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An experimental investigation of the magnetic field produced

by eddy currents created in the aluminum structure of the AMc. 143 and

class minesweeper when rolling in the earth's magnetic field has been

carried out. Model techniques have been developed for this purpose.

A reduced scale model of the minesweeper was rotated at a constant

angular velocity in the earth's magnetic field and the induced eddy

current field distribution was extensively explored by means of a flux-

gate magnetometer. The angular velocity of rotation was made to

correspond to the peak angular velocity attained by the full-scale ship

during a sinusoidal rolling motion, The results obtained have been

compared with full-scale trial measurements, There is reasonable agree-

ment between the results of model and full-scale tests.

A theoretical investigation of the external eddy :urrent field

produced by an infinitely long rolling cylinder is presented. It is

shown, that in the midship region, the ship may be represented by an

equivalent cylinder, The cylinder analogy is used also in explaining

other features of the experimental results.

An estimate is made of the eddy current field due to pitching

of the class AMc. 143 ship.
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Symbol Description

ii, Vector eddy-current field at (r,0) (oersteds)

r Magnitude of radius vector 3 (cm)

θ Angle (degrees) measured in the direction of
rotation from the direction of uniform ex-

ᑭᐊ

citing field Ες to the radius vector r

~

Lm Unit vector in the radial direction

ᓝ

μρ Unit vector in the tangential direction

Ho Intensity of uniform exciting field (oersteds)

b Cylinder radius (cm)

a Cylinder wall thickness (cm)

ρ Resistivity of cylinder material (ohm-cm)

ᔔ Angular velocity of rotation (rad/sec)

$ Angle between direction of uniform exciting field

E, and the axis of maximum current in the

cylinder wall (rad)

E, Vertical component of exciting field or Component

of earth's field vertical to ship's deck

Hn Horizontal component of exciting field or Com-
ponent of earth's field athwartship.

hy Horizontal component of eddy-current field in-

duced by 8,
v

h, Horizontal component of eddy-current field in-

8 duced by ᙐ,

v Vertical component of eddy-current field induced

by Hy
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Symbol Description

LA Vertical component of eddy-current field
induced by Εν

H max Maximum value of radial component of induced

P magnetic field at cylinder wall (oersteds)

"HS DM Eddy current field of ship and model at corres-
ponding points (oersteds)

al Element of length (cm)

k Linear scale factor of model

Y Angle between element of conductor length and

a radius vector r

Lol Currents in corresponding ship and model

members (amperes)

ESSE. Voltages induced in corresponding ship and model

members (volts)

EAM Resistances of corresponding ship and model

members (ohms)

BB Uniform exciting field flux density (gauss)

Js? Yn Effective linear velocity (em/sec) of conductor
across field B ,B

β πι

CRT Maximum angular velocity (rad/sec)

bob, Radius of rotation (cm)

ᑭᓇᐣᑭ» Resistivity of conductor material (ohm-cm)

Asian Cross sectional area of conductors (om)

t Time

T Time constant

a,p Roll and pitch angles at time t

“Note: The subscripts "s" and "m" refer to ship and model, respectively.
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Symbol Description

CAN Maximum angle of roll or pitch.

TT, Period of roll or pitch (seconds)

52% Conductivity of conductor material mhos/om

ᖢ Maximum angular velocity in roll or pitch

H Horizontal component of earth's total field.

Z Vertical component of earth's total field.

$ Magnetic heading of ship measured east from

north.

v Total vertical component of eddy-current

field.

h Total horizontal component of eddy-current

field transverse to the ship's axis.

t Longitudinal component of eddy-current

field normal to the plane containing
"B" and "vU.
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EDDY CUR ENTS IN ALUMINUM FRALED SHIPS

I - INTRODUCTION

À. OBJECT OF THE WORK

The AMc. 143 and class minesweeper has a wooden hull rein-

forced by an internal framework of fabricated aluminum. This framework

forms à three dimensional network of electrical conductors of hig! con-

ductivity. When it oscillates—owing to rolling and pitching of the ship —

in the earth's magnetic field, eddy currents are generated in the con-

ducting circuits. Such currents create an associated oscillating mag-

netic field in the vicinity of the ship, which could possibly actuate a

magnetic wine. The object of the work reported here is to determine the

magnitude and distribution of the magnetic field caused by eddy currents

in an AMc. 143 and class ship.

B.__ BACKGROUND

Two methods of construction of minesweepers have been proposed

where aluzinum is used as a substitute for wood or ferromagnetic material.

The first proposed method would employ an internal aluminum framework re-

inforcing an aluminum shell which forms the hull. To our lmowledge no

ships have been constructed by this method. The second method employs an

internal aluminum framework reinforcing a wooden shell which forms the hull.

This second method of construction is used in the AMc. 143 and class ships.

Two types of these are built, one type having aluminum decks and the

other having wooden decks,

The eddy-current magnetic field created by the all-aluminum

hull has been estimated at N.R.C.+* by computing the eddy-current field

of a rotating cylinder equivalent in dimensions to an AMc. 143 and

class ship. This calculation shows that the all-aluminum hull could

create magnetic disturbances, when the ship rolls or pitches, which are

large compared with the known sensitivities of magnetic mines. The

cylinder calculation was later checked by experiments ? on a scale-
model cylinder after the necessary similitude relationships and experi-

mental techniques had been developed,

The eddy-current field of aluminum-framed, wooden-hull

ships has already been investigated to a limited extent. The field at a

few points under a full-scale ship of the type having aluminum decks

* Superscripts refer to numbered items in the Bibliography
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has been measured by NRC? . The field due to a type similar to that
having wooden decks has been calculated by the British Admiralty Research
Laboratory * at four depths amidships under the keel.

C. OUTLINE OF PROCEDURE

The methods of investigation already used 324 on aluminum-
framed wooden-hull ships are unsuitable when detailed information about
the field distribution in the space surrounding the ship is required. To
obtain such information, a scale model has been constructed and field
measurements have been made in its vicinity.

The theory of scaling of this model was developed from the
theory of the rotating cylinder which has been reported previously 57?
and from similitude relationships between an element of conductor on the
ship and the equivalent element on a model, The cylinder theory has
been introduced, not only to assist in determining model scaling, but
also to indicate the general form of the eddy-current field of a ship
and to demonstrate the manner in which the inductance of the Ship frame-
work members influences the field form.

The scaling relations developed by the methods indicated above
show that the angular velocity of the model must increase as the size of
the model decreases, For a model of convenient size the required angular
velocity becomes so large that it cannot be produced easily by an oscilla-
tion which simulates that of the ship. It has been necessary, therefore,
to rotate the model continuously in order to produce the required angular
velocity. It is not possible, using this technique, to simulate the
field effects of eddy currents in an oscillating ship exactly, but the
field effects may be obtained, to an approximation which is discussed
later, when the continuous rotational velocity of the model is scaled to
the maximum angular velocity occurring during a sinusoidal oscillation
of the ship.

A model, designed according to the proper scaling factors, was
constructed in three stages, where each stage represented a possible
ship structure as follows:-

Stage 1 - The model of a framework, considered by the RCN to

be the minimum useful framework for this type of

construction, was fabricated.

Stage 2 - Members representing decks were added to the Stage 1
structure.

Stage 3 - Additional members were added to the Stage 2

structure to complete the full representations

except for superstructure ιοί the framework of an

AMc.143 and class ship with aluminum decks,
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At each stage of construction the eddy-current field produced when
the model rotated in a known exciting field was measured.

D. EXTERNAL FIELD OF AN INFINITELY-LONG HOLLOW ROTATING CYLINDER

The rotating cylinder theory indicates to an approximation the
form of the eddy-current field produced by an oscillating ship. The
analysis of the infinite rotating cylinder has already been carried out ,U*
but the results of previous work will be re-stated here, and put into a
form which will permit easy comparison with the test results obtained
from the ship model.

ᓣ It is shown in Report ERA-211? that the induced field
Hy at any point (+,0 ) external to an infinitely-long hollow cylinder

rotating in a uniform field, is given by the following equation:-

πο 2 2woe —— Es P^ sin (0-2) - ᕊ P^ ᖢ 6 - 1 oersteds, (1)
Ty r?^o ᐺᒮ+ 0,7

where

_ 0.2rabo

109p

- magnitude of radius vector T (cm),
angle (degrees) measured in the direction of rotation from the
direction of uniform exciting field H.,
unit vector in the positive radial direction,

unit vector in the positive tangential direction,

Intensity of uniform exciting field (oersteds),
cylinder radius (cm),

cylinder wall thickness (cm),

resistivity of cylinder material (ohm-cm),

angular velocity of rotation (rad/sec),
angle between the direction of uniform exciting fluxH and the
axis of maximum current in the cylinder wall (rad).

a
E
S

[ and$ = tanTM* C, ,

ᑒ

S
E
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C
H
A
T
 
M
H
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o
w
 

g 
» 

m
 

d 
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As demonstrated in Appendix I, the equation of the flux lines
created by the rotating cylinder is given by:

ᗆ = nb cos(9 -#), where n > Ίο (2)

The plot of Equation (2) is a family of circles passing through
a common point at the center of the cylinder, and having their centers on
a line making an angle ᘣ with the direction of the exciting field. A
plot of these flux lines is given in Fig. 1l,
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Since measurements of the fields due to ships are usually made

in a rectangular co-ordinate system it is useful to convert the field ex-

pressed by Equation (1) into its horizontal and vertical components. As
shown in Appendix 2, with the sign convention given there, these compo-

nents at any point on a horizontal line transverse to the axis of the

cylinder and at a depth nb below the center of the cylinder rôtating in

the clockwise direction are:-

h, = ᐨ ᐦ, cos?0 cos (2 ~ ¢) (3)

v, = XH cos?0 sin (20 ~ ¢) (4)

ᐪ. = ×, cos?0 cos (20 ~ 9) (5)

h, = -KH, cos^0 sin (20 - ᘓ) (6)

1 °
where K = — ~ ± ~ , and nol.

n° vi + ο,

Hy and Hh are the vertical and horizontal exciting fields

shown in Figs. 2 and 3,

h, and v, are horizontal and vertical eddy-current field

components induced by H, ,

v, and h, are vertical and horizontal eddy-current field
components induced by EN "

In Fig. 2, the components hand v, are plotted as percentages

of the maximum value of h,. In Fig. 3, the components v, and hj are
plotted as percentages of the maximum value of v,. The cases for both

directions of rotation are shown, with an assumed value for g of 10°.

The zeros,nrincipal maxima and minima of the functions cos?0 cos (20 ~ β)
and cos?0 sin (20 ~ 4), are determined in Appendix II and are summarized
in the following table:-

TABLE I

[ Angles at which | Angles at which ¦

Function ¦ Zeros occur | Maxima and Minima occur

cos?0 cos(20 - 9) 6 = ᑸ 45° | 6-=5,6-2 ± 60°
| 2 | 3 3

2 A _ ᔧ 81 ο
cos?0 sin(20 ~ #) 8-5 9-23 + 30
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If, from a given cylinder of known dimensions and angular velo- |

city, a set of curves such as those of Figs. 2 and 3 are obtained experi- |
mentally, it is possible to determine the angle $ (and the time constant

of the cylinder as will be shown later) by two mucthods:-

1. By substituting the values of the zeros, maxima and minima

of the curves and solving the above values of the equations for the angle ¢

2. By substituting 9 - O into Equations (3) and (4), or (5)

and (6) above.

Then:

v,

πι = tan ᕞ , and d = (7)
1

h. h
2 -1 2

ra = tan $ , and = tan EA (8)

The angle $ is thus obtainable from the ratio of the inter-

cepts of the curves with the vertical line through the center of the

cylinder.
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11 -- MODEL SCALING TECHNIQUES

A. STATEMENT OF THE PROBLEM

The problem of model scaling is to determine the proper scale

factors of a model which, when made to oscillate in a similar manner to

that in which the ship oscillates, will produce, in a known exciting

field, a measurable eddy-current field whose magnitude and phase are re-

lated in a known manner to the eddy-current field of the ship. During a

sinusoidal oscillation, the angular velocity of a ship varies in a sinu-

soidal manner between zero and a maximum value. Because of this angular

velocity variation and the inductance of the ship!s framework, currents

in the framework will vary with time in a complicated manner. For this

reason it would be necessary, in a true model system, to oscillate the

model in order to obtain a true representation of the field of the ship.

However, it has been found impractical to attempt to obtain the necessary

angular velocities by oscillation, so a method involving continuous ro-

tation of a model has been developed. An estimate of the approximation

so introduced will be dealt with in Section E(b). To this approximation

it is possible to reproduce the eddy-current field of an oscillating

ship by that of a model rotating at a constant angular velocity scaled

to the peak angular velocity of the ship oscillation.

B. SCALING OF AN INFINITELY LONG HOLLOW ROTATING CYLINDER

The theory of scaling of the rotating model is based in part

upon a modification of the analyses presented in Reports ERA-195* and
ERA-211?, In these reports, the eddy-current field produced by &
hollow cylinder of infinite length rotating about its central longitu-

dinal axis was derived. It was demonstrated that the magnitude and

direction of this field was influenced by an effect termed "feedback",

This "feedback! effect is the effect of the inductance of the cylinder.

The analysis presented in Report ERA-195 applies exactly to a cylinder

rotating continuously at constant angular velocity, but does not apply

exactly to a cylinder oscillating in a sinusoidal manner.

With the modification that the analysis applies tb a rotating

rather than to an oscillating cylinder, Report ERA-195 shows the following:

a) The uniform exciting field can be considered as a radial
field sinusoidally distributed around the circumfrence of the cylinder.

The maximum of this radial field is equal to and acts in the direction

of the uniform field.

b) The radial component of the eddy-current field is also
sinusoidally distributed around the circumference of the cylinder. Its

maximum, , and the direction (90° + 9 ) in which it acts relative
to the con£tant exciting field may be determined by rearrangement of the
formulae of Report ERA-195 into the following form:-

ᑮ ᐃᐃ

_ 109p
H E He (9)

2

108p
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This maximum is displaced by an angle of (90° + g) in the

direction of rotation with respect to He:

The various symbols are defined as follows:

d = tant (zi) . o (10)
109p

H = Maximum value (oersteds) of radial component of eddy-current

P magnetic field at the cylinder wall

EN = Intensity of un#form exciting field (oersteds)

$ = Angle between direction of uniform exciting flux H, and the
axis of maximum current in the cylinder wa. e

a = Cylinder wall thickness (cm.)

b = Cylinder radius (cm.)

ω = Angular velocity of rotation (rad/sec.)

ρ = Resistivity of cylinder material ( ohm-cm.)

c) In the case of a hollow cylinder rotating at a constant

angular velocity ᙜ the vectors representing H max and us are fixed in

space and the angle between them is (90° + ¢).

d) As shown in Section 8 of Report ERA-195*, the '. relation-
Ship between induced field and exciting field may be represented in terms

of feedback theory. This representation provides a useful means for deter-

mining the requirements for model scaling. Using this approach, Equations

(9) and (10) above may be expressed in terms of a standard type of transfer
function? in the form of the following single equation which shows both

magnitude and phase relationships:=

H :
ᕒ LT ` (11)
H 1 + jT `

where T and ᖐ are defined as follows:

T 18 the time constant of the system, and is given by

0. 2π80
TE .

108p (12)

@ is the angular velocity of rotation.

The plot of Equation (11) on a log magnitude and angle graph is

given in Fig. 4.

From the above analysis, and from an inspection of Fig. 4, the

following requirement for correct scaling of a model rotating cylinder may

be derived:=
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Provided the same exciting field is used for both model and

cylinder, the product "wr" must be the same in the model as in the full-

scale cylinder if the mamitude and phase relationships are to be the

same in both cases. This is equivalentto the statement in Report ERA-211

that the factors ᔻ must be the same for models of all scales. This

requirement leads To the scaling equation:-

ᖥᓀ ˆ > (13)

Ba On ab ὣς

or SE, (ᗘ)
Pa A

where "m" and "s" refer to the model and the full-scale cylinder, res-
pectively.

It should be noted that when the requirement is fulfilled, the

model will produce the same field in magnitude and direction, at a scale

distance, as the full-scale cylinder.

C. SCALING OF THE SHIP MODEL

By the cylinder method it has been demonstrated that when the

proper scaling factors are introduced, a model cylinder should produce the

same field in magnitude and direction at a scale distance as does the full-

scale cylinder, The proper scaling factors are determined by use of

Equation (14). That a similar scaling requirement to Equation (14) exists
for the model of a framed ship will now be shown:

Suppose that H, is the field produced by eddy currents in the

ship at a given external point and that !lm is the field produced by eddy

currents in the model at a corresponding point in the model system. The

desired relationship between these two fields, as indicated by cylinder

theory, is that Ha =H, for all external points.

Consider an element of circuit length in the ship dlcentimeters

long and an equivalent element of length in the model kdl' (ᗘ< 1 and is
the scaling factor for linear dimensions). The magnetic intensity di,

at a point r centimeters from dl, when dl carries a current of I, amperes,
and whenY is the angle between the current element and the vector r,
is given byz-

I sin'Y dl

gH, 5 ——— —— cersteds. (15)
lor?

Similarly, the magnetic intensity 8H at scale distance from the model is

I sin Y kdl
m

dH = —— ——— oersteds, (16)
m 10(kr)?
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where I, is the current carried by an elementkdlin the model. The angle Y

is the same in both systems. For the two fields to be the same, it follows

from Equations (15) and (16) that:

1, = He (17)

Using Ohm's law this becomes

DN k EL (18)
= = 1

5

Ru Rs
where E_ and Es &re voltages (in volts) induced in elements dl and kdl,

respectively, because of their motion in the magnetic field, and Ες and

Ra are resistances (in ohms) of these elements.

The voltage induced in an element dl is given by

- -8E, = 1075 B dl v, volts, (19)

where B, is a uniform exciting field flux density in gauss (in air B= 4),

and vs is the component of velocity (in cm/sec) of element dl perpendi-Gular to the direction of field Be ᑊ
Similarly the voltage induced in an element kdl in the model

system is given by

ᕒ, = 10° B xd ᐪ, ᙮ (19(a))

If the ship-model and ship are moving in the same exciting

field B about corresponding axes, then at corresponding instantsin their

motions it follows that

kal "s kdl "n

1 . (20)
R

s m

ᐦ

But in general ᐯ = ob,

where wis the angular velocity (in rad/sec) of an element about the
axis of rotation and b is the radius of rotation.

CR ᖖ» k o bs

5-5- 3 (a1)
EI m m

But since, in general, the resistance is given by R=p ᐬ ᑍ
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then

9s On (22)= 2 ; 22

s Om

where Ps and Pa are resistivities (in ohm-cm) of the materials in ship

and model frameworks respectively, and Ας and A are cross sections of

corresponding members of ship and model.

Equation(22)gives the required relationship for model scaling.
It is analogous to the scaling recuirement for the cylinder, which is

a bo a b o
mmm _ sss

[E (25)
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111 ~ DESIGN AND CONSTRUCTION OF MODEL

À. CALCULATION OF SCALING FACTORS

Although it is desirable to make a small model, for convenience

in construction and handling, there are several reasons why the model must

be made as large as is feasible. For instance, the scaling condition

given by Equation(22)shows that the angular velocity must vary inversely as

k? (k« 1 and is the scale factor of linear dimensions). Thus, because
there is a limit to the amount by which the angular velocity may be in-

creased, there is also a limit to the amount by which the model dimensions

may be decreased. A second consideration exists because the detecting

element of the measuring instrument must be reduced in size as "κ"

decreases, in order that the measurement may approximate a "point" mea-

surement. This results in a reduction in the sensitivity of the detecting

element which is inherent in this type of detection.

After a preliminary consideration of the above factors, it was

decided to represent the ship (length 150 feet) by a model about 6 feet in

length. The factor k was therefore set at:-

ᕒ - x (24)

If a true scale model (aluminum frame with κ = 1/24) were con-
structed, the scaling equation (#22) re-arranged in the following form

on ^s ᑭ»
:= ᐊᓬ (25)
ᙐ m s

shows that

¦ _ As 1zoo ᔧ - ~ = 516. (26)
ᔆ m x?

The estimated maximum angular velocity of the ship occurs during a

+ 30-degree 8-second roll. Considering this roll as a simple harmonic

motion governed by the equation, a = a sin $ the maximum angular velo-
city is: ° a

ᖖ = (gs) - ᓪ 81 = 288 - 25.6 deg/sec, (27)
max

where a = toll angle at time "t", a = maximum roll angle, T is
ᐦ o a

period of roll.

@, = 23.6 x 576 = 13,600 deg/sec, or about 2300 rp m (28)

Thus for a model of true geometric similarity, a prohibitively high

angular velocity would be required. It is necessary to distort some of
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the scaling factors to reduce the angular velocity requirement. This has

been done in two ways:-

1. The cross sections of the conducting model framework members

were reproduced to a scale of 1/12 x 1/12 (4k?) and applied to the wooden
hull which is made to a scale of 1/24.

Ας
^y UA (29)

2. The model framework members were made of copper of 100%
IACS (International Annealed Copper Standard) conductivity to represent
the ship's structural aluminum alloy of 40% IACS conductivity.

ᑭ.

ᐩ. = = =0.4 5 (30)

where o is the conductivity in mhoS/cm."
a 
Ιω

By these means, EN was reduced by a factor of about 10, to

oF 12 x 12 x εἰ x 23.6 = 1360 deg/sec, or to 227 rpm.

If this velocity were to be obtained as a maximum of a sinu-

soidal oscillatory motion of amplitude 30°, the period would be

. 2Ox2m_T= S = 0.14 seconds.

A large irregularly-shaped model structure would be difficult to oscillate

at 30° amplitude in .14 seconds per oscillation. However, it can easily

be rotated continuously at 1360 deg/sec (227 rpm). It was, therefore,
decided to make the model field measurements during such a continuous ro-

tation. The approximations introduced by this method and the measuring

technique will be described later.

4

The method of ship model scaling may be summarized as follows:

a copper framework of members whose cross sectional areas are 1/144 of
the areas of corresponding ship members, attached to a wooden model of

the ship's hull of scale 1/24 and rotated at a continuous angular velo-

city of 227 rpm in a given exciting field should give, at scale distances

(1/24), an effect equal to the maximum produced by the full-scale ship

in the same exciting field during a + 30-degree 8-second roll.

B. MAIN ASSUMPTIONS

The aluminum frame structure of the AMc.143 and class mine-

sweeper is shown in Davie Shipbuilding Co. Plan No. 589-H-2. The copper

framework of the model was designed from this structure by using the

scale factors derived above.
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The following assumptions were necessary to the design:

l. Since the copper framework was attached to the surface of a

solid wooden model hull, the assumption was made that internal members on
the ship could be represented adequately by equivalent conductors on the

surface of the hull. The methods of representation are described below.

2. The conductivity of the structural aluminum is 40% IACS, and
the riveted joints in the structural aluminum may be disregarded. The
validity of these assumptions has been verified by a separate investi-
gation. ᑒ

3, The distortion in scale of the cross sections of the framework

(these cross sections have a linear scale of 1/12 as compared with the ship-
shell scale of 1/24) will cause little misrepresentation by the model field
at distances which are large compared with the linear dimensions of the

sections,

C. REPRESENTATION OF INTERNAL MEMBERS

Internal framework members (those not on the contours of the

outer shell of the ship) constitute about 20% of the total structure.
They therefore contribute about 20% of the magnetic disturbance. Their

effects are represented on the model by members producing the same

fields, but placed on the surface of the model hull. The calculation

for equivalent members at the surface is as follows:-

(8) Deck Beams and Decks

Consider two circuit elements each of length dl centimeters,

disposed symmetrically about a rotational axis and moving with an instant-

aneous angular velocity w . These two elements rotate about an axis Y,

in their plane in the presence of an exciting field. H, oersteds, as

shown in section in Fig. 5. A field will be produced at P whose com-

ponent normal to EN and in the plane of the paper is

1141

dH, = 2 Jain δι oersteds. (32)
2

10,

Substitute the following four equations into Equation 32:

E. 1079Bdlab,
1, c E» = amperes > (33)

Ay

B= Hy, (3)

d, = Vh? ÷ b,? , and (35)
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à (36)

The result is

die (37)
+ 2 2)3/2(b,? + n?)/

If these current elements of cross sectional prea 4, are replaced

by a pair of elements 81 each of cross sectional area Ας at radius

b, and rotated with the same angular velocity o in the same field E,

as before, then:

b, 74
2 2

Ge i. (38)
(b, + h?)3/

For the condition that dH, = dH, the following holds:

Ab.° 8 À,b,? G9)

(b,2 + n2)3/2 (b,® + h?)3/2 ,

and when h is large compared with b, and b,, this reduces approxi-

mately to

2 i 2À, b, = Ab? (40)

If rotation occurs about the axis Y, (Fig. 5) rather than Yi,

the instantaneous motion can be considered as a combination of a trans-

lation in the directim of the field and rotation about the axis Yj.

Translation in the direction of the field induces no voltage,so the total

effect may be considered to be due to rotation of the pair of elements

&bout a central axis in their own plane.

The product Ab? ( Eq 40) is the expression far the moment of

inertia of an area A about a rotational axis a distance b away. A pair

of members (43) which are attached to the surface of the ship must have,

therefore, cross sectional areas with the same moment of inertia about a

central axis in their own plane as a pair of internal members (Ai) which

they represent. This applies, not only to members in the same horizontal
plane as the axis of rotation of the ship, but also. to other members in
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the structure. As shown above, the "moment of inertia" representation
involves some approximation, but its accuracy does not need to be great
since only about 20$ of the eddy current field is due to intornal members.

This method of representation has been applied to two types of
internal sections:

i. Sections of longitudinal beams ~ Here Equation (40) was
applied as follows:

bu?
A, - ᔣ AL > (42)

where Az = sectional area of external member attached at the same level
as the beam, and

A, = sectional area of longitudinal beam.

2. Sections of internal decks. As can be shown from Fig. 6,
in the case of internal decks,

2 ᑾ. ᑑ ο

ᖃᖃ; = ᑛ by? d(b,) = σε] - ÷ ᓑ 5
ο

. t
^ ÷ = ob (42)

where Αρ sectional area of external member representing half the deck
sectional area, 

|

ba ᐦ half deck width,

t = thichness of deck.

In both cases the calculated area ᐄᓄ was then multiplied by 1/144 to
obtain the cross section of the model member.

(b) Bulkheads, Transverse Beams, and Pillars

During rolling these are not voltage generating members. However,
they contribute their conductance to the network formed by the ship's
frame. Hence they must be represented in the model framework.

Bulkheads were represented by transverse bands on the surface
of the model. These bands were calculated approximately by taking the
average cross-sectional area of the bulkhead when looking from deck to

keel, multiplying this by 1/144 to convert to the model, and then by 1/2,
since there are two band sections joining the deck to the keel.
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Transverse Beams and Pillars were represented by increasing the
cross-section of the nearest section of transverse frame or bulkhead band
by an amount equal to 1/144 of the section of the beam or pillar.

D. CONSTRUCTION GF MODEL

A wooden model of 1/24 scale was obtained fran the Royal Cana-
dian Navy. Two views of this are shown in Figs. 7 and 8. The three-
Stage procedure outlined in Section I (C) was then followed in applying

the framework to this model, Table II gives the dimensions of all the
members used in the construction at each of the three stages.

Stage l. - A minimum structure was applied to the wooden hull.
Two views of this are given as Figs. 9 and 10. Field measurements (to be

described later) were made on this structure,

Stage 2 - Members representing the aluminum decks were added.

These additional members and the method of representation are listed in
Table II, Field measurements were made on the new structure.

Stage 3 - Additional members were added to complete the
Structure of the AMc.143 and class with aluminum decks. Two views of

the complete structure are given as Figs. 11 and 12. Additional members
also listed in Table II have been added for this stage. Field measure-
ments were again repeated.

All copper members were precut, formed on the wooden hull and
drilled to take the copper nails which fastened them to the hull. Inter=
secting members were soldered together at the intersections.

Brass stub shafts were inserted into sockets in the ends of the
wooden hull. These shafts were arranged so that the extended line

through their axes passed through the center of gravity of the model and
was parallel to the plane through the water line. The water line corres-
ponding to the estimated deep draft condition of the ship was marked on
the model. Drafts of the ship estimated by the RCN were: stern
735-1/2", midship 7'0', bow 6! 6-1/2ᐦ „ All depths reported here are mea-
sured below this water line.
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DATA ON MODEL MEMBERS

(All members are Copper. Cross sections are 1/144 cross sections
of the corresponding members on the prototype.)

TABLE II A

TRANSVERSE FRAMES AND BULKHZADS

(Identified according to Davie Shipbuilding
and Repairing Company drawing no. 589-H-2).

Frame No. Cross section | Thickness | Width Length
\ (sq in.) (in.) | (in.)| (approx.)

| in.

Transom 0.0125 | 0.036 | 0.350 | 23-3/4
96 0.0363 0.1875 | 0.190 | 23-1/L
95 0.0363 0.1875 | 0.190 | 24-7/8

9L 0.0363 0.1875 | 0.190 | 25-1/8
93 0.0363 0.1875 0.190 25-1/2

92 0.0535 0.1875 0,285 | 27
91 (Bulkhead) 0.208 0.1875 1,10 27
90 0.0535 0.1875 | 0.285 | 27

89 0.0363 0.1875 0.190 27-7/8
88 0.0363 0.1875 0.190 28-1/2
87 0.0363 0.1875 0.190 29
86 0.0363 0.1875 0.190 | 29-3/8
85 0.0363 0.1875 0,190 29=7/8
ᘛ 0.0363 0,1875 | 0.190 31-7/8
83 0.0363 0.1875 0.190 | 32-7/8
82 (Bulkhead) 0.271 0.1875 1,20 | 34-1/L
81 0.0437 0.1875 | 0.233 | 33-1/2
80 0.0437 0.1875 | 0.333 | 33-7/8
79 0.0437 0.1875 0.233 | 34-1/8
78 0.0437 0.1875 | 0.233 | 34-7/8
"T 0.0437 0.1875 0.233 | 35-1/8

76 0.0437 0.1875 0.233 | 35-5/8
75 0.0437 0.1875 0.233 | 36
Th 0.0437 0.1875 | 0.233 | 36-1/2
73 (Bulkhead) 0.314 0.1875 | 1.68 37-7/8
72 0.0137 0.1875 — (0.233 | 37-1/4
πα 0.0137 0.1875 | 0.233 ' 37-1/2
70 0.0437 0.1875 0.233 ' 37-7/8

69 0.0437 0.1875 0.233 3-1/4
68 (Upper Half 0.255 0.1875 1,36 38-1/2

Bulkhead)

(Lower Half) 0.0539 0.1875 0.288
0.0539 0.1875 0.288 38-3/4
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Frame No. | cross section Thickness Width Length
| (sq. in.) (in. ) (in. ) (approx.)
| | (in.)

66 | 0.0539 0.1875 | 0.288 | 39-1/4
| 65 0.0539 | 0.1875 | 0.288 | 39-3/8

6l | 0.0539 | 0.1875 | 0.288 | 39-5/8
63 | 0.0539 | 0.1875 | 0.288 39-7/8

62 | 0.0539 | 0.1875 | 0.288 40
61 | 0.0539 0,1875 | 0.288 LO=1/L

60 | 0.0539 0.1875 | 0.288 40-1/2
| 59 | 0.0539 0.1875 | 0.288 40-5/8

| 58 | 0.0539 0.1875 0.288 40-3/1.
| 5 | 0.0539 0.1875 0,288 | A0-7/8
| 56 | 0.0539 0,1875 0.288 | 4l-1/8
| 55 0,0539 0.1875 0.288 41-1/5
| 5k 0.0539 0,1875 0.288 | 41-7/8
| 53 0.0539 0.1875 0.288 42-5/8

52 0.0539 0.1875 0.288 | 13-3/8
51 (Bulkhead) 0.449 0.1875 2.40 | 45-1/2
50 0.0539 0.1875 0.288 | 45

| 49 0.0539 0.1875 0,288 | 45-3/L
48 0.0539 0.1875 0.288 L6-1/2
47 | 0.0539 0.1875 0.288 1/7-1/8

46 0.0539 0.1875 0.288 47=3/h,
| 45 (Upper Half | 0.329 0.1875 1,75 49-1/h

Bulkhead

(Lower Half) | 0.0437 0.1875 0.233

| 0.0437 0,1875 0.233 48-3/8
| 43 0.0437 0.1875 0.233 48-1/2
42 0.0437 0.1875 0.233 48-1/2
E 0.0437 0.1875 0.233 L8-1/k
| 40 0.0437 0.1875 0.233 48-1/8

| 39 0.0437 0,1875 0.233 48

| 38 0.0437 0.1875 |! 0.233 47-7/8
37 0.0437 0.1875 | 0.233 «3/1
36 0.0437 0.1875 | 0.233 47-5/8

| 35 (Bulkhead) 0.342 0.1875 | 1.82 48-3/1.
| 34 0.0437 0.1875 0.233 47-3/8
33 0.0437 0,1875 0.233 47

(32 0.0437 0,1875 0.233 46-7/8
(3 0.0437 0.1875 0,233 46-5/8

¦ 30 0.0437 0,1875 0.233 46-1/2
| 29 0.0437 0.1875 0.233 λ6-3/8
| 28 (Bulkhead) 0.316 0.1875 1.68 47-1/8
| 27 0.0435 0,1875 0.232 +5-7/8
| 26 0.0435 0.1875 0.232 +5-5/8
| 25 0.0435 0.1875 | 0.232 +5-3/8
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Frame No, [Gross section | Thickness | Width | Length
| (Θα. in ) ¦ (in.) in. (appr ox.)
| | (in.)

2k 0.0435 0.1875 0.232 45

23 0.0435 0.1875 | 0.232 44-3/+
22 (Lower Half 0.219 0.1875 | 1.17 14,-5/8

Bulkhead)

(Upper Half) 0.0435 0.1875 | 0.232
21 0.0435 0.1875 | 0.232 | 4h-1/4
|20 0.0435 0.1875 | 0,232 L3-3/k
119 0.0435 0.1875 ' 0,232 43-1/2
18 0.0435 0.1875 0.232 43-3/8
BU 0.0435 0.1875 0.232 42-7/8
16 0.0435 0.1875 0.232 42-1/h

15 (Middle section 0.211 0.1875 1.12 42
Bulkhead)

(Remainder ) 0.0435 0.1875 0.232
1, 0.0435 0.1875 0,232 41-7/8
13 0.0435 0.1875 0.232 41-3/8
i2 0.0435 0.1875 0.232 11.
11 (Bulkhead) 0.173 0.1875 0.92 40-7/8
10 0.0435 0.1875 0.232 40-1/8

9 0.0435 0.1875 0.232 39-3/8
8 0,0435 0.1875 0.232 38-3/L
7 0.0435 0.1875 0.232 38-3/8
6 (Bulkhead) 0.150 0.1875 0,80 37-7/8
5 0.0435 0.1875 0.232 36
4 0.0435 0.1875 0.232 34-1/2
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TABLE11 B

LONGITUDINAL MEMBERS

(Identified according to Davie Shipbuilding

and Re, airing Company drawing no. 589-H-2).

(1): Members in minimum structure (Stage I).

T ] ]

| Name of Member Cross section | Thickness | Width

| (sine) | (in) | απ.)

‘Keel 0.514 0.375 | O.8h |
#1 Bottom Long. Girder ¦ ¦

Stern to frame 66 0.0341, 0,1875 | 0.184

Frame 66 to frame 51 0.091 | 0,1875 | 0.486
Frame 51 to bow 0.060 ¦ 0.1875 ` 0.320

#2 Bottom Long. Girder i |

Stern to frame 73 0.023 ¦ 0,102 | 0.226 i

Frame 73 to frame 51 0.064 0.1875 0.341 |
Frame 51 to frame 35 0.038 0.1875 : 0.203 i

Frame 35 to frame 11 0.023 , 0102 | 0.226 {

#3 Bottom Long. Girder 0,018 | 0.102 | 0.176
Lower Deck Stringer 0.0349 0.1875 0.186
Bilge Stringer 0.0349 ! 0.1875 | 0.186 i

Upper Surface Deck Beams 0.0375 0.1875 0.199 !
Exterior equivalent of

upper deck interior

longitudinal members

Frame 45 to frame 25 (0.0108 at Fr. 45 to 0.060 0.18 ^t Fr 45
(0.0138 at Fr. 25 to 0.23 at Fr 25

Frame 25 to bow 0.0261. 0.060 0,44

Exterior equivalent of

lower deck interior

longitudinal members

Frame $1 to frame 68 0,0116 0.040 0,29
Frame 28 to frame 11 0.0044 0.040 ο
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(2): Decking (Added for Intermediate Structure, Stage II).

] i ]

|Name of Member Cross section Thickness Width
(sa. in) (in.) (in.)

* Exterior equivalent

of forward part of

upper deck: |

At frame 45 |. 0.095 0.1875 ¦ 0.5
At frame 28 ! 0.092 0.1875 | 0.5
At frame 15 0.071 | 0.1875 ¦: 00375

| At frame 6 | 0.0365 | 0.1875 | 0.2

[Exterior equivalent of | | |
| aft part of lower deck: | i )

| At frame 91 0.0365 ¦ 0.1875 ! 0.2

At frame 68 0,065 | 0.1875 | 0.35

XExterior equivalent of 1
forward part of lower

deck: |

At frame 28 0,065 | 0.1875 0,35

At frame 6 0.018 0.1875 0.1

Upper surface of model is decked with copper plate 0.045" thick to

represent decks. This is 1/6 actual deck thickness, and since the

model dimensions are 1/24 those of its prototype, the section ratio

is brought down to 1:144.

(3): Strakes (Added for Complete Structure, Stage III).

=

Name of Member Cross section | Thickness | Width
(sqg.in. ) (in.) (in.)

Foc'sle ‘deck sheer strake | 0.0632 0.045 1.40
Upper deck'sheer strake ! 0.0625 0.045 1.40 |

| Intermediate strake 0.0172 0.040 | 0.43 |
| Lower deck strake |! 0,0313 0.040 | 0.78 |
Bilge strake 0.0382 0.040 0.95

ᒫ ᒨ

* See Section III ~ ERA-228.
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IV ~ MEASUREMENT TECHNIQUES

A. CO-OaDINATE SYSTEMS

(a) Exciting Field. If the horizontal and vertical components
of the earth's total field are H and Z, the exciting fields along the prin-

cipal axes of the ship in the even keel position with respect to the hori-

zontal plane, are shown in Fig. 13. It is convenient, however, to give
exciting fields in terms of a set of rectangular co-ordinates which are
fixed with respect to the ship. In such a system let the exciting field

be defined as follows:

H_ ¬ Component vertical to ship's deck - Positive when directed

from deck to keel

EN - Component athwarthship - Positive when directed from star-
board to port

E, - Component parallel to the keel - Positive when directed

from stern to bow

For the even keel position the relationships between these and

the earth's field are:

Εν ᕝ ᕽ (43)

8, =H sin ® (ᐷ

ᕒ; = ᘀ 008 ὃς, (45)

where ® 18 the magnetic heading of the strip measured East from North

(degrees).

For other than even keel the components H,,H, and Hy, are

functions of the angles of roll and pitch.

(b) Eddy-Current Field. The eddy-current field co-ordinate
system chosen here is fixed with respect to the earth and has the following

components at a point M below the ship (see Fig. 13):-

v —vertical component of the eddy-current field with reference

to the earth's horizontal plane - Positive downwards.

h — horizontal component transverse to the ship's axis and in

the earth's horizontal plane. Positive from starboard to port.

ᕵ — longitudinal component normal to the plane containing h and v.

Positive from stern to bow
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B. SZEPARATICN OF HAND ᑊ COMPONENTS

The earth's field was used as the exciting field of the model.
Rolling experiments were designed so that the effect of HL and Pa could

be determined se yately. (H, is ineffective in producing eddy-current
fields during rolling). +

Fig. 14 illustrates the method of determining the eddy-current
field due to H . Here the longitudinal axis of the ship model was aligned in

the north-south direction and measurements were made with the model rotating

at the instant when the model was in the attitude, with respect to the
exciting field Z , shown in Fig. 14. Eddy-current field components at a
point M are denoted by h,, and Va

Fig. 15 illustrates the method of determining the eddy-current
field due to 1] „ The same exciting field ᓆ was used and the measurements were
made at the sale point nm with respect to the ship's water line. However,
the measurement was now made at the attitude with respect to the exciting
field 7 shown in Fig. 15. The eddy-current field components are de-
noted by v, and h, at the point M,

The eddy-current field which would occur if the ship rolls in

an exciting field H,- Zand Hj = Zcould then be determined as v,*v,; hyth,

To determine the effects of other exciting field conditions the following
relationships may be used:-

h, and v, very directly as EH, (46)

v, andh, vary directly as He (47)

C. | APPARATUS

(a) Supporting Frame, Model Drive, and Measuring Boards. The
stub shafts of the ship model were supported in bearings attached to the

wooden structure shown in Fig. 16. An aluminum pulley was fixed to one
shaft (see Fig. 11). A long V-belt extended over this pulley to the
pulley of a 1/2 hp d-c motor placed eleven feet from the axis of the
model. A thyratron, adjustable, constant-speed control was used to set
and hold the speed of the motor. A Hasler, type A, high speed tacho-
meter (0-20,000 rpm) was used to measure the rotational velocity of the
ship model. The motor and control were sufficiently distant from the
field measuring device that negligible disturbance to the eddy-current
field measurement was caused by their electromagnetic fields.

Two plywood boards, used to position the detecting element of
the magnetometer, were supported by the framework in a plane normal to
the rotational axis of the model. These two boards are shown in Fig. 17.
Holes were drilled in the boards in known positions with respect to the
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water line of the ship model. These holes were drilled identically in
both boards so that any position relative to the ship model's water line
on the lower measuring board could be duplicated on the side measuring
board. The detecting element could be fastened to either board by an att-

ached supporting rod, which could be inserted through any hole and clamped

with a knurled nut. By this means the detecting element could be posi-
tioned accurately at predetermined points. A protractor was fastened to
the detector enabling it to be set at any required angle. The measuring
boards could be moved to any position along the longitudinall axis of the
ship model and set transverse to the axis.

The lower measuring board was used in measuring the eddy-current
field components due to an exciting field vertical to the ship's deck.
The side measuring board was used in measuring components due to an ex-

citing field parallel to the ship's decks. The use of the two measuring

boards described, enabled the earth's vertical field to act as the exciting

field in both cases in the manner shown in Figs. 14 and 15.

(b) Triggering Contactor, A triggering contactor assembly,
shown in Fig. 16 is used to indicate when the rotating ship's model is

in a predetermined position with respect to the exciting field. This
structure supports two contacts which are closed once per revolution by
a wiper attached to an extension bf the model shaft. The two contacts
can be set at any angle on a circle in such a way that they can be closed
by the wiper at any predetermined angle of the ship relative to the keel-
down position shown in Fig. 14. The contacts close for a period of time

corresponding to 8.5° of each revolution, The contactor is used to tri-
gger the oscilloscope of the field-measuring device.

(c) Exciting Field Magnetometer. The exciting fields in
which the model rotated were measured by a U.S. Navy Magnetometer. This
is a Mark 5, Model 5, two-core, flux-gate type instrument manufactured
by the Leeds and Northrup Company for the U.S. Naval Ordnance Laboratory.

(d) Eddy-Current Field Magnetometer. A separate magnetometer
was used to measure the eddy-current fields. The detecting element of
this is visible in Fig. 17. This detector could be set at any angle in

any one of the mounting holes in the measuring board (Fig. 17). The

magnetometer was a slightly modified form of the type described by Rose

and Bloom." ‘Fig. 18 is a block diagram of the apparatus.

The output from the 1000-cycle oscillator is filtered and

fed into the exciting coil of the detector element. If this element is
in an external magnetic field, harmonics are generated in the 1000-cycle

wave form. In this particular instrument, the second harmonic (2000~
cycle) is used as a measure of the external magnetic field in which the
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detector is located. The output connections parallel the input, but the

signal is fed through a band pass filter which passes only the 2000-

cycle harmonic. The signal out of the 2000-cycle filter is amplified and

applied directly to the input of an oscilloscope. A change in the mag-

netic field at the detector may thus be observed as a variation in ampli-

tude of the 2000-cycle oscilloscope signal.

A feedback coil (see Ref. 7), in the form of an outer sole-

noid surrounding the sensitive element is used to make the magneto-

meter a "null" instrument. The battery-supplied current (A,, Fig. 18),

to the feedback coil is varied by adjusting a potentiometer manually

until the oscilloscope signal is a minimum. The magnetic field at the de-

tector element can then be calculated as the product of the nulling

current, Ài, and the feedback coil constant. The feedback coil con-

stant was measured by the use of a set of Helmholtz coils as 98 mg/ma.

The sensitive element in the detector consists of a tube of

mu-metal of wall thiclmess 0.006", length 1-3/4", and outside diameter

3/16". The exciting coil surrounding the mu-metal strip was ound to

give the correct impedance (1000 ohms at 1000 cycles) to match the

impedances of the filters.

when the detector is in a strong field, such as the earth's

vertical component, it is necessary to buck out this unwanted field.

This is accomplished by a third, battery-supplied solenoid wound over

the feedback coil, This coil had a coil constant of 85 mg/ma.

(c) The Oscilloscope.The oscilloscope shown in Fig. 18

was a Cossor, Model 1049. It has an electrical beam trigger which en-

abled the 2000-cycle signal to be viewed only during the time (8.59 of

the rotation) when the triggering contactor shown in Fig. 16 was closed.

Since this contactor is adjustable in a circle, the eddy-current field

set up by the rotating ship can be measured at any time during a re-

volution.

D. PROCEDURE

(a) Determination of Eddy-Current Field Due to Vertical

Component of Exciting Field

The procedure for determining the components h, and νο

which are those due to the EL component of the exciting field, was the

following:

(1) The rotational axis of the model was aligned in the

North-South direction (with the bow North) by the use of a magnetic

compass. Only the earth's vertical component was then effective in

producing eddy-currents in the rotating model. The model field then

simulated the field produced by the ship when rolling in the vertical

component alone of the earth's total field.
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(2) The triggering contactor (initiating the oscilloscope
sweep) was set to close in the deck-horizontal position as shown in Fig.lk.

(3) The detector element was set horizontally in one of the

holes in the lower measuring board, (Fig. 17), which was placed in the
midship position. The detector was now in the earth's zero field.

(4) The model was rotated at 227 rpm and the d-c current

required in the feedback coil to null the magnetometer signal as

observed on the oscilloscope was recorded. Since the magnetometer

signal appeared on the oscilloscope only during the time the triggering

contactor was closed, the measured field corresponded to the field pro-

duced when the model was in the keel-down position. The product of

the feed-back current (ma) and coil constant (mg/ma) then gave the h

component in milligauss.

1

(5) The rotation was stopped.

(6) The detector was then turned through 90° (Fig. 17).

(7) The magnetometer signal due to the vertical component
of the earth's field was balanced out by means of the earth balancing

coil.

(8) The model was again rotated at 227 rpm and the result-

ing signal again balanced out by the feedback coil current when the model
was in the keel-down position. This measurement gave the V, component.

(9) The above procedure was carried out with the detector in

each of the plug-in measuring fioles of the mounting board shown in
Figs. 16 and 17.

(10) The measuring board was then moved in turn to the

quarter-fore and quarter-aft positions and the measurements repeated.

(b) Determination of Eddy-Current Field due to Horizontal

Component of Exciting Field

The procedure for determining vi andh, which are those com-

ponents due to the EN component of the exciting field was the following:-

(1) The triggering contactor was set to close for the deck-

vertical position shown in Fig. 15.

(2) Similar measurements to those for the Hy component of

the exciting field were made at each of the plug-in holes in the side

measuring board. These holes were placed at positions with respect to

the ship's keel corresponding to those in the lower measuring board,

as shown in Figs. 16 and 17.
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(c) Determination of Eddy-Current Fields for Other than

Keel-Down Positions

(1) With the longitudinal axis of the model in the North-
South direction a measurement of component h, was made as in Part (a)

abe. The contactor was then set at other angles, as shown in Fig.
37, and the measurement of h, repeated at each angle, The method is

indicated aml the results shown in Fig. 37.

(2) The same method was used in measuring the variation
in components v,, h, and v, with contactor angle. The results are shown

in Figs. 38, 39 and 40,

E. CALIBRATION AND ACCURACY

Three principal factors influence the accuracy with which the

ship's field may be determined by model techniques. These are:

(a) The accuracy of representation of the ship's structure.

(b) The approximation introduced by rotating rather than

oscillating the model.

(c) The accuracy of the measurements of the eddy-current

field of the model.

(a) Accuracy of Representation Although the model was

designed to produce an eddy-current field as closely similar to that

of the ship as possible, four main approximations were introduced into

its design.

The surface of the wooden hull shown in Figs. 7 and 8 was

constructed to represent the outer surface of the wooden planking of

the ship's hull. The model copper framework should be internal to

this surface for a precise representation of the ship. However, this

framework was fastened over the surface of the wooden hull and thus was

displaced outward from its proper position, Such displacement of the

framework will introduce an approximation into the representation.

The keel of the model, however, was designed so that its lower surface

represented accurately the proper position of the base line of the ship

relative to the other parts of the ship. This special care was taken

in the representation of the keel because it is one of the most im-

portant field producing members, being large in cross section and close

to the point of measurement.

A second approximation in representation is that of the

effect of internal members. This approximation is explained in detail

in Section III (B).



~ 28 ~ SECRET

A third approximation in representation is introduced by the

fact that the aluminum superstructure of the shiv is not represented in

the model,

A fourth approximation is introduced by the dilation of the

scales of the cross sections of the framework members (see Section III).

(b) Approximation Introduced by Rotating Rather Than Oscillating
the Model

In all model test results, the model was continuously rotated

at a constant angular velocity scaled to the peak angular velocity at-

tained by the ship during a sinusoidal rolling motion. If the model were

oscillated to simulate the rolling action of the full-scale ship, its an-

gular velocity would vary continuously with time. Because of the in-

ductance of the model framework, it would be expected that the eddy-

current field created when the model reaches its peak angular velocity

would differ from that created when the model rotates continuously at

this peak angular velocity. An estimate of this difference may be ob-

tained from equivalent cylinder theory.

A theory of the eddy-current field produced external to a thin,

hollow, infinitely long, conducting cylinder oscillating in a uniform

magnetic field is developed and discussed in Appendix IV. This theory is

compared with that for the same cylinder rotating continuously in the

same magnetic field. Those results of the analysis which allow an esti-

mate of the approximation introduced by rotation rather than oscillation

of the model will now be given.

Fig. 19 gives graphical comparison between the horizontal

field produced by a cylinder when rotating and that produced by the same

cylinder when oscillating, in a vertical exciting field. The constant

angular velocity of the rotating motion is equal to the maximum angular

velocity attained during the osciillating motion. These curves are cal- .

culated for a cylinder having constants only approximately equal to those

of the ship's equivalent cylinder - which is described in Appendix III -

and are therefore used only to estimate the probable error in the re=

presentation,

Curve A, Fig. 19, calculated by the methods of Section I (D),
is a plot of the horizontal component on a normalized scale of the eddy-

current field, produced by cylinder rotation. The values given are

those along a horizontal line transverse to the axis and below the

cylinder. The usual shift in space, previously observed in Fig. 2, is

present. For Curve A the space phase shift is 14°,

Curve B, Fig. 19, is a plot of the normalized horizontal com-

ponent of the field produced by cylinder oscillation, The amplitude of

the oscillation is about + 30° and the period lies within the range of
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Ship rolling periods. Curve B was calculated by employing the results of
the analysis given in Appendix IV. The field distribution is calculated
at the instant when the angular velocity of the oscillating cylinder is
maximum, At this position (0 = 0) the magnitude of the normalized hori-
zontal field for the cylinder when rotating is 18% higher than the magni-
tude for the cylinder when oscillating.

Curve C, Fig. 19, shows the normalized horizontal field distri-
bution for the oscillating cylinder at a later time than Curve B when,
although the angular velocity is no longer maximum, the field is maximum,
This effect is due to the inductance of the cylinder. At the 0-0
position the magnitude of the normalized horizontal field for the cylinder
when rotating is now only 8% higher than the magnitude for the cylinder
when oscillating.

Although these results are not directly applicable to the case
of the mel ship technique they do indicate that the results Obtained for
the ship model.for maximum field conditions under the keel are somewhat
high. The results also indicate that the ship model results represent the
maximum field produced by a ship during its rolling cycle more closely
than they represent the field produced at the instant when the Ship has
attained maximum angular velocity.

Fig. 20 is a graph of the normalized horizontal component of
the field as a function of time at the 0 = 0, 9 = 22.55, 0 = 45° positions
for the cylinder when oscillating. At the 0 =0 position the field is
essentially a sinusoidal function of time and lags the angular velocity
of the cylinder nearly by the angle tant @T, where T is the time
constant of the cylinder and o Er At this position the second har-

monic effect discussed in Appendix IV is very small. The horizontal
field magnitude reaches a maximum value at a time later than that at
which the peak of angular velocity occurs. This condition was also shown
in Fig. 19. At the Ó = 22.55 position the eddy current field is no
longer sinusoidal in time but shows considerable distortion. This is due
to the increased importance of the second harmonic effect discussed in
Appendix IV. At the 0 = 45° position the field is due entirely to the
Second harmonic effect. Here the field is unidirectional at all times
and is of double frequency.

These effects are discussed in detail in Appendix IV.

(c) Accuracy of the Measurements of Exciting and Eddy-
Current Field.

(1) The Earth's Field as the Exciting Field

In all eddy-current field measurements, the vertical component
of the earth's magnetic field was used as the exciting field.

The magnitude of the eddy-current field is proportional to the
magnitude of the exciting field in which the model rotates. It is
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therefore necessary that accurate measurements of the exciting field be

made during the model tests. Further, if the exciting field is not uni-

form in space and constant in time, errors will be introduced into the

eddy-current field measurements. Non-uniformity in space would mean that

different conducting members in the model would be moving in different

exciting fields. This would not simulate the conditions normally en-

countered by the ship. Non-constancy in time, besides affecting the

measurement of the earth's field, would be particularly serious in the

eddy-current field measurement. This is due to the fact that a small

variation in the component of the earth's field along the axis of the

detector will superimpose directly on the component of eddy-current being

measured and thereby may cause a large error in the measurement.

Eddy-current field measurements were made at two different sites.

The first site was in a steel framed building, the second in a wooden

building having no ferromagnetic material, Magnetometer surveys of the

exciting field were made at each of these sites, These surveys showed

both spatial non-uniformities and time variations of the exciting field,

necessitating certain precautions in the eddy-current field measurements.

The results of the surveys and the methods of compensating for varia-

tions are given in the following paragraphs.

The magnitude of the earth's vertical field was measured with

a Mark 5 Model 5 U.S. Navy Magnetometer. This instrument is accurate to

± 5 mg.

Model experiments were performed in the steel framed building

after stages 1 and 2 of the model construction. Space variations of the

field were measured with the Navy Magnetometer placed in the vertical

position at various points in the space about the model. These measure-

ments were made when the earth's field was particularly constant in time.

Eight such measurements were taken and the highest and lowest fields ob-

tained were 370 mg and 358 mg,respectively, The average of the measure-

ments was 366 mg which was taken at the exciting field. Thus the largest

deviations from this value are about 2%,

Measurements on the completed model (after stage 3 of the con-

struction) were made in the building free of ferromagnetic material. A

field survey made at ten points in the space around the model showed a

mean vertical field of 555 mg, the highest field being 562 mg and the
lowest 544 mg (the observatory value of the earth's vertical field at
Ottewa is 562 mg). Again the largest deviations from the average are
about 2$.

During the course of the model tests it was found that time

variations of the earth's magnetic field may affect the eddy-current

measurements seriously unless certain precautions are taken. Measure-

ments taken in the steel framed building showed that during the course

of an eddy-current field measurement the component of the earth's field
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along the axis of the detector could vary by as much as 2 mg. Thus if

the detector is to measure eddy current fields in the range O - 30 mg,

precautions must be taken for time variations in the earth's field in

order that large percentage errors in the model results be avoided. The

precautionary measures consisted of nulling the earth's field along the

axis of the detector imnediately before and after each eddy-current

field measurement by means of the earth-balancing coil described in

Section IV. (p. 25). The average of any difference was applied as a

correction to the eddy-current field reading. Time variations in the

building free of ferromagnetic material were found to be of the same

order as those observed in the steel framed building and the same pre-

cautions were taken.

The exciting field base was chosen as 560 mg, All eddy-current

field measurements were referred to this base by linear extrapolation.

(2) Eddy-Current Field For the null method of using the eddy-

current field magnetometer described in Section IV C(d) the magnetic field

is given by the formula? :~

B = MI, +K, + K,,

where

B is the component of the field under measurement (mg)
Mis tle solenoid constant of the feedback coil (mg/ma)
Ipis the nulling current in the feedback coil (ma)
K,is an additive constant which is independent of the field (mg)
Kzis an additive constant due to the misalignment between the

detector and the field to be measured (mg).

"Accurate measurement of an eddy-current field requires that I’

and Ka be known accurately, and that the two constants M and Ki

do not change appreciably during the time of the measurement. These

requirements were examined for the case of the eddy-current field magnet-

ometer with the following results:-

By the use of a set of Helmholtz coils the solenoid constant M

was measured and tested over a range of fields extending fran +560 mg

to -560 mg and found to be 98 mg/ma + 1% over this range. Variations in
M are probably not greater than published values for other instruments

of this type whose variations are reported to be less than 0.1% ᒃ.

The additive constant K, varies slightly with operating con-

ditions, such as a-c voltage, frequency, temperature and magnetic treat-

ment of the detector ᐛ . Sufficiently controlled conditiors were not

available for making accurate measurements of variations in 41 .
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However, precautions were taken to minimize such variations by operating

the magnetometer unit from a Sorenson regulator, by taking each single mea-

surement in as short a period as possible (about 45 seconds) and by sub-

jecting the magnetic core to as small magnetic field variation as possible
during a measurement. Several experimental checks were mde by one of the

designers of this instrument under these conditions. They indicated that

the value of K, is less than 0.5 mg and that variations are less than

this value.

The system was arranged so that the earth's field with the

model at rest could be balanced out by means of the earth-balancing coil

while the feedback coil current ' 1„ was set at zero. Then, with the model

rotating at constant angular velocity, the current ' 12 was increased until

a null condition was observed on the oscilloscope. The nulling current
meter was a standard 3-1/2" panel meter with an accuracy of 2% of full

scale, except in the case of stage 3 measurements where a 1/4% meter was

used, Meters of appropriate ranges were inserted into the circuit in

order to keep the reading within the upper two-thirds of the meter scale.

The spread in the measurements of the maximum values of h,

and v, after stage 3 was checked by measuring the same eddy-current field

a number of times. The following table shows the results of six measure-
ments of each of the quantities h, and νι at each of three depths under

the keel at midship

TABLE IIl

———————On —À—Ü

191 Under Water Line | 24! Under Water Line | 29" Under Water Line |
midship (Stage3) midship (Stage 3) midship (Stage 3)

ᒃ. Vi h, Vi h, Yi

|
Max. 29.5 31.4 19.9 2304 13.4 17.1

Min. | 27.8 29.2 16.9 20.3 11.6 14.9

Mean 28.3 31.0 18.3 21.6 12.4 15.9

Spread | («1.2 mg (+.4 mg («1.6 («1.8 («1.0 («1.2

(-.5 (+08 (21.4 (21.3 (-.8 (21.0
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The uncertainty in any single measurement due to variations in the ex-

citing field and because of the instrumentation is within the range of

+ 2 mg. Uncertainties in the measurements of the values of h, and

v,are of the same order.

The constant K, is normally added to allow for misalignment of

the detecting element within the detector mounting, and for misalign-
ment of the mounting with respect to the component of eddy-current
field to be measured?, In thé case of the measurements of h, and

Vithe detector was rotated into zero field before the measurement, by
varying the position of the detector until the oscilloscope signal was

a minimum. An eddy current field measurement was then made for this

position of the detector, This process was repeated for each position

of the magnetometer on the measuring boards. In this method, the con-

stant K, becomes dependent on the uniformity of the exciting field as

well as on the accuracy of the model set-up and is not reliably known.
However, for the measurement of the maximum values of h, and vi(nearly

under the keel), the angle of the magnetic axis is not critical since
the measurements were made at the peak of the sine curve shown in Fig.

39. In the case of the stage 3 measurements the exciting field was

uniform ind therefore the errors due to the detector alignment were

small. In the measurements ofh, andv, , the constant K, may intro-

duce slightly larger errors because the angle at which those components

&re measured is determined by setting the detector element in static

zero field end then turning 90° into the vertical direction before

making the eddy current field measurement,

A further possibility of error lies in the statement of the

position of the detector element with respect to the model. The posi-

tioning of the center of the detector is within 1/16" of the position

stated with respect to the water line in the model system.

It is difficult to evaluate the effects of all these approxi-

mations on the accuracy of the measurement of the field of a rolling

ship by the model techniques developed here. However, during the

course of the investigation, it was possible to measure the field at a

few points under a full-scale AMc 143 minesweeper with aluminum decks.

Model measurements were compared with these measurements to give an

estimate of the effectiveness of the technique. This comparison

(given in Section VII below) shows that the model produces an eddy
current field which is on the average about 15% lower in magnitude

than that of the full-scale ship.
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V_- τς RESULTS

a) Figs. 21 *o 36 inclusive give the results of measurements

of components hi and Va brought to a common exciting field base of

= 560 mg, and of v, and h,»rought to a common exciting field base of

ᕽ, = 560 mg.

b) Figs. 37 to 40, inclusive, show the variations in signal

from the detector, because of the shape of the ship, when the contactor

is set to make the measurement at any attitude of the ship with respect

to the exciting field.

c) Fig. 41 shows the effect of rotating the detector at a

fixed measuring point with the contactor set to measure the field at the

keel-down position.

d) Figs. A2 and 43 inclusive. (Experimental Curves), show the

eddy-current field as a function of angular velocity of roll. A com-

parison is given in these figures with similar functions (Theoretical
Curves) calculated from the case of an infinite rotating cylinder. The

calculations and comparisons are described in Section VI.

e) Figs. 44 and 45 give complete transverse profiles of the

field of the model at midship taken at high angular velocity änd for

both directions of rotation. These tests were made to determine the

time constant of the ship's framework as accurately as possible. The

method of determining time constants is given in Section VI.
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A. EDDY-CUXRENT FIELD 45 A FUNCTION CF EXCITING FIELD

All test results have been presented for exciting fields of 560

mg. In Fig. 46 a combination of exciting fields, which is approximately
that existing at Ottawa, Canada, when the ship is heading east and west

has been chosen. The eddy-current field has been derived for this condi-

tion from Figs. 29 and 30 by using the relationships given by Equations

(46) and(47.) The eddy-current fields caused by any exciting field con-

ditions may be derived in this way.

B. EDDY-CURRENT FIELD AS A FUNCTION OF DEPTH

Data are replotted from other figures, and some new data are

also plotted in Figs. 47 and 48 to show the variation of field strength

with depth. These curves show that the field strength varies approxi-

mately as the inverse square of the depth below the water line.

C. EDDY-CURRENT FIELD COMPARED WITH FIELD OF AN EQUIVALENT CYLINDER

In the introduction, a cylinder analogy was used to show the

apiroximate form of the eddy-current field of the ship's framework,

The experimental work on the ship model has produced field forms which

are remarkably similar in form to those of the cylinder. It seemed

reasonable to assume that the ship's field, under the midship section

where end effects are small, could be closely represented by that of

an infinite cylinder of appropriate dimensions. A logical basis for

choosing both appropriate dimensions ard the position of the cylinder

relative to the ship has been attempted in Appendix III. A comparison

of the characteristics of this cylinder with those of the ship, as

determined experimentally from the model, follows:-

(a) Field Forms

Transverse profiles of the field under the midship of the

model and the cylinder as determined by the method of Appendix III, are

compared in Figs. 49 and 50. For the conditions assumed, there is good

agreement in the case of the eddy-current field due to E. The

field agrees well in form, but the magnitude of the cylinder field is

smaller than that of the ship probably because in this direction, the ship

circuits are greater than the cylinder circuits.

(b) Variation with Angular Velocity

In Fig. 51 the horizontal and vertical components of H,

for a cylinder have been derived from Euuation(1)end plotted on a

semi-log plot as a function of 53 for the pointr =b, 9 -0„ These
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functions are again plotted over a limited range in Fig. 52 where it

is shown clearly that the vertical component is not linear with angular

velocity whereas the horizontal component is nearly linear over a certain

range.

In Figs. 42 and 43 the particular conditions for the cylinder

described in Appendix III were substituted and the results as a function

of angular velocity were compared with data obtained from the ship model.

Notice that conversion from values at the cylinder wall to the 19'depth

has been carried out using the inverse square law. Here again the H

field agreement is good, but the Hm field would obviously require a
larger cylinder for good agreement.

(c) Time Constants

It is demonstrated above that the ship's field is very simi-

lar to that of the cylinder chosen in Appendix III. For the case of a

cylinder the angle ¢ may be determined from the field plots by the use

of Equations(7)and(8). The time constant of the cylinder (given by

÷ = 0.2789) may then be obtained from the relationship
108p Va l2 π

M e =tan ᑮ _ Re -0 _ ± 2 (A9)
a ω ᔔ

Because of the agreement between midship model field and

cylinder field it is reasonable to expect that an estimate of the time

constants of the ship's circuits may be obtained from an equation of the

above form when v, , h, , h,and v,are taken from ship model field profiles.

Because of the differences between the H and H, excited fields, two

"lumped" time constants are involved and these are given by:-

Va

hg.
T - + 920 , and (50)

v [o]

Ἆρ
Y. =fARE

ᔀ, = — 2. (51)
[^]

In order to obtain reasonably accurate values forv, at 9-20

and h, at 8 = 258 set of measurements was taken at an increased

angular velocity, and for both directions of rotation. The higher
angular velocity seemed to give a more favorable ratio of V, and

h, to the background field. The results are given in Figs. 44 and
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45, and Equations(50)and(51)apylied to these curves provide the following
time constants for the stage 3 structure:

TE, = = .4 sec. (from Fig. 4h) (52)

15

^E. = ᑉ- = „6 sec, (from Fig. 45). (53)
6.62 x 20

Equations(7)and(8)applied to all test results indicate that
the time constants have been determined with about the following

accuracy:

H = .4 ± „1 sec.,

H = .6+ .1 sec.

The cylinder equivalent to the AMc. and Class ship

(Appendix III) has a phase shift ᘅ =10° for an angular velocity equi-
valent to the maximum obtained by the ship. This yields a time con-

stant of 0.5 seconds, as shown in Appendix III.

(4) Conclusion

On the basis of the case of the single ship described here it

appears that a good estimate of the magnitude and space distribution

of the eddy-current fields under the midship section and the time con-

stants of the ship's circuits may be obtained by the equivalent cylinder

method.
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711 ~ COMPARISON WITH FULL-SCALE TESTS

The horizontal components of the eddy-current field of a

full-scale AMc.143 and Class ship with aluminum decks has been measured

at ᓏ few points ᑒ „ The stage 3 structure of the model described in the
present report was designed to produce the same eddy-current field as

this ship. A comparison of equivalent eddy-current field measurements

is given in Table IV. In this table the results of tests on the full-

scale ship are given. The comparison is made by converting the model '

test results to the conditions under which the full-scale ship results

were obtained. The conversion of model results is discussed in detail in

Appendix V.

Table IV shows that full-scale ship measurements are, on the

average, about 15% higher in magnitude than model measurements. The
difference occurs because of the effects discussed in Section IV(E)
above. It is probable that a major part of the difference exists be-

cause the aluminum superstructure of the ship is not represented on the

model, There is also the possibility that the ice protection belt may

form a conducting loop. It is not clearly known by the authors whether

the ice protection belt forms part of the conducting structure of the

ship since it may or may not be insulated from the other members by the

wooden hull, The fact that full-scale results are consistently higher

than model resultssupports the belief that these structures may contri-

bute to the eddy-current field.
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COMPARISON OF TEST RESULTS FROM FULL SCALE AND MODEL SHIPS

FOR AN EXCITING FIELD OF HY = 542 mg,H 7 115 mg

SHIP TESTS (ERA-231) | MODEL TESTS (ERA-228 |
| "COWICHAN" Stage 3 |

(Complete Structure) |

ᓘ
Depth Depth Under | Magnetic | Avg. Single ! Magnetic Angular Magnetic Deviation

Loca- Under Water Line | Distur- Amp. of Signal Velocity Signal | of Model
tion Keel (Deep Con- bance Velocity (mg) (deg/sec) hi + hj Tests From

dition) | (mg/deg/sec) | (deg/sec) | (ng) Ship Tests
| 

| (3)

T
18? 25! | „83 +.9 h.l 4.9 | 3.6 -12%

Midship H i i

2319" 30:9" 055 5.7 3.1 5.7 | 30 | -3ᾱ
¡

t
| |

‘Quarter 18: 21,191 .88 5,2 4.6 5.2 | 3.7 | 208
Ship ᑍ i

Fore 23191 3016: 256 5.5 3.1 5.5 2.8 -10f

|

Quarter 16! 2213: σα" 4.9 3.5 4.9 2.5 ~298
Ship

Aft 21:9" 29! ET 6.1 2.7 6.1 2.2 -19%
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VIII ~ ESTIMATE OF FIGSLD DU& TO PITCHING

The model tests were not extended to measure the eddy-current

fields due to the effect of pitching. However, estimates based upon the

rolling experiments and upon indirect measurements were made.

Two types of framework circuits are effective in producing

magnetic fields during pitching. These are: (a) Horizontal Circuits,

such as those formed by longitudinals and beams - the field of these may

be derived from roll measurements - and (b) Transverse Vertical Circuits,

such as those formed by transverse frames - an approximate method of esti-

mating their field is given here.

A. HORIZONTAL CIRCUITS

These circuits oscillating in the horizontal component of the

earth's field will have eddy-currents which produce vertical fields under

the keel. The ef^ect will be a maximum when the ship is on a N-S heading,

and a sinusoidally varying field will then be produced which has a maxi-

mum approximately at the time when the circuit is passing through the hori-

zontal plane,

As we have shown previously, horizontal circuits contribute to

the field caused by roll and their effects due to roll have been mea-

sured, It is possible by simply adjusting for the difference in angular

velocity between pitch and roll motions to derive the pitching field

from roll measurements to a first aproximation.

Consider one of these horizontal loops of area S having a

pitch oscillation of period Tp and maximum angleP . A sinusoidal

current will be generated with, a maximum given by

E Po HS

BIRT ue (®
P

when E is the emf induced andR is the resistance of the loop.

The same loop moving with a roll oscillation at period T

and a maximum angle a, in the same field will have a sinusoidal

current of maximum value

a 5

α T ° (55)
a
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The pitch effect H, from horizontal circuits can thus be derived

from the roll effect Hy Ῥ by the use of formula:

a

PT
H, _/{_oa)H,ᓀ (S T ) 1g ᐤ (56)

op

When the maximum roll and pitch conditions are:- PyT

Roll 4305 in 8 seconds; Pitch +8° in 4.5 seconds, the multiplier ᓉ )
Fo P

is .475. The vertical effects due to rolling when the ship is E-W are

shown in Figs. 22, 24, 26, 28, 30, 32, 34, 36 for an exciting field of

560 mg. The effects at pointe amidships under the keel,of pitch of
horizontal circuits in a 142 mg. field are derived from these as shown

in Table V. Pitch effects may be derived similarly from roll effects at

any other point.

TABLE V

Position - Vertical Effect at Midship Due to a Pitch of +8° in

Depth Under 4.5 sece of Hor, Circuits for a N-S Heading at

Water Line Ottawa (Hh= 142 mg)

Stage 1 Stage 2 Stage 3

191 e475 x 3.7 = 1.8 mg. 2.9 mg. 3.8 mg.

pu .475 x 2,7 = 1.3 ug. - 2.5 mg.

29! .475 x 1.2 = 0.6 mg. 1.3 mg. 1.9 mg.
| ᒫ :

B. TRANSVERSE VERTICAL CIRCUITS

When the ship is on any heading, its transverse vertical

circuits are moving in the vertical component of the earth's field when

the ship pitches. The principal circuits are the transverse frames

which make up a solenoid-like structure of conductors. To determine the

eddy-current field of this structure, the current was estimated by cal-

culation and the field was measured experimentally by a model technique.
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(a) Calculation of Current

A mean frame was considered to bound an area S sq. cm. equal

to the mean of areas of frames 16 and 40 (see Davie Dwg. 589-H-2). The

resistance R around the periphery of a mean framé is about 315 microhms.

The maximum current in the frame was calculated fran the following for-

mula

ᐷ

I, = E ᓄ T? ± × lo? H,, (57)
P

where P is the maximum pitch angle in degrees,T_ is the period of

pitch in seconds and + is vertical component of the exciting field in

oersteds.

When P = 8°, T - 4.5 secy, R = 315 microhms, and S =
420,000 sq om. mean of areas bounded by frames 16 and 40),

_ ᓗᓕ ᓗ, 20x B. 1 420,000
E = an x 360 * 1.5 ᕽ 315 x10-

=2.6H, (58)

(b) Measurement of External Field

x 10-9 RS,

Because of the shape of the structure, a calculation of its

external field could not be made by using the formulas for solenoids of

ordinary shapes. The external field was therefore determined experi-

mentally by a model technique.

An insulated wire was wound transversely on the structure of

the model shown in Figs. 11 and 12 to form a solenoid with a turn for

each single frame. At the bulkheads a number of turns were close wound

to represent a decreased resistance due to the large cross section. The

number of turns at the bulkheads was determined by the ratio of cross

Section of bulkhead to frame of the model.

my = 2. (59)
ᕵ

where n is number of turns, A is area of cross section and subscripts

indicate bulkheads,

The field in the vicinity of the resulting solenoid was ex-

plored approximately by means of the U.S. Navy Mark 5, Model 5 magneto-

meter. The results are shown in Fig. 53 for the case where the current

in the model solenoid is

1
i = 26H, κ = 2.6x .560 x ps «060 amperes,

where k = x linear scale factor of model,

and Hy, = „ 560 = vertical component of exciting field.
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Derivation of the Equatia of the Flux Lines Created by a Thin, Hollow

Cylinder Rotating in a Uniform Magnetic Field

FLUX LINE WITH. EQUATION

r= (0)

FIG. A FIG. B

In the two-dimensional case, the equation of the flux lines

created by a rotating cylinder will be of the form r = f(0). In Fig. A,

the point P(r,8) lies on a magnetic flux line in the polar plane. A
small disolacement 83, tangent to the flux line at the point P, has ra-
dial and tangential components of displacement dr ani-rü&, If 6 is the

angle between the tangent to the flux curve and the negative tangential

direction as shown, then 6.is given by

tan 6 - ᐧ

In Fig. B, the magnetic field Hi(r,8), created by a thin
cylinder of radius b rotating in a constant exciting field Hy is shown

at the point P. From Equation (1), page3 , this field is, in terms of
its positive and negative tangential components, given by

9;
H

D? X=H, = sin(0- 9)
T ᐪ + ος” x? ,

Ry

σ v2

ᓥ cos(8 ~ #) , provided ᗆ > b.

ᓪ

ο

vi νο” +
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By definition, the field Hi(r,0) is tangent to the flux line
at the point P. Thus from Fig. B, the angle 6 defined before is given by

Ἡ

ᔡ 6 = += ,
Ho

and using the field equations above it follows that

tan 6 = tan(@~ 9) .

Equating the two values of tan 6 it follows that

±
=rd0

Integration of both sides of this equation gives

= tan(@ -¢).

r = 0 οοβθ -ρ) ,

where C is an integration constant. This is the equation of a family of
circles all passing through the center of the cylinder and having their
centers on a common line which makes an angle # with the direction of the
exciting fieldH, Since the field equations hold only for ᗆ >b, the con-
dition ο 2 bmust be satisfied, In other words, the above equation of
the magnetic flux lines holds only for points external to the cylinder.
The integration constant C may be written as

C = nb,

where n is any positive number greater than unity. The equation for the
magnetic flux lines external to the cylinder is thus

r= nboos((0-2) n>1.



- 46 - SECRET

APPENDIX II

DERIVATION OF THE EQUATIONS FOR THE HORIZONTaL AND VERTICAL COMPONENTS OF

THE EDDY-CURRENT FIELD AT POINTS EXTERIAL TO THE ROTATING CYLINDER

-— Hn

*h

t

1. Equations of Component Due to Exciting Field Component E,

From Eq. (1), the radial and tangential components of the field

at the point (r, 9) outside the cylinder are as follows:

9, b?

ae ace?:

2

H
r

6 2
2 b

=H ——— —cos(6 - 9).
Sh vl + [34 r?

Let the depth from the center of the cylinder to a horizontal

plane under the cylinder be "nb", where n 21.

Then let
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Substitution gives:

2

H. ab)" sin(0 - g)HKG

HK cos?0 sin(0 ~ #), and

H x (3b. ? cos(@ ~ #) = HK cos?0 cos(8 ~ 9)
vor v °Hg

Let the horizontal component due to Le be called hi (this is

the principal component under the keel due to H,) and the vertical component

due to E, be called v, . The components in the +h and the «v directions

defined by the above diagram are found to be as follows:

hy

v.

KH, cos” sin(0 ~ #) sin0- KH, cos ^9 cos(8 -#) cos 0 = KA, 00570 cos(20 ~ 9$)

2 XH. cos?0 sin(0 ~ #) cos 0+ KH. cos?o cos(0 -#) sin0= KH, cos70 sin(20 ~ 6)

2. Equations of Components Due to Exciting Field Component Hs

Let the vertical component due to ᖃ be called νι (this is the

principal component under the keel due to Hy) and the horizontal component

due to ᐧ be called h, . It can easily be shown that

vi = ᐨ KH, cos?0 cos(20 ~ 2) ,

h. Π2 - KE, cos?0 sin(20 ~ #) ᑾ

3, Determination of the Zeros, Maxima and Minima of the Functions

cos?0 sin(20 ~ #) and cos?0 cos(20 ~ 9)

Determination of zeros of cos?0 sin(20 ~ 9):

Let cos?0 sin(20 - 9) =0

ᐝ. Zeros occur when8 = +90°,0= £

Determination of maxima and minima of cos?0 sin(20 ~ 8) :

Let 4 [cos sin(20 ~ #)] = 0

$ ($ sin(20 ~ 9) + + sin(yo - #) + $ sin(#)] = 0
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cos(20 ~ 9) -cos(40 ~ g)

cos 20 cos #+ sin 20 sin φ -[cos 49 cos8 + sin 49 sin ¢]

cos g[cos 20 + tan # sin 20] -cos $ [cos 49 + tan ὁ sin 40]

cos 20 + cos 46 = -tan g[sin 20 + sin 46]

2cos 58 cos 0 = -2tan g[ sin 20 cos 0]

tan 30 = -cct2 = tan(90° + ρ) = tan(-90° + 9)

-. Maxima and minima occur when 0 = £ + 30°.

ᕃ

Determination of zeros of cos?0 cos(20 ~ 2):

0.ᐦLet cos?0 cos(20 ~ 9)

#90°, 62 $+ 45°,Zeros occur when e

Determination of maxima and minima.of cos? 0cos(20 ~ 9):

Let z [cos?6 cos(20 - #)] = ο

$ [$ cos(20 ~ 9) + + cos(49 = 9) + $cos(-2)] = 0

-sin(40 - g)

sin 20 cos # = cos 20 sin # = -[sin49 cos ὁ ~ cos 49 sin $]

sin(20 ~ 9)

sin 20 ~ tan #9 cos 20 = -[sin 49 ~ tan ¢ cos 49]

sin 20 + sin 49 = tan ᕞ cos [29 + cos 49]

2sin50 cos0 = 2 tan# cos 30 cos 8

tan30 = tan g = tan 180° + ᖱ = tan -180° + $

‘ Maxima and minima occur when ᕞ - 5 A 6-5 ± 60°.

The zeros, maxima and minima of the functions are summarized in

Table I of the text.
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APPENDIX III

REPRESENTATION OF THE SHIP BY AN BQUIVAIENT CYLINDER

At midship, where end effects are not great, an attempt may be

made to represent the ship by an infinitely long, thin, hollow, conducting

cylinder. The method of obtaining the dimensions of such a cylinder will

now be described. From this cylinder an estimate of the space phase lag

and time constant of the field induced by the rolling ship may be made.

The field distributions obtained fran such a cylinder may be compared with

the field distributions from the ship.

Determination of b (radius of the equivalent cylinder)

The basis for obtaining the radius of the equivalent cylinder is

to equate the cross-sectional area of the ship at midship to the area of

the cylinder. The areas of two frames in the region of midship,namely

Frames 40 and 57, were measured on the plans of the ship by means of a

planimeter and an average value for the area taken. Multiplying this

measured area by the scale of the drawing gave an average value for the

area of the actual ship at midship of 434,000 cm*. By equating this
value to the cross-sectional area of a thin cylinder, nb? , a value for

b of 370 cm is obtained. 5

Determination of a (wall thickness of the equivalent cylinder)

The basis for obtaining the wall thiclmess of the equivalent

cylinder was to redistribute the total cross-sectional area of all longi-

tudinal aluminum members at midship uniformly about the walls of the

cylinder, as suggested by scaling relations developed in Section II.

The cross-sectional areas of all longitudinal members at Frames 40 and

57 were summed and a average for the two frames taken. The value ob-

tained was 1940cm*, To make a uniform redistribution of this area of
metal about the walls of a cylinder, use was made of the relation

2mra = 1940 cm,

where r = 370 cm. From this relation, the value for the wall thickness a

is found to be 0.83 cm.

Estimate of the phase lag of the induced field

From the theory of a thin, hollow, conducting cylinder rotating

with constant angular velocity in a uniform magnetic field, the angle $

is given by

~1 O.2"av
an" Sectav

108p

where a = thickness of cylinder wall in cm., v = tangential velocity of

cylinder in cm/sec, and p = resistivity of the metal in ohm-cm.

8 = t
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For the equivalent cylinder of the ship, a = 0.83 cm. and p = 4,3
x 10-Sohm-cm, The velocity may be calculated from the relation

2"

VTT mx ᑮ › ί
where T = period of roll of ship in seconds, eax maximum angle of roll

of ship in radians, and b = radius of equivalent cylinder in centimeters.

ᐌ: »

Under maximum conditions, T = 8 seconds, 9 = 30°, and for b = 370 cm,

the value obtained for the velocity v, is v = 153 cm/sec.

Substituting these values in Equation (1), an estimate of the
phase angle is: := 10°,

Estimate of the time constant of the induced field

The time constantT of the induced field is related closely to
Equation (1), and is given by

or = OT,
108p

Since © =, it follows that

τς 2e,
108ρ

Using the same values for a, b, and p as before, an estimate of the time
constantz, is r= 0.5 seconds.

Note that the time constant T may also be written

. .i, 2mba _ 1 cross-sectional area of metal,

To 109 4 10° resistivity of metal

Horizontal and Vertical Field Components Induced by a Vertical Exciting
Field

As derived in Appendix II, the horizontal and vertical field
components, h and v,, induced by a vertical exciting field are given by

+ ορ

h = ——— cos?0 cos(20 ~ #),

n? vl+c,

and

Βν ο)

V - ᓝ ᓓ~--== cos?0 sin(20 ~ 8)
n? yl «ο

where H, = vertical exciting field, n = number of cylinder radii the level
under consideration is below the center of the cylinder, 0 = angle the
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radius vector makes with RS $- tan”! C, , and where ο, is piven by

c O.2nav

109p

Using the cylinder dimensions already found, the constant C, is calculated

to beC2 = 0.184. The hase angle $ is viven as before, g = 10°. For

δν 5 560 mg. the above equations become

102
ᐠ. - - = cos?0 cos(20 ~ 10°)

n

and

v, = + ᐨ cos?0 sin(z0 - 10°) .
n'

These functions are plotted for various levels (i.e., various n values) and

are shown as the dotted curves in Figs. 49 and 50. A comparison with the

fields obtained from the model under the same conditions is shown. The

assumption has been made that the bottom of the cylinder coincides with

the xeel of the ship. The following diagram illustrates the case for the

19-foot level.

SHIP EQUIVALENT CYLINDER

0.83 cm.

(0.027)

|

! :
t— 27.2

HALF SECTION 1 HALF SECTION | | WaTER LINE

ᑊ

[

l
L

"5"

19°

νι

n FOR THE 19° LEVEL

= 236 = 1,95
12.1

n? = 3,80
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For the 19-foot level the field components become

h, = -26.7 cos? cos(20 ~ 10°),

V, = 426.7 cos?0 sin(20 ~ 10°) .

These functions are plotted by assigning different values to 9 .
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APPENDIX IV

CALCULATION OF THE EXTERNAL MAGNETIC FIELD PRODUCED BY AN INFINITELY-LONG,

NON-MAGNETIC, CONDUCTING, HOLLOW CYLINDER OSCILLATING IN A UNIFORM MAGNETIC FIELD

INTRODUCTION:

An exact calculation of the mgnetic field produced by the

rolling of a ship in the earth's mgnetic field is an extremely difficult

and tedious task. The introduction of certain approximations makes the

calculation a much less formidable one.

In the past, two methods of calculation have been developed

based upon these simplifying assumptions. The first method* neglects the
inductance of the conducting members of the ship's structure and takes

only their resistance into account. The eddy currents generated are cal-

culated by relaxation methods. These currents are assumed to be exactly

in phase with the rolling motion of the ship.

The second method approximates the ship by a hollow cylinder of

suitable dimensions, but takes the inductance of the ship into account.

In a previous work? the field produced by such a cylinder continuously

rotating with an angular velocity equal to the peak attained by the ship

during a sinusoidal oscillation was calculated.

The calculation presented in this appendix is for a hollow cylin-

der oscillating in a simusoidal manner. The results derived are com-

pared «ith those previously obtained for the same cylinder undergoing

continuous rotation. This comparison shows significant differences between

the two calculations, The fields produced by rotation and oscillation

&re the same only if the inductance of the cylinder is negligible.

Outline of Method of Derivation

Consider an infinitely-long, non-magnetic, conducting, thin

cylinder of radius b and wall thickness a, performing sinusoidal oscilla-

tions about the z axis in a uniform magnetic field H, transverse to this

axis. A cross-section of the cylinder, the material of which has a

resistivity p, is shown in Fig. 1 of this appendix. The mechanical oscilla-

tion of the cylinder is given by

α = Gu sin 2%
° T 2n

whereᕞ = T. ᐋ)
a

= a sin ot
°

where @= roll angle (rad) at time t (sec.),a, = maximum angle of roll

(rad), T, = period of roll (sec). It is required to calculate the
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magnetic field at P (r,0) due to the eddy currents set up in the cylinder
wall as a function of r,0, and t, where r » b.

Let a set of rectangular co-ordinate axes,x-y-z , be fixed with

respect to the cylinder. Fig. 2 of this appendix shows this co-ordinate

system on the cylinder at time t. An observer at the origin of this co-

ordinate system, 0, is not conscious of the motion of the cylinder, but

Sees two time-varying fields applied to the cylinder, H, along the x

axis and H, along the y axis where H, and H, are given by

HL, = H sina- ᗭ EXE sin oc] )
e e o

> (2)

H, = H, cos ᗭ = H cos ᒤ sin «| )
2 e e o

For amplitudes of roll not too great these reduce to a good approxi-

mation to

H, = H, a sin wt
e ο 2 2

H, = ᕒ 1 eh Te ᔕ ‰% À (3)ᐣ “e m 4 )

Thus to the observer at O the cylinder is stationary, and two alternating

fields of single and double frequency are applied to the cylinder, 90° out

of phase in time and in space.

These fields excite eddy currents in the cylinder walls, and

since the cylinder is infinitely long these currents all flow parallel to

the z axis. The magnetic field they produce external to the cylinder will

be a two-dimensional one.

The case for the external field produced by a stationary
cylinder in an alternating field has been worked out by Smythe? . This
result together with the Superposition Theorem may be used to determine

the external field due to the two alternating fields HL and, » The

field at a fixed point external to a moving cylinder may then be found
by a transformation of co-ordinate systems.

EXTERNAL FIELD DUE TO EDDY CURXENTS INDUCED IN CYLINDER BY AN ALTER~

NATING MAGNETIC FIELD

The solution for this part of the problem was obtained by modi-

fying a treatment by Smythe found in "Static and Dynamic Electricity" pp.

411 - 413. In a cylindrical co-ordinate system (r,6',z ) the vector po-
tential τοῦ the alternating exciting field expressed in circular har-
monics is given by

J ᐦ real part

FG =u, λα, Don r7) Qr cos nO' + 3, sin n 6°) et | or
n imaginary pa:

ᐦ ᖹ
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The vector potential ᐐ of the external field due to the eddy currents flow-
ing in the walls of the cylinder is given by

V ᒥ * ᒣ (sin(wt-6 )
{ew pK ᔔ 938.D )(M cosn @' +N sinn 0°) («jt or "jo[ᑒ i vn κκ on n/^"n n ~ Leos(ot-6.)

n

where K = , and 6, = tan?É , the constants O,, D, M, NW.

are determined by boundary conditions.

EXTERNAL FIELD DUS TO SUPERPOSITION OF TWO ALTERNATING FIELDS OF SINGLE AND
DOUBLE FREQUENCY APPLIED TO CYLINDER

Equations (4) and (5) may be applied successively to find the
external field due to the exciting fields H,(t) and H(t) given by

Equations (3). To find their combined effect use is made of the Super-
position Theorem.

First consider the field Hos a, E, sin wt applied to the

cylinder as shown in Fig. 3. At P'(r,0') this exciting field expressed in
radial and tangential components is given by

8. (61). = ~ ᓌ H sin ᙵ ᕎ sin 0! + 78 cos o| (6)
i ove r

The associated vector potential at (r.0°) is then

À = Lan sin ot r cos 0! ο (7)
1 zoe

This is easily verified by taking the curl of Equation (7) which should
equal Equation (6). Determination of the constants in Equation (5) is
now possible by comparing Equations (4) and (7). This yields the follow-
ing values for the constants: M = 1,Dn = O,05M, = α le » Ny 70.
Since sin at =e! (imaginary part) the cosine time Function is chosen in
Equation (5). Equation (5) now takes the form

, '

à, --, a, H, _± » cos(wt - 8) gos 9. A (8)
° ᕪ lek 3

where ᒺ 9.Έπ8δ and 6 = tan" K s
10? p

2
a a

Next consider the field H = H n - ᒵ ᕒ —
2 e ᒻ ᕪ
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applied to the cylinder show in Fig. 4 of this appendix. At Ῥήτ,θὶ)
this exciting field expressed in radial and tangential components is
given by

` . 3] α 2 > ᓝᕒ᙮(9') = Ex {a - EM y EN T cos ant | n cos 0! ~ ugsin 9 | . (9)

The associated vector potential at (r,9) is then

a2 a2
+ > o 

. + 
o 

à2 = Hy GH, cos 0t r sine! + be n T |, ᗆ sin0' , (10)

which again may be easily verified. The second term of Equation (10)
is invariant in time and will induce no eddy currents. Comparison of
the first verm of Equation (10) with Equation (4) yields ihe following
values for the constants: n = 1, D, = 0, κ - 0 CN, = P4 ᐧ

Since cos 2wt = eat (real part) the sine time function is chosen in
Equation (5). Equation (5) now takes the form

i Li

ἂν - ᔧ, b? sin (ᓄ - o) Sin, (11)
r

where
K << o and ® = tanc 2K,

By (te Superposition Theorem the total vector potential at the point
Pi(r, 0!) is

a 2 4 ᓙ ᐡκ κ. = rs ~ ᑾ —X b?cos(ot ~ 5) S088, RE πο 117 2 lo ο ar rk eh ᐪ

The magnetic field HG, 0',t) due to the eddy currents is

> ᓥ ᓝ ¦

| Eee Tig d.

H -×᙮.~+ᓤ τα, ᐵ ᑸ àο (Sr 26 Bz
¦ 4 '

-a 8 ~_+ ~ y? cos(wt-5) cx
.. vl + Kk?

| 0 0 a2 o
ᐨ 2K : ind!| ᐩ ᕛ ᔆ ᐨ ¬ ᐨ =

¡ ᐺ 1+111

2 ak a ?

ΞἩ à à [ 2— cos(wt-5) sin 9! 4 —9- 2K sin(2st-5!) cos "ᒨ
° +» TLJXKS ᐩ γη”

be ᓝ α 3 ᒣ3 L 2 "e | us cos(et-5) cos 6! - sin(20t-5') sin 9! j (13)
3 Vi? VLHyK?
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TRANSFORMATION OF CO-ORDINATE SYSTEMS

Equation (13) gives the external field due to the eddy currents

in the cylinder wall at a point in the x - y - z co-ordinate system fixed

on the cylinder. An observer outside this system sees the cylinder per-

forming a rolling motion about its longitudinal axis. The induced field

at any time seen by this observer external to the oscillating cylinder may

be found by a transformation of co-ordinate systems.

In Fig. 5 of this appendix, the observer is at P(r, 9 ) which is
a fixed point with respect to horizontal and vertical axes through the

center of the cylinder, but is not a fixed point with respect to the

x ~ y ~ ᘻ co-ordinate system, In order that Equation (13) may always
give the field at (r,0 ) it is necessary that the angle 0' vary continuously

with time. With reference to Fig. 5 the necessary transformation is

e's 0-a

Q4)
= 9 - ᖖ sin ot.

Substituting this relation into Equation (13), and again making use of a?
the approximation for small angles a, i.e., sin a = aand cos a = ᒩ ~ >,2!
(used previously in obtaining Equations. (3)) it may be shown that the in-
duced field outside the oscillating cylinder is given by

H,(x,0,t) =H, E {i [sco sino : F,(t) cost | RE.) cos ~ FQ) sue | ]

where a 3

F, ft) = 3 a, cos(wt -δ) + —K— cos(wt-5) sin?et
1+K ᐺ1+ᔆ a3

+ E —& sin(2mt-5') sin wt (19)
1+ᗘ ᒻ

: a2 a 4
Fit) - ~ © ...‰-0) - BR ~= sin(2ut-6') sin?ot
ᔆ ᐺ «® ᒻ Vl4K* 8 '

ᐨ7 ᕒ = ᓐ 2cos(wt-6') sin wt.
1+K ᔆ

COMPARISON OF RESULTS FOR CYLINDER WHEN OSCILLATING AND WHEN ROTATING

Equation (15) gives the induced field outside the cylinder when

it is oscillating in a sinusoidal manner with a perio’ T, At the instant
c

t- 5zt the cylinder is moving across the exciting field Hs with maximum

angular velocity. Substitution of t = E › K - 0.5, a = i
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into Equations (16) determines values for F1 andF2. The value chosen
for K is approximately that for the equivalent cylinder obtained pre-
viously. A plot of Equations (15) versus the angle 0 for these values
ofF; andF2 gives curve B, Fig. 19. Curve A, Fig. 19 was plotted for
the cylinder when continuously rotating at the maximum angular velocity
attained by the cylinder when oscillating. It is seen that the hori-
zontal field (plotted on a normalized scale) obtained by rotating the
cylinder is higher and the space phase shift more pronounced than when
the cylinder is oscillating*. Curve C is the maximum field produced by
the oscillating cylinder. This occurs at ^ later time given approxi-

mately by t = 2n" + 6, In the region of 6 = O"the field of the cylin-

rj

der lags the angular velocity of the cylinder approximately by the
angle 6. This effect is shown in Fig. 20 which is a plot of the field
of the oscillating cylinder versus time over one complete roll period.

At 0 = O° the effect of the second harmonic is negligible and the curve
is essentially a sine wave. At0-22.59 the phase shift in time is grea-
ter than the angle 8 . This, and the fact that the curve shows consider-
able distortion, is due to the increased importance »f the effect of the
second harmonic exciting field at this angle 0. At0 =45° the field lags

the angular velocity essentially by the angle 6. Furthermore, the field

now pulsates with twice the frequency of roll aud is unidirectional.

This is because the field at this angle 0 is induced entirely by the
second harmonic exciting field and always acts in such a direction as to
oppose this exciting field. These effects may also be seen by using the
flux line distributions erived in Appendix I.

* Note: Admittedly the value of aos $ ( = 30°) is somewhat high for the

small angle approximation used in this treatment. Inclusion of the next

term for the expansion of sin a introduces the third harmonic.
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APPENDIX V

Conversion of Model Test Results for Comparison with Full-Scale Results

The conditions under which the, full-scale ship measurements were
made are described in detail in ERA-231? .

Model test results were converted to equivalent conditions of
Ship tests by use of the following formulae:

¥
E. (ay Medᔓ EN s ho) ?

hx
ht

1 ±

ᒃ

where the primed symbols refer to ship test conditions and unprimed
symbols refer to unconverted model test conditions. In the formlee the
first factor on the right is the field obtained under the conditions of
the model tests; the second factor accounts for the different exciting
fields used in the model and ship tests; the third factor is an inverse-
square depth conversion, and the fourth factor is an angular velocity

conversion obtained from the curves of Figs. 40 and Al.

The following sample calculation illustrates the method used
to obtain the values given in Table IV. The ship test results given in

Table IV were taken for an angular velocity of the ship of w = 4.9 deg/sec

at a depth ofd = 25! under the waterline at midship, for an exciting
field of H' = 542 mg., HL = 113 mg. They show a horizontal eddy

current field component of 4.1 The 5 (82 test results were taken
at an angular velocity ofw = 23.6 deg/sec (maximum of a + 30°, 8-sec
roll), at a depth corresponding to d = 24! under the water line on the
ship scale and for separate exciting fields of HL = 560 mg and

= 560 mg. From Fig. 27 the horizontal component due to Ἡν = 560 mg

is, h,= 18 mg. From Fig. 28 the horizontal component due to

Ἡγ- 560 mg is hz = 6 mg. The angular velocity conversion obtained from

Figs. 40 and 41 16 H(w') = 6.2 mg, ᗑ. (e) = 28.8 mg, h.(o') - 1.2 mg,

h,(w) = 10 mg. Conversion of these model test results to equivalent con-
ditions of the ship tests may now be obtained by substitution into the
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above equations and adding the results as follows:

aM1,2 6.2 _hy = 18x 3% κτω, p ES

nL = EEE (a). E = ome

Therefore hj +h} = 3.6 mg.


