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An analytical scheme on the initial transient process in a simple helical flux compression generator, which includes

the distributions of both the magnetic field in the hollow of an armature and the conducting current density in the

stator, is developed by means of a diffusion equation. A relationship between frequency of the conducting current, root

of the characteristic function of Bessel equation and decay time in the armature is given. The skin depth in the helical

stator is calculated and is compared with the approximate one which is widely used in the calculation of magnetic

diffusion. Our analytical results are helpful to understanding the mechanism of the loss of magnetic flux in both the

armature and stator and to suggesting an optimal design for improving performance of the helical flux compression

generator.
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1. Introduction

Since last three decades, a variety of basic
flux compression generators has been proposed and
tested.! =7 Though their sizes and operating regimes
are greatly different, it is apparent that the helical
magnetic flux compression generator (MFCG) is the
most promising concept in relative to current amplifi-
cation and compactness in dimension. Though the ge-
ometry of the helical generator seems to be simple, the
understanding of all processes involved is rather diffi-
cult. It is apparent from lack of a computer model that
utilizes the relevant physical principles to describe the
processes without adjusting parameters. Recently, a
simple generator was proposed to improve flux and
current losses of MFCG that is focused on reliable
operation, i.e. the output current amplitude should
be highly reproducible.) Even though this generator
has been tested widely, the basic process in physics
and the mechanism of losses of magnetic flux are still
expected to be ascertained.[?! Therefore, this paper
focuses on the diffusion process of the magnetic field
and current densities in the armature and the sta-
tor of MFCG, respectively. The transient process of
the magnetic field, which is distributed over the cross

section in the armature, is investigated in Section 2,
where a relationship among the root of the charac-
teristic equation of the magnetic field , frequency of
conducting current and decay time of magnetic field
in the armature is established too. In Section 3, a
relationship between the skin depth around the inner
surface of the stator and the frequency of the conduct-
ing current density is studied. Section 4 gives a brief

conclusion.

2. The transient process in the

armature

Consider a simple helical flux compression genera-
tor based on Ref.[1], in which the generator is made of
aluminium in the armature and of copper in the helical
stator. The stator has 32 turns of insulated standard
2-AWG copper wire with a pitch of 3 mm, wound on
the surface of a Teflon mandrel with 33 mm outer ra-
dius and 31 mm inner radius. The armature is 3 mm
in thickness and 19.05 mm in outer radius. Generally,
the model of MFCG belongs in two-dimensional prob-
lem. But in the initial transient process, because the
radius of armature is smaller than its axial size (about
one-fifth of the axial size in the present case) and the
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relevant nonlinear process has not been fully under-
stood yet, a one-dimensional linear model is a good
approximation and definitely brings the convenience
to our calculation. For this helical flux compression
generator with an axial magnetic field, H,(r,t), the
cylindrical diffusion equation can be written as

OML(nt) | LOHLGnt) _ 1 OMn0)
or? ro or kg Ot

where kg is the magnetic diffusivity defined as

1
ko = , 2
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where o( is the vacuum electrical conductivity and
W= popr ~ o is the magnetic permeability in the
high magnetic field under consideration.

The distribution of magnetic field in the arma-
ture can be considered as the diffusion of the axial
magnetic field constrained by a proper boundary and
initial conditions in this simplified model

Hz (b, t) = Hoeium,

H,(r,0) =0, ®)

where b is the outer radius of the hollow armature and
w is the circular frequency. The diffusion problem of
a hollow cylindrical conductor requires an additional
boundary condition on the inner surface. To obtain
this condition, it is necessary to apply Faraday’s law
to the hollow interior of a long conductor where H,
has the same value everywhere inside the cylinder.
First, we integrate one of Maxwell’s equations

over a surface

/(VxE)-ds:f/aa—?ds. (4)
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According to Stoke’s theorem, we have

0B 0OH

Define the surface as the intersection of a normal plane
with the hollow interior such that

dH,
A% :fE.dz (6)

where A = ma? is the cross-sectional area of the hol-
low interior while a is the inner radius of the armature.
With V x H = 3 and Ohm’s law in the interior region
of the conductor, we obtain

VxH=j=o0E. (7)

Since the tangential component of E must be contin-
uous on the surface, Eq.(6) takes the forms

oA dH=(a:t) {ij{Vxhdl], (8)

dt ago
fuoaomﬂmzi(:’” = Vv x H - dl} . (9)
1 ,dH.(at) OH,
e ma 7 = 2ma {— o) (10)
de(a,t) 2k‘0 GHZ
dt a { or Jra (11)

Equations (3) and (11) represent the transient bound-
ary condition for the diffusion of an axial magnetic
field into a hollow conductor governed by Eq.(1). The
solution of Eq.(1) can be evaluated from mathemati-
cal physics. The field H,(r,t), which is built up from
the cavity of the conductor, can be given in the form

o0
H,(r,t) = Hy+ 7Hy Z e~ koat

n=1

where Jy, Jo, -+ ; Yy, Ys, - - - are Bessel functions of the
first kind and second kind with their orders n = 0 and

2. «,, are roots of

flay) = Jo(bay)Ya(aay,) — Yo (bay,)Jo(aa,) = 0,
(13)
where f(ay,) = 0 is called the characteristic Bessel
equation. We plot the first eight roots «a,, in Fig.1,
where we can see that the value of function between

)
T2 (ban) — JZ(acr) ! (12)

the first root and second root is quite larger than the
rest. These roots are listed in Table 1. On the other
hand, in Eq.(3) it can be seen that w = 27 f,, = koa?2,
where f, is the frequency. Thus, a relationship among
the root, frequency and decay time of the magnetic
field in the armature is given by

1 koo

- o, 2w

fn

(14)

Table 1 shows these characteristic values.
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0.06 chemical explosive duration is about several tenths of
' microsecond and the initial physical process (for ex-
0.04 C . .
ample, initial current) changes fast until 40 us which
0.02 .
aN can be seen in Ref.[1].
- 0 \_/'f-\v -
-0.02 v Table 1. The first eight roots and frequencies
-0.04 and decay times.
-0.06 n an fn/kHz T/us
- v . . . . . . 1 200.42 0.14 1130
0 1000 3000 5000 7000
a 2 1085.08 4.14 38.4
Fig.1. f(a) vs a and first eight roots. 3 2113.85 15.72 10.1
4 3154.63 35.01 4.56
In Eq.(12) it seems that a series number n can vary 5 4198.58 62.02 257
from 1 to infinity separately. But according to Table 1 6 5943.83 06.74 1.65
and Ref.[1], the decay time is beyond the limit of the 7 6289.67 139.16 1.14
physical process if n = 1. Therefore, it is reasonable 8 7335.96 189.33 0.84

to consider the number n varying from 2 to 8 as the
initial transient process. In other words, the time can
change from about 0.8 us to 40 us because the whole

8
HZ(T,t) = H() +7TH()ZQ
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Then, Eq.(12), which describes the initial transient
process of the armature, can be expressed as

n=2

Jg(ba") - J22(aan) (15)

For example, at the time of 40 us the above formula can be simplified as follows:

J3 (aas)[Jo(azr)Yo(bas) — Yo(anr)Jo(bas)]

HZ(T, t) = H() + 1109H()

Figure 2 shows the distribution of magnetic field
in the hollow armature of the generator according to
Eq.(16) at 40 ps.
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Fig.2. The distribution of magnetic field in the armature

at 40 ps.
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3. The transient process in the

stator

Now we are interested in the distributions of both
current density and skin depth in the stator. If the

T3(ba) — J3(aas)

helix coil of stator is wound uniformly and densely, it
can be equivalent to a metallic hollow. The diffusion
equation of current density can be simplified into a
one-dimensional linear equation.[?!

Taking the curl of the magnetic field H, the cur-
rent density j can be derived from the same differen-
tial equation, which can be expressed in the form of a

cylindrical symmetric coordination as follows:

0%j(r,t) | 10j(rt) j(r,t) _ 1 0j(rt) (17)
or? r Or r2 ko Ot

where j is an azimuthally conducting current density.

Regarding to a simple helical flux compression
generator, no matter what the initial charging pro-
cess of circuit or a compressive process of explosive
driven magnetic flux is, the tendency of current chang-
ing with time can be approximately depicted with an

exponential form
I(r,t) = I(r)er" — j(r,t) = j(r)e"’, (18)

where wq is the oscillation frequency of the circuit for
the initial charging process, which is proportional to
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the relative change rate of current
dI/d¢  dj/de
Y

I J

If we insert the exponential form of current density

(19)

into Eq.(17), then we can see that the diffusion equa-
tion of current density is independent of time

i) | 14j(r)
dr? r dr

(g + /)i =0, (20)

w1 . . . .
where 3% = T is assumed to be a diffusion coefficient

Together with the
boundary condition at the inner surface r = r. in the

0
of current density in the stator.

stator, the current density has the following form:
Jr) =jge, r=re. (21)

C:jc

In regard to the boundary condition of outer surface
r = rq in the stator, it can be written as follows:

dji(r)

2
dr

= 3rj(r),

r=Tq. (22)
The solution of Eq.(20) for the current density is a
linear combination of modified Bessel functions:

j(r) = CL(Br) + DK1(Br), (23)
where I and K7 are modified Bessel functions of the

first kind and second kind. C and D are coefficients
given below:

Ko(Bra) + Ko(Bra) + BraKi(Bra)

D = j.

[Ko(Bra) + K2(Bra) + BraKi(Bra)ll1(Bre) + [To(Bra) + I2(Bra) — Brali(Bra)lKi(Bre)’
In(arg) + Ly(arq) — arqli(arqg) (24)
[Ko(Bra) + K2(Bra) + ara K1(Bra)ll1(Bre) + [lo(Bra) + L2(Bra) — Brali(Bra)l Ki(Bre)
The current density around the inner surface j. can be obtained from the following integration:*!
I =p [ 3(r)dr = pClio(Bra) ~ Ta(Br)] + pD{Ea(ra) ~ Ko(5ro)) (25)

Tc

where p is the pitch of coils. Finally, the current density around inner surface of the stator can be expressed as

L

Je P {[Ko(Bra) + Ka(Bra) + BraKi(Bra)l I (Bre)+

[lo(Bra) + I2(Bra) — Brali(BRa)|K1(Bre)}/

{[Ko(Bra) + Ka(Bra) + BraKi(Bra)|[lo(Bra) — Io(Bre)]+
o(Bra) + Iz(Bra) — Brali(Bre)][Ko(Bra) — Ko(Bre)]}-

With Eq.(26), we can obtain not only the distribu-
tion of the current density but also the value of the
skin depth in the stator. On the other hand, it is well
known that the skin depth can be expressed approxi-

1
Py S —
27 f pooo

Therefore, we can compare our calculated results with
the results from Eq.(27).

Table 2 shows that the skin depth decreases as
the frequency increases. The maximum value of skin

mately as

(27)

depth occurs at a frequency of 1 kHz. This kind of
residual effect becomes very important in the optimal

design of MFCG. For example, the copper wire has
a 2 mm diameter in the present case. According to
Eq.(27), the skin depth goes through the diameter of
the copper wire at 1 kHz, which may result in an extra
flux loss. But it does not appear in the experiment of
MFCG and can be avoided by our calculated results.
Roughly, the difference between the two methods (the
present method and Eq. (27)) gradually decreases as
the frequency increases. In order to see how the skin
depth distributes along the radial distance inside the
stator, we present the calculated results as shown in
Fig.3.
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Table 2. Skin depth in the stator.

Frequency/kHz Skin depth from Eq.(27)/mm Skin depth from our scheme/mm
1 2.08 1.01

10 0.66 0.46

100 0.21 0.15

1,000 0.06 0.046

10,000 0.006 0.0047

1,000,000 0.002 0.0015

In Fig.3, from top to bottom, the frequency
changes from 1 kHz to 10,000 kHz in proper order.
The current density in the stator decreases with the
radius increasing while the effect of eddy current be-
comes more prominent as the frequency of conducting
current increases. The higher the frequency, the more
the eddy current trends to adhere to the inner sur-
face of the stator, which is due to the current density
on the inner surface being attracted by the inducted

current density in the armature.

0032 00325 0033

R/cm

0.031  0.0315

Fig.3. The distribution of current density in the stator.

4. Conclusion

An analytic scheme for a simple MFCG model is
proposed to deal with transient processes of the mag-
netic field in the armature and the current density
in the stator with the diffusion equations. Simula-
tion results show that 1) relative steady states in the
transient process of the magnetic field or current may
still be achieved if the frequency of conducting cur-
rent reaches a serial separated roots of solution in the
characteristic equation of magnetic field; 2) the initial
transient process takes place from about 1 us to 40
s, which corresponds to the characteristic separating
number n from 8 to 2; 3) the higher the frequency is,
the faster the magnetic field or current density decays
along the radial distance. But if the frequency is very
high, the effect of skin depth becomes very obvious; 4)
our method for dealing with the effect of skin depth
seems more robust than the traditional formula like
Eq.(27). Therefore the scheme describing initial tran-
sient processes of an MFCG is helpful to the further
understanding of the mechanism and optimal design
of a helical flux compression generator as well.
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