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NOMENCLATURE

B a wire's original width (parallel to the coil's axis) in a rectangular

wire

Bi  a wire's width at the coil's ID (after winding)

Bo  a wire's width at the coil's OD (after winding)

d = cross-sectional diameter of a round wire

Di = coil's inner diameter

Do  = coil's outer diameter

Dm  a coil's neutral axis

h a local thickness of a round wire

h' a distance from neutral axis after winding of a circular wire

H = wire's original thickness (in the radial direction) in a rectangular

wire

Hi  = wire's "half-thickness" between the coil's neutral axis and its ID

after winding

Ho  a wire's "half-thickness" between the coil's neutral axis and its OD

after winding

Ht 3 total thickness, Hi + Ho , of a (rectangular) wire after winding

q * strain ratio, err/6xx

r * radial direction - a coordinate

r radial distance from the coil's centerline

t a the horizontal width of a 'distorted' circular cross section at an angle
± 0 to the horizontal diameter after winding

to R a horizontal width of a circular cross section at an angle ± * to the

horizontal diameter

to a width after winding at a distance h' from the neutral axis of the

circular wire

x 3 axial direction - a coordinate
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C V strain

Err 0 radial strain (normal) on a radial plane in the radial direction

exx a axial strain (normal) on the axial plane in the axial direction

eggna hoop strain (normal) on a hoop plane in the hoop direction

6 a desired clearance between coil's loops

E rotational coordinate normal to the wire's axis (for round wires)

p . distance from the (round) wire's center to its surface

6 * hoop or tangential coordinate

* the distortion of 0 due to the deformation of the wire
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INTRODUCTION

In designing coils, either to be used as springs or to generate a magnetic

field through the passage of an electric current, it is common to calculate the

spring-constant in the former or the current density in the latter, based on the

cross section of the wire from which the coil is being made. However, during

the winding operation the wire is being plastically deformed and its cross-

sectional dimensions change. The calculation of such a change, specifically for

wires of rectangular cross section, is derived here. A computer program com-

puting such changes and numerical results are presented in this report.

DERIVATIONS

Volume constancy dictates that

(1+Cxx).(1+Crr).(l+CeG) = 1

The strain in the tangential direction, {eg, determined by the geometry of the

process is

2r - Dm
6 = mDm

or

2rS+ Coo = 6
m

where the neutral diameter, Dm, is

DO + D-om = 2 = D i + H

Intuitively, one may assume that the strains in the two mutually orthogonal

directions (which are also normal to the 0 coordinate), crr and exx, are equal.

Nevertheless, this investigator derived the equations for the strain field and
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the strain energy, thereof, for the general case of any arbitrary strain ratio,

q = Crr/cxx. However, invoking the principle of "minimum energy" yielded an

optimal strain ratio of q = Crr/Cxx = 1. Therefore, the following derivations

and the computations thereof, will be confined to the assumption that err = C<Y.

Thus

(l+cxx)2 I COO

or

Cxx = Err +- 1 + -

If B = the wire's width in the coil's axial direction before winding, then

its width, Bi, at the coil's inner diameter, ID, will become

= 1+ exx@r=D/2) B = r B 1+ .B

whereas the wire's width, B., in the coil's axial direction at the coil's outer

diameter, OD, will be

Bo (1 + ). B ?T B /1 H  B 1//C H B0 + er=Do/2 2r 00 Bi + --

Thus, any required clearance, 6, at the coil's ID will lead to a clearance of

1H
H ) • B8=( I - 1 0 D+ 2H B

at the coil's 00. As H/Di becomes a significant fraction of 1, the added gap at

the coil's OD also becomes significant.

The change in the wire's thickness, H, between the coil's ID and 00 is an

integrated one. Neglecting changes in the wire's ne-tral axis with progressing
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bend, the respective distance between that axis and the coil's ID, Hi , and that

of the coil's OD, Ho , will become

Dm/2 m/2  Dr Dm/2 d
= f • * dr = r • dr = • * =

Oil 2  Do/2 Di/2 

2 D "l Di (Di* H) - Di(Di+H)

and

j0°/2 Dm o/2 dr= 2  2- Do

Ho  (l+Crr) dr = = 2// /
D m/2  JDm/2 Y

= v(Di+2H)(Di+H) - (Di+H)

respectively. Thus, as the wire's thickness to the coil's inner diameter ratio,

H/Di, increases, the wound thicknesses, H i and Ho , respectively, deviate signif-

icantly from the wire's half-thickness, H/2. However, as seen in Table I and in

Figure 1, the total thickness of the wound wire,

Ht = Hi + Ho = Y(Di+2H) • (Di+H) - VD i - (Di+H)

deviates insignificantly from its original thickness, H. Thus, unless the

neutral axis of the wire is being marked prior to winding, dimensional changes

in the radial direction are difficult to detect.

WIRES WITH A CIRCULAR CROSS SECTION

In laying a circular wire of a diameter d against the coiling mandrel of

diameter Di, the wire's width, to, will be

dto = C cs3
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(see Figure 2). Due to strain in the axial direction, cxx, and as a first

approximation,

d - DCos d O
o * t (1+C xx)= 2 2 CS - Di+(si )*d 2*CS*

At the same time, the distance,

h = -* sin (02

(of a line parallel to the coil's axis) from the wire's original center will

become

fDm/2 +

/ (i~d.[D+(1.- -~-)d)- (Di*d)

22

the wire's center will become

t, D1 dCios 4b

at a new distance of

II
hl =/ (Di+d) *[Di + (I + 2 * 2 d] - (Di*d)

from the wire's center. Similarly, each angle *will be transformed to

sin */Di+d) * [Di + (I + -- - d]c - (O,+d)

Is sin -' sin -,- - - - - - - - - -- - - - - - - - - -

where

p = t V'(h')2 + (t')2
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Thus, at

= , t'=0

= sin-,(±1) = ± Q.E.D.

and at

0 h' =0

and thus

= sin-'(0) = 0 Q.E.D.

RESULTS AND CONCLUSIONS

The computer program for the calculation of the previously mentioned dimen-

sional changes that take place during winding of the wires of rertangular cross

sections is given in Figure 3. The results of the wire's thickness to the

coil's inner diameter ratios in the range of H/Di = 0.04494 to H/Di = 0.21573

are given in Table I together with the relative changes in the wire's cross-

sectional area (measured normal to its local axis). These results are also sum-

marized in Figures 1 and 4.

The above is based on the assumption that a'l three principle components of

strain are functions of distance from the coil's centerline only.

Unfortunately, experimental results suggest otherwise. If the above assumptions

would have prevailed, wires having rectangular (or square) cross sections would

have been deformed into a symmetrical trapezoid. In reality, however, the shape

of the cross section changes into one that resembles a segment of a ring as

shown in Figure 5, with the wider and convex side facing the coil's ID, while

the narrower and concave side is on the coil's OD. The mechanism by which this

deformation takes place is not clear. However, precise measurements of actual

deformations might lead to a better approximation of the deformation field and
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thus of future predictions of the dimensional changes associated with the

winding of rectangular wires.

If, indeed, current density is crucial, and unevenness of the gap between

loops is undesirable, such a knowledge can allow the designer to dictate the

prewinding cross-sectional shape of the wire that will yield a near-rectangular

wound wire.
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D[ Dm + d r /

Figure 2. Coordinates and dimensional notations
for a circular wire in a coil.
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200 READ (1, 105, END=99) Hl,DI,DEL.K
105 FORMAT (3Fl0.5,I5)

WRITE (6,610) DI,H1
H=Hl
DO 100 I=1,K
DO=DI+2 .*H
HR=H/DI
BI=SQRT(1.+HR)
BO=SQRT( 1.-H/DO)
BIO=BI-BO
ROOT1=SQRT(DO*(DO+DI)/2.)
ROOT2=SQRT (DI*( DO+OI )/2.)
HTh (ROOT1-ROOT2 )/H
HO=2.*(ROOT1-~(DO+DI)/2. )/H
HI=2.*( (DO+DI)/2.-ROOT2)/H
AREA=(BO+BI )*HT/2.
WRITE (6,620) H,HR,BI ,BO,BIO,HI ,HO,HT,AREA

100 H=H+DEL
610 FORMAT(' THE FOLLOWING ARE THE CALCULATED CHANGES IN WIRE S DIME

+NSIONS, UPON COILING.',/,' AROUND A CORE DIAMETER OF DI=',E15
+.S,/,' STARTING WITH WIRES HEIGHT OF H1=',E15.5,/,4X,'H',9X,'HR',
+IOX, 'BI' ,12X, 'BO' ,11X, 'BIO' ,12X, 'HI' ,12X, 'HO' ,12X, 'HT' ,11X, 'AREA')

620 FORMAT(2F9.5,7E14.5)
99 CALL EXIT

END

Figure 3. A computer program (in FORTRAN IV).
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COMPUTED o

o- CROSS-SECTION BL~m

ACTUAL

CROSS-SECTION

Figure 5. Schematic comparison of computed change wi4-h
the actual change in wire's cross section.
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