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ABSTRACT

Dynamic characteristics of the degaussing field of hollow ferromagnetic cylin-
ders and spheres with thin walls have been investigated. Dynamic effects in tilt
correction of the degaussing field of large objects, such as hulls of steel ships,
may be important, while in small objects they can be neglected.

In thin-walled bodies where the induced flux is smallas comparedwith the ex-
citing flux, the degaussing requirements can be determined by neglecting the
effect of iron on the degaussing field. Thick-walled bodies behaveas solid bodies
with respect to the dynamic effects in the degaussing field.

The results given in this report are alsoapplicable to structures made of non-
magnetic conductive materials in evaluation of eddy-current fields.
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LIST OF SYMBOLS

a Outside radius of the cylinder or sphere (meters)
A Cross-sectional area of the cylinder or sphere (meters?)
k Relative permeability of the material

ke Effective permeability of the body

2 = a(““;“)*

DGR Degaussing Ratio (complex ratio of the degaussing current required for
the tilt correction under dynamic conditions to the same current required
under static conditions)

) Wall thickness of the cylinder or sphere expressed as a fraction of the
radius (a)

Ko Permeability of free space in mks units = 47 X 10" henry/meter
P Resistivity of the material, (ohm-meter)

Pe Exciting flux (webers)

o Induced flux (webers)

ot Total flux (webers)

w Angular frequency of the applied field (radians/second)

The symbols listed here do not include those symbols used in the inter-
mediate steps of derivations given in the Appendix.
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SUMMARY OF FORMULAE

Degaussing Ratio (DGR)

Hollow cylinders in transverse exciting field:

k .z \.,-3
1+ K6 <£ " i )3 tanh (6zj%)
k(s ’ 1 1

1+ gj ® tanh (62j%)

DGR =

Hollow cylinders in longitudinal exciting field, and hollow spheres:

. 1 1
2k .2z -2 z
1+ 2Kk6 <? } J.2_k)j tanh (6zj )
DGR = .
2ké 9k _,% %
1+ 7j tanh (6zj )
Total Flux
¢t = keuoHoA .

Hollow cylinders in transverse exciting field:

k.3 3
1+ ~j ° tanh (62 %)

ke =

k Z 1 1
1 2\ 72 :Z
1+ E(E+ ]l—{)J tanh (6zj°)
at w = 0

K _ 1+ Kb
€T 1+ k&

Hollow cylinders in longitudinal excit}ng field:

1
-2 2
1+ Z?k j tanh (6zj )

ke=1+ Z o~} tanh (623%)
Jord ™} tanh (o2t

atw =0

ke = 1+ 2ké
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Hollow spheres:

1 1
-1 i
1+27kj tanh (6zj")
ke = : -
1 (2K, 42)472 B
3\ i o
1+ 3 (S +37)5 7 tanh (62
at w = 0
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DYNAMIC CHARACTERISTICS OF THE DEGAUSSING FIELD
OF HOLLOW FERROMAGNETIC CYLINDERS AND SPHERES

- O. Petersons -

INTRODUCTION

Most degaussing systems on ships are designed to produce the required de-
gaussing effect when the ship is in an even-keel position. During rolling and
pitching conditions mismatch occurs between the earth's field and the applied
degaussing field. Some high-quality degaussing systems on minesweepers are
equipped with tilt correction, which automatically corrects degaussing currents
according to the changing field conditions. The degaussing currents required in
the tilt correction are measured or calculated assuming static listing of the ship.
Under such conditions eddy-current fields, which originate from dynamic effects,
are neglected.

If the ferromagnetic bodies under consideration are of relatively small physical
size, the eddy-current fields are small and may be neglected. This, however, is
not true of larger bodies, such as hulls of steel ships.

In a previous report [1] the dynamic effects were studied in solid ferromag-
netic cylinders. In the present report these investigations are extended to hollow
cylinders and spheres with thin walls. Ships with steel hulls would approximate
such bodies.

THEORETICAL CONSIDERATIONS

a) General

The problem of tilt correction is formulated and definitions are stated in
Reference 1. The basic concepts are reviewed briefly here.

It is proved that conditions applying to a body rolling sinusoidally with fre-
quency w in a static magnetic field can be closely approximated by those resul-
ting from the application of a sinusoidal field to a stationary body. In the an-
alysis presented in this report, stationary bodies with varying fields are con-
sidered.

The "degaussing ratio" (DGR) is defined to be the complex ratio of the degauss-
ing current required for tilt correction under dynamic (rolling, pitching) con-
ditions to the same current required under static conditions. The degaussing ratio
is related to various components of flux in the body as follows:
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?i de
DGR <${)w LdT)w (1)
T T, bey
T B 7 B

where ¢t is the total flux,

¢e is the exciting flux or the flux which would exist if the body were
not present,

¢i is the induced flux.
The above components of flux are phasors being related to each other thus:

ot = e+ Di . (2)

The DGR of the bodv depends on its electric and magnetic properties, on its
physical dimensions, and on the frequency of the applied field.

b) Degaussing Ratio of Hollow Cylinders and Spheres

The degaussing ratio of thin-walled cylinders with their axes perpendicular to
the applied field is given by

k .z\.-3 3
1+ ké <E_]E>] 2 tanh(éz;g)
DGR = . , (3)
ké 1

- 1
14 Igj 2 tanh (6252)

o - o (ta2)?

where is the permeability of free space (rationalized mks units),

is the relative permeability of the material,

is the resistivity of the material,

is the radius of the cylinder,

is the wall thickness of the cylinder expressed as a fraction of a,
is the angular frequency of the applied field.

The derivation of equation (3) is given in the Appendix.

o P D R E
€ (o]

The degaussing ratios calculated by using equation (3) for a cylinder with
k = 200 and 6 = 0.1, 0.01, and 0.001 are plotted on Fig. 1. On the same figure
some points are also plotted for a solid cylinder (6 = 1). These have been com-
puted by using formula 23 of Reference 1. It is apparent that the characteristics
of the solid cylinder and those of the cylinder with 6 = 0.1 are almost identical.
This becomes evident by observing that induced fluxes in the two cases at w = 0
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are almost equal (see formulae A-7, A-9, and Reference 2). At alternating fields
when z is large enough for the degaussing ratio to differ significantly from unity,
most of the flux is concentrated in the outer shell, and the two cases are again
identical.

In this report rationalized mks units are used, while in Reference 1 emu units
are employed. The graphical representations of DGR in both cases include the
dimensionless, independent variable z. Thus, they are directly comparable.

The degaussing ratio of infinitely long thin-walled cylinders with their axes
parallel to the applied magnetic field is given by

2k z \.~% &
ek (g gt e (o)
DGR = . (4)
2ké 2k _% %.
1+ — tanh (6zj 2)

The derivation of the above equation is given in the Appendix. The formula (4) is
also the expression of the degaussing ratio for hollow ferromagnetic spheres.

Calculated degaussing ratios for a cylinder or sphere with k = 200 and 6 = 0.01
and 0.001 are given in Fig. 2.

c) Matching of Degaussing Coils

Degaussing of a body is perfect when at every point in the body the induced flux
is reduced to zero. The degaussing coil system is then perfectly matched to the
body to be degaussed.

In practice, perfect degaussing is seldom possible. Degaussing is accomplished
by reducing the induced flux to zero over a certain area with concentrated degaussing
coils. As an example, coils are placed around whole ships. Sometimes perfect de-
gaussing is theoretically possible, as in the case of an infinitely long solid cylinder
with field parallel to its axis, which can be degaussed at static fields with a sole-
noidal degaussing coil. However, the degaussing will cease to be perfect when the
applied field is varying, since the field inside the cylinder then varies with the
radius. Degaussing can be applied so as to reduce the total induced flux over the
whole cross section of the cylinder to zero. Hollow cylinders in the same field
conditions can only be perfectly degaussed with two degaussing coils, one outside
and one inside the cylinder. In practice, such cylinders are usually degaussed with
coils on the outside only. Under these circumstances perfect degaussing is not
achieved either in static or dynamic conditions. However, the induced flux over the
whole cross section of the cylinder can be reduced to zero in either case. The ex-
pression of the degaussing ratio will be derived for such considerations.
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Similarly, perfect degaussing of cylinders in a transverse exciting field can-
not be achieved with concentrated degaussing coils. The degaussing requirements
are calculated to reduce the induced flux to zero in the axial plane of the cylinder
normal to the exciting field. In the case of spheres, the induced field is reduced
to zero in the diametrical plane normal to the exciting field.

d) Degaussing of Thin-walled Bodies

In thin-walled bodies with finite permeabilities the induced flux may be much
smaller as compared with the exciting flux. For such structures the degaussing
requirements may be calculated by neglecting the presence of iron on the degauss-
ing field. This principle is applicable to static as well as dynamic exciting fields.

The total flux in the body which is placed in a uniform exciting field is given by

& = keioHoA (5)

where Hp is the strength of the exciting field,
A is the area of the plane in the body in which the flux is considered.

The term pgHuA is the exciting flux. Since the presence of the body increases

the flux by the factor ke, it can be considered as an effective relative permea-
bility of that body under particular conditions. Further discussion on effective
permeabilities is given in the Appendix.

From the above considerations, ¢¢ = kede
The induced flux becomes ¢ = ¢ - P = ¢ (kg - 1)

To degauss the body the induced flux must be counteracted by the degaussing flux
(dq) .

Sood = -9y

Provided the degaussing field (Hg) can be matched to the exciting field its value
is given by

¢d

Hd = KelioA

1
-Ho(l—g) . (6)

To calculate Hq by neglecting the presence of iron (ke = 1)
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= ¢d = - -
Hd—m Ho (ke - 1) . (7)

As an example, it is required to calculate the degaussing field for a cylinder
with 6 = 0.001 and k = 100 in a transverse exciting field. For this cylinder,
under static field conditions, ke = 1.048. The degaussing fields calculated by
using equations (6) and (7) differ by approximately 5%.

Since the degaussing requirements can be designed by neglecting the presence
of iron, the location of coils can be such that the induced flux caused by the de-
gaussing field is opposite to the exciting flux, as would be obtained by placing
the degaussing coils inside the cylinder to be degaussed.

The principle discussed previously is also applicable to the tilt effect correc-
tion. The degaussing ratio is defined as

The changes due to dynamic effects, although being significant in ¢;, may be
neglected in ¢ . Thus

(D) = (Pt w=0 »

and

(P1) w

DGR =
(P1)w=0

(8)

This simplified definition of degaussing ratio does not lead to simpler mathe-
matical expressions. However, equation (8) shows that the frequency characteris-
tics of the degaussing field are the same as those of the induced field, and there-

fore can be measured directly using the established techniques (References 3 and
4).

e) Example

To illustrate the importance of dynamic effects in tilt correction, consider the
following example. Given a cylinder with

radius (a) = 20' ,

wall thickness = 0.25"
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It is subjected to an oscillating magnetic field having a frequency of 0.1 cps. It
is required to find the degaussing ratio for this cylinder in transverse and longi-
tudinal exciting fields. Assume that the material has the following properties:

k = 200 ,
p = 0.10 uohm-meter
Then,
1
kiow 2
( ° )=39.71-1.01.l :
o] m m
z = 242 ,
6z = 0.252

j~%tanh (6zj3) =~0.252 ,
k6 = 0.208

For the transverse direction

DGR = 1.78/-55.6° .
For the longitudinal direction
DGR = 1.06/-20.2°

Next, consider a cylinder made of similar material, but with a radius of 2'.

z =24.2 ,
6z = 0.252 ,
ké = 2.08

For an exciting field in the transverse direction

1/-0.8°

DGR

and in the longitudinal direction

DGR

1/-0.2°

The above results indicate the significance of the physical size of a body on
the degaussing characteristics. Dynamic effects are negligible in small bodies,
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but become quite important in relatively large structures.

f) Applications to Non-magnetic Bodies

The results presented in this report are also applicable to non-magnetic
bodies. In this case the induced flux in the structure is caused entirely by
dynamic effects. Since degaussing is not needed at static conditions, the con-
cept of degaussing ratio cannot be used. However, the formulae governing the
fluxes in the cylinders derived in the Appendix are equally well applicable to
non-magnetic structures.

EXPERIMENTAL DATA

The degaussing ratio of two hollow cylinders was determined experimentally .
The dimensions of the cylinders and properties of the materials are as follows :

Cylinder No. 1

length = 24" ,
radius (a) = 2",

wall thickness = 0.125" ,

6 = 0.0625,
k = 107 ,
p = 0.180 uohm-meter .

Cylinder No. 2

length = 24" |

radius (a) = 2",

wall thickness = 0.025" ,
6 = 0.0125,

k = 182,

p = 0.142 pohm-meter .
The measurement technique was the same as that described in Reference 1.

Uniform field was provided by a large Helmholtz coil, in which the cylinders
were placed.
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-
The degaussing ratio is given by
de
1 '(ar)
DGR = tw
e
1 (=
Pt )w =0

The total flux in the cylinder (¢¢) is determined by measuring the induced voltage
in a pickup coil placed around the cylinder. The corresponding exciting flux ( be)
can be measured by removing the cylinder but leaving the coil intact. The ratio of
the two voltages is equal to the corresponding flux ratio. In order to avoid moving
the cylinder at each measurement point, a second reference coil was used for de-
tecting the exciting flux. Initially, with the cylinder removed, the reference coil
was adjusted to detect the same voltage as the pick-up coil.

The eddy-current effects in the cylinders became negligible at low frequencies,
and therefore the measurement at 10 cps was considered to be equivalent to the

d-c measurement.

a) Cylinders in a Transverse Exciting Field

The degaussing ratio of both cylinders in a transverse exciting field was
measured. The theoretical analysis presented in this report is applicable to in-
finitely long cylinders, while the samples on which measurements were done
could not be considered as such, especially with respect to eddy currents in
them. A closer equivalent to infinite cylinders can be obtained by short-circuiting
the ends of the cylinders. In some tests this was done by soldering copper end
plates to the cylinders. To illustrate the effect of discontinuities in eddy-current
paths, cylinder No. 2 was cut in the middle perpendicular to its axis, and the de-
gaussing ratio was measured.

The experimental results are plotted in Figs. 3 and 4. In order to make these
results readily applicable to other cylinders, the dimensionless quantity z =

. (kl-low %

-1s used as the independent variable in these plots, k and 6 being

parameters. The curves computed by using equation (3) are included in Figs. 3
and 4.

From the above curves it is observed that experimental results on cylinders
with end plates follow the computed values closely. In cylinders with open ends,
eddy-current effects are less pronounced; they become significant at higher fre-
quencies . Discontinuities in eddy-current paths further minimize their effects,
as seen from Fig. 4.
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b) Cylinders in a Longitudinal Exciting Field

The degaussing ratio of cylinder No. 1, having its original length, and of a
sample of the same cylinder having a length of 4" was measured in a longitudinal
exciting field. The results of these measurements, and the results computed using
equation (4), are plotted in Fig. 5.

The eddy currents in this case are along the circumference of the cylinder and
end plates are not required. Since the expression for the degaussing ratio is the
same for cylinders and for spheres, it is to be expected that measurement re-
sults should be relatively independent of the length of the cylinder.

¢) Permeability Measurements

The permeability of the materials tabulated above was obtained from the measure-

bt
ments of kg = (T) at 10 cycles per second using a transverse exciting field. Per-
e

meability is calculated by using formula (A-9) given in the Appendix. As a check of
the above measurement, the permeability was also determined from the attenuation
properties of the cylinders. For static magnetic fields (transverse) the ratio of
the undisturbed field outside the cylinder to the field inside is given in Reference 5
by

1+ 3ké

As before, a magnetic field alternating at 10 cycles per second is considered to be
equivalent to a static field. The permeabilities as determined by this method are:

Cylinder No. 1 — k = 103 ,
Cylinder No. 2 — k = 163 .

CONCLUSIONS

The foregoing investigation indicates that if tilt correction is introduced in de-
gaussing systems of large ferromagnetic bodies, such as hulls of steel ships, con-
sideration must be given to the dynamic (eddy current) effects. In the example
given in this report it is shown that in a ferromagnetic body whose dimensions
approach those of an actual ship, the degaussing ratio differs significantly from

unity, both in magnitude and phase. In smaller ferromagnetic bodies, the dynamic
effects are negligible.

Mat.1y ferromagnetic bodies can be approximated by cylinders or spheres, and
an estimate of the dynamic effects obtained.
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In cylindrical structures, the transverse field is the most important one for
eddy-current effects.
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APPENDIX

DERIVATION OF THE DEGAUSSING RATIO FOR
HOLLOW FERROMAGNETIC CYLINDERS

The general equations governing electric and magnetic fields in conductive
media are derived in Reference 5 (p. 6). Sinusoidally varying fields can be
represented by the following Poisson's equations :

jpE = V*E (A-1)
ipH = V?H (A-2)

kﬂ ow
p

is the relative permeability of the medium,

where p = s

wn

is the permeability of free space,

=
o

is the resistivity of medium,

is the electric field strength (vector),

S TRNCTRRS

is the magnetic field strength (vector),

<

is the Laplacian Operator.

a) EXCITING FIELD PERPENDICULAR TO THE AXIS OF THE CYLINDER

——
==

FIG. 6 CYLINDER IN A TRANSVERSE EXCITING FIELD

Consider a hollow cylinder, as shown in Fig. 6, and assume that this cylinder
is very long. The equations of the electric and magnetic fields for this case are

derived in Reference 5, pp. 78-80. The following is the derivation of the degauss
-ing ratio.
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The electric field inside the cylinder walls is parallel to the axis of the cylinder
and is given by

E=(Ae‘fﬁ’r+Ce"/ﬁ)r)cosa , (A-3)

from which the component of magnetic field in the o direction is found to be

. Vi
o = ok

(AeVIPT _Ce-VIPT)cosw .  (A-4)

A and C are constants.

Inside the cylinder (r s a - t)

Ha = QHocos o ,

where Hg is the undisturbed magnetic field,

1

Q= ,
cosh (623%) + §( + 32 )1 stnn (62 )

z = aph |

5 =1
a

The constants in (A-3) and (A-4) have values:

_ Jwuroa k
A = QH 1+ — )
1t e;/ip(a-t) ( ¥ zvj )

jwroa k
C = H, ———— (1 - —_
f °e-¢j'5<a-t>< zfj>

For calculating the degaussing ratio we are interested in the total flux crossing

the axial plane perpendicular to the applied field. In this plane the magnetic field
can be described by Hy at o = 0.

The flux density B inside the iron becomes

B =-‘j%3 (AeVIPT_ce-VipT) |
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and flux (¢ ) in the iron per unit length of the cylinder is
a
¢ = 2[ Bdr
a-t
1 k . 1
cosh (67j2) + — sinh (6zj2) - 1
iz
= 2u H,a 2 : (A-5)

cosh (6zj%) + %(g ¥ jé)j'% sinh ( 62i%)

Inside the cylinder,

B = u,QH,
a

¢ =2der ,
0

1
= 2ugHgpa

’ (A_G)
1 -1 1
cosh (6zj2) + %(§+ jé)j 2 ginh (62j2)

Since t < a, the limit of integration in deriving (A-6) is taken as a, instead
of (a -t).

The total flux per unit length of the cylinder ( ®¢) is the sum of the fluxes in the
iron and inside the cylinder.

1+ lgj'% tanh (62j%)
So¢ = 2u H a

1+ %(154. ;2

i2)1 % tanh (6zj%)
z k

= 2keioHpa (A-T)

where ke can be considered as the effective permeability of the body.

1+ gj_%tanh(ézj%)
ke = - ; (A-8)
1 LZ2Y.-1 .1
L+ 3(3+ 32 )i % tanh (6233
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atw =0
1+ ko6
ke = 7o 115 - (A-9)
The exciting flux per unit length of the cylinder is
$e = HoHpa ,
" 15 25 Heanh (om33
e z k
1 ‘(_) = k-1 1
Pt w 1+j;j 2 tanh (6zj2)
1 be _ gké
—<¢{_t—>w =0 1+ ké
¢e k .,z\.-1 !
1—<<-P_t> s (E' E)] Z tanh (67j%)
DGR = Tt uw = 5 - . (A-10)
®e k.1 1
1_(_> 1+ = 2 tanh (6zj2)
Pt/ w=0

a) EXCITING FIELD PARALLEL WITH THE AXIS OF THE CYLINDER

. Consider the cylinder shown in Fig. 7. The general equations for the electric
and magnetic fields are given in Reference 5, pp. 77-78.

Inside the iron the magnetic field is parallel to the axis of the cylinder and is
given by

H=AeVipr+ ce-Vipr (A-11)

R ——— =

where A and C are constants.

Inside the cylinder,

e
I

QHO ’ (A—lz )
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FIG. 7 CYLINDER IN A LONGITUDINAL EXCITING FIELD

where H, is the undisturbed magnetic field and

o - 1

1
z
cosh (ézj%) + zzj_k sinh (521%)
The values of the constants in (A-11) are:

%
1+ 32
2k

)

A= dQH,( — =%
°(eﬁ‘p<a-t>
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1. 82
C = %QH _i_
o
e-Vip(a - t)
The flux in the iron is
a
¢ = 21raj Bdr
a-t
1 2k . 1
cosh (6zjz) + e sinh (6zj2) - 1
= poHyma? ( a0 ) (A-13)
1 i3 1
cosh (6zj2) + zzl—k"‘ sinh (6 zj %)
and the flux inside the cylinder
¢ = Bma?
poHqma 2
= 20 . (A-14)
cosh (6zj%) + Zé—; sinh (8zj%)

It is to be noted that t « a , and therefore for calculating the flux in the hollow
cylinder the radius is assumed to be a, instead of (a-t).

The total flux becomes
1+ ?.l_;_j'%tanh(ézj%)
2

b = p H ma — : (A-15)
—i"3 6zj2
1+ j2kj tanh (6zj2)

— 2
= keuoHowa s

2k ._1
1+ 2K5-% tanh (62f)
where ke = z (A-16)

zZ _1 1
1 — §~ a
+ jzk] 2 tanh (62j%)
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ke can be considered as an effective permeability for the structure.

At w=0, ko =1+ 2ké . (A-17)

The exciting flux is ¢, = u H ra?

2k .z \,-3 !
_‘E_e (_z__]ﬁ()J tanh ( 6zj )

()

-1 1
w 1+ 2z—k]' 2 tanh ( 62j2)

1 Pe _ 2ké
-<¢—> T I+ 26
t w =
be 1 1
o bron 2k - i T3 1
(‘pt )w 1+ 2ké <7 Jgk)l tanh (6zj%)
. DGR = - e e2ia 1 h1s)
» 1+ —j 2tanh(62j3)
1 _<_E) -
61/, =

The degaussing ratio for a hollow ferromagnetic sphere can be derived by an
analogous method. See Reference 5, p. 85.



