

Uy
v

1%—;:

Mk = (1—e); (1.7)
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1—e¢

Nr = bt (1.8)
1+-Z

W '

v=v*(]/%_+mvg (1-—8)—-—%). (1.9)

% .

If it is assumed that by the end of acceleration £ - 0, the expressions (1.7)-(1.9) permit
evaluating the maximum values of ny(«), np(~), v,. For Ry = 0 vy = 0 and the maximum v, as
expected for a nondissipative system, equals

. 2W0
Dy == . (1.10)

m

Substituting (1.9) into (1.7) and (1.8) and normalizing (1.9) to (1.10) we find
1

(o) VI it (1.11)
2

nn(°°)=——-——1———'
1 1’ (1.12)
Vr+a+7g
Voo A
T tA+ 7
Ao (1.14)

It follows from expressions (1.11)-(1.13) that ”k(m)’ nR(w), and Vm/VA depend only on one
dimensionless parameter A, formed from the initial determining parameters of the system W,
m, Ry, and A; A can be regarded as a similarity criterion for describing the operation of
rail guns. '

The dimensionless parameters vy and A are analogous to the characteristic numbers employed
in magnetohydrodynamics: the Alfvén velocity and Alfven's number, the only difference being
that v, characterizes the velocity at which the kinetic energy of the body equals the ohmic
losses in the circuit, while the parameter A equals the ratio of the initial energy in the
source to the conventional kinetic energy of the body moving with the velocity vy.

In [1, 2, 4-6], where the operation of rail guns to which power is supplied by a capaci-
tor bank is analyzed, the parameter q = A2C,2Uy2?/2mL, introduced by L. A. Artsimovich and his
colleagues [1] is widely used (A is the inductance per unit length of the rail gun, C, is the
capacitance of the capacitor bank, U, is the voltage on the bank, m is the mass of the body,
and L, is the starting inductance of the circuit). Comparison of A and g shows that the param-
eter A is more general, is more convenient physically, and takes into account the active re-
sistance of the circuit. The relationship between A and g can be represented in the form
A = qp,2/8R,2 (p = VL,/C, is the wave impedance).

2. Simple analytic relations between E, and Ep and expressions for ny, ng, and v can be

obtained for the case when the resistance of the circuit changes during the operation of the
rail run. Setting
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R = Ry + aw/ve, o = const, (2.1)

and following the arguments presented above in the analysis of the energy characteristics
for R = R, = const. we have

T ==———é§————; (2.2)
29 74
B v
e (2.3)
Mk v 20\’ ‘
4—;“(1i x;;)
v

(2.4)

*
Mg = v 20 ’
t+5-(1+550)
1 1
l/ T—}—A(l—s)(i—}—)-w—)——z-
LA z . (2.5)
Uy 2o

Here vy and A are determined, as before, by the expressions (1.6) and (1.14); v_ is the veloc-
ity at which acceleration terminates. Substituting (2.5) into (2.3) and (2.4) we obtain the

analytic dependences of Ng» NR and v on €, A, a/Ry, vy/v,, whose maximum values for € = 0
equal

o0) =1—
M (00) _ (2.6)
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; (2.7)

R L v e e ST (2.8)
’ (1+230)(2+‘/4+(1+2%;)2)

The parameter o/R, characterizes the increment to the resistance of the circuit during the
operation of the rail gun. For o = 0 the expressions (2.2)-(2.8) are identical, as expected,
to (1.11)-(1.13). The dependences of nk(w), UR(m) (solid and broken lines) and of v_ /vy on

A are shown in Figs. 1 and 2, the dependences on vw/vA are shown in Fig. 3, and the dependence
of v, /vy on vy/v, is shown in Fig. 4. Curves 1-4 in Figs. 1-4 were constructed for a/R, = 0,
1, 2, and 6, respectively.

The expressions (1.5)-(1.13) and (2.1)-(2.8) permit analyzing the energy ratios for a
rail gun in the general case. The introduction of the characteristic velocity vy makes it
possible to evaluate the velocity of the body and the efficiency with which the energy of the
source is converted into the kinetic energy of the body in terms of the starting parameters
of the system Wy, m, R;, and A, known initially, and the increment to the resistance of the
circuit at the end of acceleration of the body. We note that in our analysis the form of the
source of electromagnetic energy was not specified; W, can be the energy stored both in a
capacitor bank, in inductive storage, or in some other source. The analysis for a given type
of source can be continued by substituting a specific expression for W, into the formulas ob-
tained. In particular, when W, is the energy stored in inductive storage, and R = av/v_, the
analytic dependences of the velocity of the body, ng, and np on the increment to the inductance
AL - Ax (x is the distance traversed by the body) can be derived. Figure 5 illustrates the
dependence of v/v, on AL/L, (curves 1-3 correspond to a/Avy = 0, 0.5, and 2).
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