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ABSTRACT

In thls study of the elastic stresses In thick, strip-wound
magnet colls experimental data are compared with theoretical stresses
based on three physical models, |+ Is shown that the floating shell
model| predlcts radial dependence of the clrcumferential stresses pro-
duced by the 3 X § body forces better than the monollthic disc or
magnetlc pressure models.

The fundamental equations relating the magnetic body forces
to the stresses in the conductors are derived from first principles.
The instrumentation for measuring stresses wlthin magnet windings is
described. A survey of several recent magnet stress studles Is

fncluded.
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NOMENCLATURE

inside radius of coll

Outside radlus of coll

Magnetlic Induction

Magnetlc induction at geometric cenfgr of coil
Half length of coll

Capacltance

Electric dlsplacement

Unlt vector

Modulus of elasticity; also electromotive force
Magnetlc force

Coll fleld factor defined in Equation (7)
Magnetic field Intensity

Current per turn of conductor

Current density In conductor

Constant defined In Equation (32)

Inductance of coli '

Absolute value of the slope of the Bz/Bo versus vy plot
Number density of current carrying charges
Number of turns In coil

Magnetic pressure

Electric charge

Electrical resistance
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w

Radlal coordinate: also radius at some point In coll

Time

Radlal displacement

Velocity

Conductor volume

Capacitor charge voltage

Value of ratio B,/By at y = |

Distance along axis from geometric center of coil;
also axial coordinate

Ratio of outer to inner coil radlus, a2/a|

Ratio of.co!l half length to coll inner radlus, b/a|

Ratlo of Intermediate radlus to coil Inner radius, r/a'

Incremental change -

]ﬁcremenfal change

Unit strain

Clrcumferential coordinate

Coil space factor

Linear permeability

'Permeabill*y of free space

Polsson's ratio

Unit stress, aiso electricai conductivity
Diffusion time constant

Magnetic flux

Radlan frequency
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Subscripts

r Radial direction

z Axial direction

8 Circumferential direction

Sunerscripts
* Denotes plane strain condition
Denotes peak value

=g Denotes vector quantity

xi
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CHAPTER 1
INTRODUCT ION
I, STATEMENT OF PROBLEM

Air core electromagnets are used extensively to generate the
high-intensity magnetic fields required in many current research pro-
grams. The fleld attainable with a given magnet is limited by the
j X § body forces exerted on the windings. Thls body force (force per
volume), gives rise to stresses In the current conductors proportional
to the square of the fleld intensity and may cause mechani~al break-
down. A magnet coil may fall by bursting or by iocalized vlelding and
subsequent electrical shorting.

A survey of the |iterature reveals that, although the subject
of magnet stresses has been treated in detail [1 through 9]', quite
diverse results are obtained by use of various models which have been
assumed. The Intent of this study was to establish the most accurate
of several models for the calculation of stress distributions within
the windings of a widely used type of magnet construction.

The particular magnet construction considered herein Is the
spiral ly-wound, cyllIndrical coll with inslde radius ay, outside radius
a,, and length 2b as depicted In Figure |. The coil Is assumed to be

uniformly wound with strip or foil conductor. For generality the coil

INumbers in brackets refer to similarly numbered references
in the bibiiography.
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Figure |. Cylindrical magnet coil geometry and coordinate system,
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dimensions are exnressed In terms of the nondimensional shape param-
eters: (1) a, the ratlo of a, to a, (2) B8, the ratio of b to aj,

and (3) vy, the ratio of an Intermediate radius r to a.
II. LITERATURE REVIEW

In a recent work, Hord [[I] presented a summary of several
nrevions studles [2 through 5] of the stresses in various type maanet
colls and developed formulae for the stresses In cylindrical strip-
wound colls by use of three different analytical models. The three
models Hord conslidered are (1) monnlithlc disc: this model assumes an
Isotropic, homogeneous cylindrical disc subjected to the magnetic body
forces;: (2) floating shell: +this concept assumes each conductor turn
to be a self-supnorting and unrestralned thin wall cylinder: and (3)
mannetic nressure- the stress |s assumed that incurred bv a thick
wall cvllinder subjected to Internal pressure equal to the magnetic
ener~y densitv.

For the homogeneous disc model. formulae were developed for
the axlal, radlal, and clrcumferential stress components. The radlal
and clrcumferentlal stresses were derived for both the plane stress
and plane straln conditions. The clrcumferential stress component
only was formulated for the floating shell and thick wall cylinder
models, The formulae are dependent on the magnetic inductlion B and
are applicable only for elastic deformations of the conductor mate-
rial. Symmetrical fliux distribution and uniform current densl|ty were

assumed. Hord's analysis shows that the axial component of stress Is
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on the order of 20 per ¢cent of the maximum circumferential stress, The
radial stress component was .considered negligible. On the basis of the
mode of fallure of one magnet constructed of a stack of strip-wound,
epoxy-bound colls, Hord concluded that (1) the homogeneous disc model
analyzed under the assumption of plgne stress Is applicable for tightly=-
wound, epoxy impregnated colls, and (2) the floating shell model best
fits loosely wound unbonded coils.

Daniels [3] also dealt with stresses In a strip-wound coil.
By treating the windings as a homogeneous anisotropic material, the
Insulating ‘space between turns was accounted for. |t was concluded
that each turn is In equilibrlium under its own body forces and that
axjal compression does not affect the magnitude of the radial and
circumferential stress components. Daniels also considered the sta-
bility of coil windings agalnst deformation and concluded that certaln
of the outside turns are infrinsically unstable due to negative body
forces in that reglon and that In the absence of elastic restraining
forces, the outer turns may collapse upon adjacent turns resulting in
coil fallure by radlally. unsymmetric distortion of the windings.

More recently, Gersdorf, et al. [7] treated plastic as well
as elastic deformations In magnet coil windings. The anisotropic .
nature of the windlngs and the conditions of stress compatibility were
considered. Results similar to those of Hord [1] were obtained for
the elastic stresses. However, it was pointed out that a positive
radial stress-is not possible In loosely wound colls because it would

separate the windings at a very low value. To account for this, the
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windlngs were dlvided into two parts. For the I[nner part the radial
strass was assumed to be zero so that essentially the ficating sheil
conditlon was realized. For the outer part of the windings, the solu=-
tion for the clrcumferentlal stress was very close to Hord's piane
stress solution.

According to Furth [6], the axial magnetic fieid of an air
core solennid behaves |ike a two-dimensional gas In that it exerts a
radial pressure equal to the magnetic energy density. Furth treated
long solid=bodied colls of helical or single turn construction in terms
of a thick wall cyiinder with this magnetic pressure applied to the
Inside wall surface. Equations for both the radial and circumferential
stresses were formulated. For thick coils the maximum tensl le stress
was Indicated to be equal to the magnetic pressure. i+ was impiied that
the maximum magnetic field Hy, attainable with such a magnet is equal to
(Zum/uo)'/7 where g, 1s the maximum permissible stress for the magnet
material,

Ignatchenko and Karpenko [8] also have studied the problem of
stresses in solld-bodled coils. Usling the theory of maximum shear
stresses In the thick wall cylinder model, they concluded that the
maximum achievable field is (om/u°)|/2.

Several of these theories and models were empioyed in an
attempt to determine the maximum field attalnable without damage to an
existing large, pulse operated magnet used to generate the B-field for
an experimental magnetohydrodynamic accelerator [10]. The magnet is

constructed of two stacks of thin coll discs wound from flat rectangular
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magnef'wfre. Due to significant differences in the résﬁ!fs obtalned,
this study was made in an attempt to establish the most accurate model
for such a coii. Data obtalned from a small experimental sfrip-wouﬁd
coll instrumented with strain gages and pulsed from a capacitor bank

energy storage system are compared with stresses calculated 59 use of
the modeis. The International System of Units Is employed throughout
except for the measured and calculated stresses presented In CHapfer

v, The§e are expressed in Engineering System Units.
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CHAPTER 11
BODY FORCE ANALYSIS
I. MAGNETIC FIELD DISTRIBUTIONS AND BODY FORCES

It is necessary to develop analytical expressions for the
maanetic body forces which generate the sfreéses in magnet windings.
Consider the force acting on a charge q moving with velocity v through
a magnetic field ﬁ. The total magnetic force acting on the charge Is

given by the Lorentz force [11] as
t=qvxB, (1)

in which E = uﬁ is the magnetic Induction. The total force &F on a
small conducting voiume &V in which the charges move essentially with

velocity v and experience the induction E is glven by
F¥nevq (VxB (2)
or In the limlt by

dF A {im

W oevso0 ¥ xB1=TxB (3)
where n is the density of the current-carrying charges and it Is noted
that T = nqv. Thus, In order to determine the magnetic body force at
any point within the current conductors of a magnet, it Is necessary

oniy to know the local values of B and ]. In this study as for most
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investigations of this problem In the |literature, steady-state current
dens|ty and steady-state magnetic flelds are assumed. That Is, It Is
assumed that |J| Is constant and that B Is equal for all values of time
to the steady-state value. The valldlty of these assumptions for a
puised coll Is discussed In the latter part of thls éhapfer.

Brown and others [12] have computed and +abu|§+ed numerical
values fqr the steady-state axlal and radlql components (B; and B,
respecflye[y) for. thick, finlte-length solenolds  carrylng uniform
current denslty. Vaiues of B; and B. are expressed In terms of By, the
flux denslty at the geometrlc center of the coil, and are +abu|§+eﬁ_a§
functions of a, B, and vy for Integer values of a and B. Typlcai dis-
tributions of Bz/Bo and Br/Bo along with a typical flux |inkage are
superimposed on a coil cross sectlon In Flgure 2. It Is appargnflfhaf
B, induces axlal forcqs on the current conductors and gives rise to

axlal compresslve stresses o The radlal forces Induced by B, glve

z+
rise to radial and clrcumferential stresses which tend to burst the
coll. Data from Brown's tabulatlons are plotted Iin Figures 3, 4, 5,
and 6 and show the variatlons of B, and B, with coil geometry.

In a more recent work, Brown and Flax [13] have computed and
tabulated numerical values of H, and H. for semi-inflnite soienolds
with zero inner radlus. Each tieid component is expressed non-
dimeﬁélona!ly and tabulated as a function of nondimensional fleld-bolnf'
coordinates. Axlally symmetric, uniform, azimuthal, s+eady-s+a+e current

denslty |s assumed. By superposi+ibn of épproprlafe semi-infinlte

solenoids, Iocél values of Hz and H. and, subsequently, of Bz and B
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0 < z/b<1

Typical Flux

Linkage of \/—.’r

Figure 2. Plot of typical distributions of the axial and radlal
components of magnetic Induction for a cylindrical coll carrying
uni form current density.



AEDC-TR-69-264

Axial Component of Magnetic Induction, Bz/Bo

1.2 —

z/b =0

| l
0 1 ’ 2 3
Nondimensional Radius, ¥

1
o
[N

s
'3 ot

Filgure 3. Plot of the axial component of magnetic Induction for
several axlal positions in a cylindrical coil carrylng unt form
current density.
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Nondimensional Radius, Yy

Figure 4. Plot of the axlal component of magnetic induction for
several values of a and B for a cylindrical coll carrying
uni form current density,
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Figure 5. Plot of the radlal component of magnetic Induction for
several axial positions In a cylindrical coll carryling
unl form current density,
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Figure 6. Plot of the maximum radlal component of magnetic

induction for several values of a and 8 for a cylindrical
coll carrylng uniform current density.
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may be determined everywhere within any finlte cylindricai coil carry-
ing unlform current denslty. These tabulatlons facllitate the deter-
mination of fleld components in coiis for which a and 8 are not Integers
and, thus, have been utilized In this study.

I¥ the coil deplcted in Flgure 2, page 9, Is wound with N turns
and carries a uniform current of 1 amperes per turn, the current den- ’

sity at any point is

T N 3 (4)
iba'ﬂu-l) . ee

where the space factor A is the ratio of the volume of current-conductor
to the total volume of the coil. In Appendix A 1t is shown fhaf'B; caﬁ_

be expressed as

2. 2,172 -
NI 28 a + (a€ +-8%) ] -6
B, = 2 gn x 107, (5)
°© "~ Bla-1 ( ’ ) [I + (1 + 82)1/2
Equation (5) may be wrltten as 4
L1076 NI : '
By = »pre=Ty Fla,8) : (6) .

o
o

in which the term

|2x a + (a2 + p2)1/2
F(a,B) = (-gﬁ)zn [ (7)

| + (1 + 82)1/2

Is called.the flelq factor. Combinatlion of Equations (3),"(4f, and (6)

yields for any polnt within the conductor;

14
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Y
.

d? 105 Bo |
-
i m [ee X (Br 3,. + Bz 32)] (8)

Thus, the radlal force component is

d Fr 106 B, B,
dv - all FszB,

(9)

and the axial force component Is
dF; _ 10°8r B (10

dv ajA Fla,B)

As suggested by Hord [1] and as Is apparent from Flgure 3,

page 10, In any plane perpendicular to the coil axls between z = -b and

z=b, B, within the coll windings (| £ y £ a) may be expressed as

By = Bg [y + m (1-v)], (n

where y Is the value of B,/By at r = a;, and m is the absolute value of

the slope of B,/B,. In Appendix B It Is shown that an approximation

for the distribution of B, throughout the windings Is

Br=B°|-§-[m| + my sln(ﬁ:—:’n] . (12)
Thus, Equation (9) becomes

d Fr 106 B2
av = aIA F(G;éy Ey +m (l-Y)] (13)

and Equation (10) becomes

15
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dF, 106 B2 5 -1
dV =" FTx Fa,® b|™ *m2si T L

Equatlons (13) and (14) are used In Chapter Ill in the development of

formulae for the magnet stresses.
Il. COMMENTS ON THE STEADY-STATE ASSUMPTIONS -

In formulating expressions for the stresses In magnet colls, °
uniform current density and steady-state magnetic fields usually are
assumed. Thus, the valldity of comparing theoreticai stresses with
those measured in a rapidly pulsed magnet coii must be questioned.
Consider a cyiindrical magnet coll spirally wound with several turns of
wlde strip conductor and energized by a half-sine puise.. The stresses
which can be measured by use of electricai strain gages are those
whlch exist on the surface of the conductors at various radiatl posi-
tlons. For a pulsed coil the convenient reference point for data
reduction purposes Is the peak of the strain pulse. Thus, the points
In question are: (1!) does the magnetic fleld completely diffuse into.
the conductor and (2) does the current assume a uniform distribution
during the pulse? For a multi-turn coli the two problems are related
in some complex manner and to the knowiedge of the writer an exact
treatment has not been reported in the |lterature. Analysis of a
simpllfied model wiii lend some insight to the problem,

Consider one turn of the cylindrical coll to be a thin
cylindrical sheil. |If the radius of the cylinder Is much greater than .

the wali thickness, the problem of diffusion of the magnetic fleid

16
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through the shell can be treated in terms of diffusion in a thin flat

plate. Maxwell's equations for a linear isotroplc conductor are:

+> @
Fxt--28
X 3 (15)
> > 33
VxH=J+ 5F (16)
> -+
Ve B=0 (17}
V. E=0 (18)
Other Important reiationships are:
B =l (19)
and, In the absence of material motion,
T =0, (20)

where u and o are, respectively, the permeabiilty and conductivity of

the conductor. Substituting Equation (20) into Equation (15) ylelds

+ 28

e .
vV x = - 3T (21)

Also, substituting Equation (19) into Equation (16) and neglecting the

displacement current term yieids

|+
-u—VxB=I. (22)

17
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Now, taking the curl of Equatlon (22) and substituting into Equation

(21) glves
.'__VX (v x B) __.__35 (23)
ot ' ’

->

But, Yx (x B) =V(V - 8) -¥° Band ¥ B = 0; thus, Equation (23)

becomes

WE-= (24)

(4]

h
1 b

whlch'ls the dlffusion equation,

Equation (24) has been solved [11] for the diffuslon of a
one~-dImenslonal magnetic fleld into a parallel conducting plate as
lndléafed In Flgure 7. The length and width of the plate were assumed
to be large enough compared with the thickness d to conslder the
plate as infinitely large In the x- and y-directlions.

For an applied step in B the solution for By was shown [11]

+o be
=2 4 nwz_~ao.1
BX-B ] - .ﬁ SIHTS n (25)
N odd
where .
@ =—z"2"2 (26)
n uod

The time constant for the fundamental component (n=1) Is defined as

18
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2
g =d_ o wod | (27
a

i n’

The higher harmonics damp out much faster: therefore, the fundamental
time constant Is called the diffusion time constant. It can be shown
(117 that after a time t > 31, the field Is almost completely diffused

into the plate. For copper u ¥ Uy, and 0 = 5.9 x IO7 at 793°K: thus,
T =17.52 d% . (28)

For the experimental magnet, d = 8.1 x I0'4 meters and 1 Is approxi-
mately 5 x 1078 seconds.

As Indlcated above, the analogy between this thin plate model
and a multi-turn, strip-wound coil is to let the cross section of the
nlate in the x~-y plane represent the cross section of one conductor
turn in the coil. The magnetic fleld then corresponds to the coll
axial field. Obviously, the effects of the self axial field of the
turn as well as the effects of radial flelds generated by the other
turns must also be considered.

Now consider the problem of transient current density dis-
tribution for the flat plate model. From Eauation (16) it easily

follows upon setting u = u, and neglecting displacement current that

2
-n“t/1
so=1 B __ 8 4 nnz
Y Ug Z uo cos d e . (29)
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Note that Jy Is produced by the diffusing magnetic flux density and
goes to zero as B, reaches steady-state.

The diffusion probiem for the real coll requires a more
general solution of the diffusion equation. However, the numerical
value of the dlffusion time constant for the simplified model is assumed
indicative of the time to reach steady-state. Thus, for variations in
coll excitation whose characteristic times are much longer than 1, it

->
ils assumed that the steady-state values of j and B are appliicable.
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CHAPTER |11
STRESS ANALYSIS

In theoretical analyses of the stress distributions within
magnet coils, several analytical models have been assumed [i-9]. Three
such models are [I1]: (1) an isotropic, homogeneous cylindrical disc
subjected to the magnetic body forces, (2) a floating shell concept
which assumes each conductor to be a self-supporting and unrestrained
thin wali cylinder, and (3) a thick wall cylinder subjected to
Internal pressure equal to the magnetic energy density. The deriva-
tions of the stress formulae developed by Hord [1] for these three

models are outlined in this chapter.
I. MONOLITHIC DISC

Consider the stresses acting on an incremental volume element
of a thin disc taken from a circular cylinder of constant wall thlck-
ness as depicted in Flgure 8. Timoshenko [14] shows that |f the
cylinder has axisymmetric loading and the incremental element Is
subjected to a radlal body force dFr/dV as Indicated In Figure 9, the

equation of radial equilibrium is

dar dF
% =0~ F 4T =r _HVL . (30)

Plane Stress

For the case of plane stress, o, = 0; therefore og and o.

may be written [I15] in terms of radial displacement u as fol lows:
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Figure 8. Equilibrium of an Incremental volume element of a
circular cylinder subjected to axisymmetric body forces.
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06 drdz

doz
Oy + 5o dz]} rdf@dr
Zz

Op rd0dz @q—

Jg drdz

g, rdédr

dcr
> C‘r + g dr)(r+ dr) dédz

Figure 9. Forces acting on an incremental element of a circular
cylinder subjected to axisymmetric body forces. '
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E u du (3la)
= =+ VvV 0=
°e | - v2 [r dr
and,
= E du u
op ..__.2’ = ['d?+ v?], (31b)

where E Is the modulus of elasticity and v Is Poisson's ratio. By com-

bining Equations (13), (30), and (31) the equiiibrium equation becomes

%y 1 d
;;%wa%-%z = Ky +m (1-y)], (32)

where,

106 B2 (1 - v2)
2|\ E F(a,B)

Equation (32) has the general solution

CZ 2 lytm mr
u= Clr + .r__+Kr' = '_Bal . (33)
The constants C, and C, may be determined by combining Equations (31b)

and (33) and applying the boundary condltions o. = 0 at r = a) and

r = ap; thus,

K Q 3
Cp = - =g, (34a)
and,
__KQoyas
c2 zZ - — (34b)
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where QI s T%;{Qz(l-v) + 8y(2+v) + m(7+5v)} and,

2
0, = - l—';(—i'z‘——){8y(2+v)(l-a)+m C(7+5v) - 8a(2+v) + o (9+30)]} .
Y lac-I

Now, by substituting Equations (33) and (34) into Equations (31) the
circumferential and radial stress distributlons for the condition of

plane stress may be written as

- 106 Boz | 2 l
%8 = 2@ Fla By | Q1 (1+v)+0x01-v) 77 + 3m(1+3v)y~81+2v) (y+m)y | (35)

106 B,2
= { 2
r 74% Fla,B8) 0|(|+“)-02(I-v) ;§-+ IM(3+v)y“=8(2+v) (yim)y |. (36)

Plane Strain

For t+he case of plane strain the axial strain €, is assumed
to be zero. For this case O and o in terms of displacement are

written as [16]:

= E
O, = _u) U du
8 TIFoI(T=2vy [(I v) = + v I (37a)

and,

IThe stresses are In newtons/meter? when Bo Is expressed In
webers/meterZ. To convert to psi multiply Bo2 by 145 x 10-°,
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E du u

By substituting Equations (37) into Equation (30) the equilibrium
aquation In terms of displacement is obtalned. After solving for u
and substituting back Into Equations (37) the clrcumferential and radial

stresses for plane strain are written as

108 B,2
U: = m?m QT - 05 LI_;Z%) + 87(y+m)(|+v)-3m72(l+2v) (38)

* 10° Bo2 (2v=1) 2
O * I T NFa ) {9 - 95 =7 + Bylym)(2-v)=-3my“(3-2v)|, (39)
’ Y

where
Q% = -8v(2-v)£z— + | + m(7=-2v) T—-——I
-qui-- [Sa (2-v) + 3a2(2v-3)]
e - | ’
and
2
= — e ( 8y (2-v)(l=a)+m [(7=2v) - Ba(2-v)

Q*
2 (a2-1)(2v-1)

- 3a2(2v-3)1) .

Axlal Compression

Now consider the case of axlal compression in the monolithic
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disc. Axial equilibrium of the Incremental element shown In Flgure 9,

page 24, requires

dop _dFz (40)
dz - = 9V

Combining Equations (14) and (40) yields

do, 106 Bo? z y-1
3z = ai)‘ F(G,B) FMI,"' m2 sin ﬁ T (41)

After integration of Equation (41) and invoking the boundary condition
g, = 0 at z = b, the axial stress distribution within any plane per-

pendicular to the axis of the coil Is given by

106 By2 (b2-22) v
G, ® ~2b a,x F(a,B) [ml + may sin E:T) T (42)
Il. FLOATING SHELL METHOD

The so-called floating shell concept [1] ylelds a very simple
solution for the clrcumferential stress component. Consider a strip-
wound coll in which each turn is assumed to be a self-supporting and
unrestrained thin-walied cylinder as depicted in Figure 10, The radlal
force dF. on the element of circumference subtended by the anglie dé
.acts at an angle & to the horizontal, and consequentiy its vertical

component Is dF. sin 8. Thus equiiibrium is satisfied by

2 O dr dz = f dF,. sin 9. (43)

v
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- g

!

Ogdrdz Ogdrdz

Flgure 10, Equilibrium of a differential length of a thin walled
cylinder subjected to axlsymmetric radial ‘body forces.
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But from Equation (13),

106 B2
dF . = 5% Fla,8) Cy+m (1-y)]dv (44)
and In cylindrical coordinates dV = r dr d6 dz. Regarding dr and dz
as Increments rather than diffarentials, Equation (44) becomes

106 B,2
% = T XFED Cy+m (1-y)}]r sin o ds. (45)

Integratlon between the limits of 0 and = ylelds for the circumferential

stress

_ 106 B,2
% * Y.y YymU-v)l. (46)

Ii1. MAGNETIC PRESSURE CONCEPT

Since the dimensions of |§|2/2u are those of energy density,
and therefore of pressure, the magnetic forces may be Interpreted as
resulting from differences In magnetic pressure. |f the magnetic
pressure concept Is applled to Incremental elements in the conductor
volume, it may be shown that body forces result which are ldentlcal
with the I x B Interpretation.

An approximate approach [1,5,6] treats the magnet coll as a
thick walled pressure vassel subjected to an Internal magnetic pressure

Pn concentrated at the Inside wall, where
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N (47)

This neglects the pressure exerted at the outer radius of the coil ard,
It is to be noted for the coil geometries considered here that
B > By (48)
z/b=0
y=1

as evident from Figure 4, page Il. tn the literature B in Equation
(47) is taken as B° which is only true for an infinite solenoid, or
“"scaling factors" are induced to account for the larger induction at
vy = | for finite coils [17]. Pursuing a method similar to that used in
derlving the plane stress formuiae, the circumferential stress for a

thick-walled cylinder subjected to internal pressure P, is found to be

2 2
ay“ Py 32
O, 5 —————— | + (49)
0 a22 _ al2 r.?

Rearranging Equation (49) yieids the form

B ¢/b=0
oq = —Y=I f+ e 2 (50)
® e - D) Y

31



AEDC-TR-69-264

CHAPTER LV
EXPERIMENTAL RESULTS

Several experiments were conducted with a cylindrical strip-
wound magnet In order to determine the variation of the circumferential
stress with radial position at the coil midplane. The magnet was
energized by a half-sine current pulse from a 30,000 microfarad energy
storage capacitor bank. During each experiment, simultaneous measure-
ments were made of Bo and the circumferential strain €q at one of

several positions within the coil winding.
I. MAGNET DESCRIPTION

The experimental magnet was constructed of electrolytic
tough pitch copper strip conductor wound with alternate layers of myiar
film insulation onto a hollow nylon cylinder. Prior to winding the
copper conductor was vacuum annealed to a dead soft condition. Ylield
strength and Young's modulus of the annealed copper were experimentally
determined to be 7000 psi and 15 x 105 psi, respectively. Poisson's
ratio for copper is 0.355. Physical characteristics of the coil are
given in Table |I. During winding a resistance-type strain gage was
bonded to the conductor on approximately every fourth turn. Each gage
was oriented to sense the circumferential strain component at the coil
midplane. This particular coil configuration was arrived at by con-

sidering (l) the magnitude of strain which could be induced with the
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PHYSICAL CHARACTERISTICS OF THE EXPERIMENTAL

TABLE 1|

MAGNET COIL

AEDC-TR-89-264

Conductor Thickness
Number of Turns
Inductance

Resistance

Coil Half~Length

Coll Inside Radius
Coil Outside Radlus
Radlal Shape Parameter
Axial Shape Parameter

Space Factor

(meters x 10~2)
N
L thys x 1079)
R (ohms x 10™3)
b (meters x 1072)
a, (meters x 1072)
3, (meters x 10-2)
a (ay/a))
B (b/a))

A

.081
46.7
101
6.8
1.91
1.91
6. 10
3.2
1.0

0.90

33



AEDC-TR-69-264

available energy supply, (2) the maximum voltage which could be applied
without danger of breakdown of the strain gage insulation, and (3) the
necesslty of a fairly uniform magnetic field over the axial space
occupied by the strain gages to minimize errors in the strain measure-
ments.

Thecoretical values for the axial and radial components of
magnetic induction for the coil as determined from the tabuiations of
Brown and Flax 131 are plotted in Fiaures il and 12. From Figure 11
the values of y and Im| in Equation Il are found to be 1.134 and
0.634, respectively. Points from the curves In Flgure 12 are use& In

Appendix B for calculations of m, and m, in Equation (12},
11, ENERGY SUPPLY

The magnet enerav supply consisted of a bank of 950 oil-
filled 125 uf eneray storage canacitors wlth a charging system and
switching circuit to deliver the erergy to the magnet. The capacitors
were connected in a series-parallel arrangement to yield an equivalent
canacltance C of approximately 30,000 uf. A schematic diagram of the
system is shown in Figure 13, The switching ignitron was a Natlonal
Electronics, Incorporated Model NL-1037., The ignitron was fired by a
i kv pulse from a high voltage supply one millisecond after initiation
of the data recording instruments. Ouring the experiments the capacitor
charge voltage V, was limited to 500 volts to prevent possible break-
down of the strain gage insulation and subsequent damage to measuring

instruments. Five hundred volts was not sufficient to maintain
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Axial Component of Magnetic Induction, B,/B
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1.2

1.0

0.8

nau
=W

0.4

0 1 2 3 4 5
Nondimensional Radius, vy

Figure 1l. Plot of the axlal component of magnetlc Induction
at the midplane of the experimental coll.

35



AEDC-TR-69-264

0.6 [ I I [ ) l

0.5

|
-
o

z/b

Radial Component of- Magnetic Induction, B,/B,

Nondimensional Radius, vy

Figure. 12..-Plot of the. radial component of magnetic
induction for several.axlial positions in the experimental
coil.
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lonlzation of the lgnitron; therefore, the clrcuit was interrupted at
zero current and the resulting magnet current was a half-sine pulse.
Resistance of the coll is negliglblie; thus, peak value of the current
was VY, (C/L)'/z (approximately 8000 amperes for Y, = 500 volts) and
the pulse width was L (approximately 5.8 milliseconds). Thé
high voltage relay and shorting resistor Indicated In Figure I3 were

used to remove resldual charge from the capacitors after each "shot'.
I11. [INSTRUMENTATION

Measurement of strain In the magnet conductors was accomplished
with a carrier amplifier system used to exclte and measure the output
of a strain gage bridge. Magnetic Induction was measured by integrating
the voltage output of a search coll positioned at the geometric center
of the magnet. This Integrated slignal then was dlsplayed simultaneously
with the straln signai on a dual beam oscilloscope. A camera was used
to obtain permanent records of the oscllloscope traces. Additional
equipment Included an actlve low pass fliter to eliminate high frequency
nolse generated b§ the carrier system and a delay network for synchro-
nization of the oscllloscope trigger with firing of the Ignitron. A
block diagram of the system is shown In Figure 14. A more thorough

description of the Instrumentation Is given in Appendix C.
V. DATA
The raw data obtained consist of a series of photographs of

osclllioscope traces of the strain and magnetic Inductlion signals. A
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typical oscilloscope trace of the signais is shown In Figure 15. The
top trace Is the straln slgnal. By use of the approprlate calibration
factors the peak values of the oscillograph defiections are converted
to clircumferential strain €q and magnetic induction B,. The stress
then Is computed by use of the relation gy = seE. The stress may be
expressed In a ratlonalized form by dlvidlng gg by Boz. The measured
values of €4 for several radial positions at the coil midpiane along

with corresponding values of Tg» B_., and oa/Boz'are presented in Tabie

o
li. 1In Figure 16, experimental values of oe/Bo2 are plotted versus the
nondimensional radlus y to show the variation of 0g across the radial
dimenslon of the magnet winding. Also plotted in Figure 16 are Equa-

tions (35), (36), (38), (39), (42), (46), and (50) as evaluated for the

test magnet confliguration.
V. DISCUSSION

As can be seen from Flgure 16 the experimentaliy determined
stress distribution does not agree closely with any of those computed
by use of analytical models. However, Equation (46) developed from the
floating shell concept predicts a distribution which has the same
general shape as the experimental distribution. The experimental
values of og are less than floating shelil theory near the inside radius
and are maximum at a greater radial position than the caiculated
maximum. Of particular Interest is the fact that a compressive clr-
cumferential stress as predlcted by Equation (46) was measured near the

outslide radlus. As Indicated by the curves for Equations (35) and (38),
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Figure 15. Oscillograph record of typical strain and induction
signals.
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TABLE 11

TABULATED VALUES OF o, 0, AND o
FOR THE EXPERIMENTAL MAeﬁET colL

2
6/Bo

Nondimensional €g dg ag/BgyZ
Radius, y (micro-inches/inch)  (psi) (webers/metor2) (psl[weber/meferzjz)
1.04 31.6 474 2.91 56
59.0 885 3.06 a5
68. | 1020 3.38 89
1.26 635.6 954 3,05 103
90.8 1360 3.26 128
97.3 1460 3.26 137
84.2 1260 3.03 137
1.45 76.0 1140 2.87 138
84.2 1260 3.0l 139
63. 1 947 2.56 144
84.2 1260 2.85 155
1.62 121.0 | 820 3.26 171
105.0 1580 3.03 172
136.0 2040 3.44 172
104.0 1560 2.96 178
1.91 121.0 1820 3.50 149
90.8 1360 2.96 155
132.0 1980 3.44 167

¥92-69-41-003V
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TABLE Il (continued)

Nondimensional €g o B 0a/BaZ .
Radius, vy (micro-inches/inch) (pgi) (weberg/meferz) (pslgwebeg/mgferzjz)
2,06 105.0 1580 2.97 t79
L0 1670 2.97 189
150.0 2250 3.44 190
84.2 1260 2.56 192
2,29 109.0 1640 3.08 173
124.0 1860 3.26 175
109.0 1640 3.03 179
113.0 t 700 3.03 t85
2.46 60.5 908 3.03 99
34,2 513 2.21 105
63.6 954 2.91 13
68.1 1020 2.94 118
2.67 45.4 681 3.44 58
42, 632 3.03 69
45.4 68| 2,98 77
26.3 395 2.2\ 8l
2,83 13.6 204 2.89 25
27,2 408 3.38 36
22.7 341 3.03 37
21.0 315 2.85 39
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TABLE 11 (continued)

Nondimensional €g Og " Bp 0g/BoZ
Radius, y (micro-inches/inch)  (psi) (webers/meter?) (psi[weber/meter2]?)
3,06 ~34.1 =512 3.03 -~56
-36.3 =545 2.91 -64
=21.0 =315 2.10 =71
-43,1 -647 2.96 ~74

4!

H
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Figure 16. Plot of the theoretical and experimental stress distributions
at the midplane of the experimental coil.
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the plane stress and plane strain theorles predict maximum circumfer-
entlal stresses greater than elther the measured stress or floating
shel | theory. Stresses calculated by use- of the magnetic pressure
method (Equation 50) are lower than those indicated by all other
methods. Although no experimental values of the radial and axial
stressas were obtained, Equations (36), (39), and (42) are plotted In
Figure 16 to indicate the relative magnitude of these components as
compared to the circumferential component. It is clearly seen that
the clrcumferentlal stress Is predominant.

Since the stresses plotted in Flgure 16 are In terms of B.2,
from a plot such as this for a particular coll, the nominal maximum
field attalnable wlthout yielding can be determined for a given con-
ductor. In Table iil the conductor yield strength and maximum B, are
tabulated for se;eral conductor materials. The tabulated values of
maximum B, are based on o/Bo2 = 200, Aithough a By of approximately
{5 erers/meteq? Is Indicated for the hard copper and copper alloys,
strip-wound colls g;nerally are |Imited to approximately 10 webers/

rpefer2 because of Insulation fatlgue problems.
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TABLE 111

MAXIMUM B, ATTAINABLE WITH EXPERIMENTAL COIL
GEOMETRY FOR SEVERAL CONDUCTOR MATERIALS

Conductor Nominal Yield Stress Max fmum Bg

Materlal (psl) (webers/meter?)
Aluminum (annealed) 4,000 4,5
Copper (annealed) 8,000 6.3
Zirconlum-Copper

(annealed) 12,000 7.7
Bery| | fum-Copper No. 10

(annealed) 25,000 1.2
Copper (Hard) 40,000 14.1

Zirconium-Copper
(hard) 50,000 15.8

47



AEDC-TR-69-264

CHAPTER V
CONCLUS |ONS

From this study |t must be concluded that of the analytical
models Investigated, the floating shell concept most nearly predicts
the clrcumferential stress distributlion in colis loosely wound with
strip conductor. The piane stress theory for a monolithic disc more
closely predicts the maximum value of stress but not at the actual
positlion of occurrence. The monolithic disc modei probabiy applles for
single turn or hellical disc type colils. The magnetic pressure method,
although widely used, predicts for this coll a maximum stress of-
approximately one-half that measured and calcuiated by other methods.
The measurement of a negative clrcumferential stress near the outside
wall of the coll supports the conclusion of others that mechanlcal
ins‘l'abi‘ll'l'y can be aproblem In strip-wound coils. The difference
between the floating shell theory and the measured stresses may be a
result of transient effects in the magnetic fleld and current density;
however, no conslstent explanation has been developed. Another pos-
sible source of error is the effect which axlai forces have on the
circumferentlal stresses. These effects have been nealected. The
type Instrumentation employed In thils study Is used routinely and its
performance is well known. -A system error of approximately I 5 per
cent Is suspected. The greatest error is likely to occur in reductlon

of data from the oscilloscope trace photographs. Other possible
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sources of instrumentation errors are: (1) transient response of the
carrier amplifler, harmonic filter and oscllloscope, (2) measurement of
the shunt callbration resistor, (3) measurement of the resistors and
capaclitors for the passlve integrator, and (4) signal drift during
acquisition of the callbration traces. To the knowledge of the writer,
measurement of stresses within electromagnet windings has not been
attempted before.

Transient dlffuslon effects certainly require further
Investigation. Of speclal interest should be the transient stresses
at the conductor surface due to current denslty and magnetic field

at the surface upon appllcation of a short pulse voitage.
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APPENDIX A

DERIVATION OF THE MAGNETIC INDUCTION AT THE GEOMETRIC
CENTER OF A THICK CYLINDRICAL MAGNET COiL

A generalized form of the Bliot-Savart [i8] law states that
the magnetic induction B at position Fé due to 2 current I at position
FI is given by

uo d-i X (-l:z-l:|)
B (rz) = I =TT ! (A=)
| r||

where df Is an element of current conductor along the contour C. Con-
sider the circular current filament of radius a as depicted in
Figure 17. |f the magnetic field is to be calculated at a polnt on the

z-axls the following relations exist:

df = ade (- sin 6 &, + cos 6 &), (A-2)
FZ'?I = - acos @ 3* - asin® 39 + 2z 32 .

Substitution of Equations (A-2) Into Equation (A-1) yieids
2n

-+ -+
Bz) = uol (zacos®ex+ zasins ey + a232>

= de
an (z2 + 22)3/2

(o]

which, after integration, becomes
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dl x (rp - rl)

Flgure 17. Axial magnetic fleld of a circular current filament.
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Ul a2 =

<>
B) = = —rTr3rr 2 (A-3)

Now, apply Equation (A-3) to each element dz of a cylindrical current
sheet of radius a and length 2b as shown In Figure 18. If the
sheet Is uniformly wound with N; turns, each eiement dz contains

N,dz/2b turns; thus, the magneti'c induction at point z, is given by

B,(z,) = fﬁ;zng. 5?5 .?P ETE;FESé?;Fi;ZTSZ? (A-4)
(o}
Integration of Equation (A-4) ylelds
B(z,) = u°2:21 ( 5'"'924;,5i" 9'), (A-5)
where 6, = - tan~! (z_/a) and 6, = tan™! (2b - z)/a. AT the geometric
center of the coll zg = b; thus, 8, = - tan™! (b/a) and 6, = tan~!

(b/a). Making these substitutions into Equation (A-5) yieids for the
axial component of induction at the geometric center of the current
sheet

N
B.(0) = o Nzl

. . (A-6)
2(a2+b2)1/2

Now, consider a thick coil make up of several concentric

current sheets as depicted in Figure 19, Each element da contalns

Nrda/‘az'a|’ turns; thus,
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Figure 18. Axial magnetic field of a cylindrical current sheet.

r' 2b S
—t 1
LT
2

...1;;.....r 1

Figure 19. Axlal magnetic field of a thick, finite length,
cylindrical coil.
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(A-7)

o NN
B, (0) = mya=

r da .
aj & (a2+b-2)'72 ’
{

or,

B_(0) =

Mg NN ap + (ap%+ b2)1/2 (A=B)
2 - 2(az-a|’ n *

a| + (a|2+b2)'/2

Now, since ap/a; = a, b/a, = B, uy = 4 x 1077, and NN, = N = total

number of turns, Equation (A-7) can be written as

[ 2 4 a2y1/2
B, (0) = 2¥NI RN LACH IRRTC PP
ayla=1) b+ (1 + g2)1/2

The magnetic fleld along the coll axls is purely axial; therefore, the

magnetic Induction at the geometric center of the coll Is written as

NI [2mB a + (a2 + g2)1/2 -6
B = x 10=6, (A-10)
o] 25(0-” (—5_ n [l +( + 82)'/2
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-APPENDIX B

DERIVATION CF AN APPROXIMATE EXPRESSION FOR THE RADIAL
COMPONENT OF MAGNETIC (NDUCTION FOR A THICK :
CYLINDRICAL MAGNETIC COIL
Since the radial magnetic fieid of a thick cylindricai coll
carrying uniform current density Is approximately sinusoidal across

the radial dimension, Hord [ 1] suggests that the field distribution

can be approximated by an expression of the form

Bp K -
_ K = Y
R - Ko + (K = Ko)sinm (u_-T) . (B-1)

where for each polnt along the col| axis

oot (7)) - (%] ]

and K is the peak value of Br/Bg. Values of B./Boy for any finlte coll
have baen computed and tabulated [12,13]. By plotting several values

of Ko and Ko-k versus z/b a |inear approximation can be made by;
Ko = m 2/b, K - Ky = mp z/b, (B-2)

where m; Is the siope of the K, versus z/b plot and mp is the siope of
the (K - Ko) versus z/b pilot for a glven coil geometry. Substituting
Equation (B-2) into Equation (B-1) ylelds

Br 2 y-1
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As pointed out by Hord [ 1], Equation (B=-3) Is valid everywhere within
the volume occupied by the coll winding; also, the approximation is
closest at the coll end planes where maximum compressive force Is
generated.

Figure 20 shows a plot of K, versus z/b and K - Ko versus
z/b for the experimental coil described in Chapter IV, Values of
Ko and K - Ko were determined from the radial field plot In Figure
12, page 36. From Flgure 20 values of m and m, are found to be 0.285

and 0.194, respectively.
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0.30
0-25_
Ko, = 0.285 z/b
| (Linear
0.20 Approximation)

A
Ko and (K - Ko)
o
et
(3
1

A
(K - K;) =0.194 z/b
(Linear Approximation)

o

.10

0.05

] 1 | |
0 0.25 0.50 0.75 1.00
Nondimensional Coil Length, z/b

Figure 20. Plot of Ko and (R Kg) versus z/b for the
experimental magnet.
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APPENDIX C

INSTRUMENTAT ION

In order to determine experimentally the distribution of the
clrcumferentlal stress component across the radlal dimension of the
experimental coil several reslstance type straln gages were bonded to
the current conductor at different radial posltlions durlng the winding
process. The gages used were Wllilam T. Bean type EA-09-250BK-10C
which Is a foll gage with an epoxy flim backing. The bonding agent
was Eastman type 910 contact cement. Each gage was mounted astride the
coll midplane so as to sense the maximum clrcumferentlal straln at that
particular radial position. A small cylindrical search coll was
posltloned coaxlally inslde the magnet coll and astride the midpiane
to sense the magnetic Inductlon at the geometric center of the magnet.

A Tektronix, Incorporated Model 502 dual beam oscl | loscope
equipped with a Tektronix Serles 125 Land type camera was used for
recording simultaneously the straln and the magnetic Induction signals.
Both signals were half-sine pulses of approximately 5.8 mll|iseconds

duration.

Straln Measurements

The manner In which the reslstance of a straln gage varles

with applied straln Is given approximately by Poisson's ratio as

= AL -
ARg Rg(_L_(G.F.), (c-1)
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where ARg is the incremental change of gage resistance Rg, AL/L is the
unit strain to which the gage is subjected, and G.F. is the gage
factor which varies with the type of gage. Since the unit strain

€ = AL/L, Equation (C-1) can be written as

A

Thus, by measuring the change in resistance of the gage, the strain may
be determined.
Consider a strain gage with resistance Rg connected in one

arm of a Wheatstone bridge as indicated in the following sketch,

[F]

Wheatstone Brldge
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If the bridge is excited with a voltage E', the output voltage is

given by

_ E; (R9R3 - RoRyg)
° ~ TRGRIRsR,) ° (C-3)

tet the gage be subjected to a strain € so that Rg becomes Rg + ARg.

Equation (C-3) then becomes

- (RqtARqIR3 = RoRy
Eo = Ei (Rg+ARg$ﬁETT§g$ﬁZY . (C-4)

Now, if Rg = Ry = Ry = Ry >> ARg, then, to a close approximation,

n f;. 5)
o = 1~ . (-
9
Combining Equations (C-2) and (C-5) yieids

_E

Eymgl

(e) (G.F.) . (C-6)

Thus, the output voltage of the bridge is directly proportional to the
strain to which the gage is subjected.

In order to discriminate between the strain, signal and the
voltage appearing due to electromagnetic induction, a carrier amplifier
system was used for strain measurement. A schematic diagram of the
system is shown in Figure |4, page 39. The amplifier used was a
Consol idated Electrodynamics Corporation (CEC) Type |-i27 which provides

a 5 volt, 20 K Hz, carrier signal for bridge excitation. In the CEC
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Type =127 amplifler the output of the demodulator consists of the
information signal plus the harmonlcs of the carrler frequency generated
by the rectiflcatlion actlon of the demodulator. An Internal filter
partially suppresses the harmonlcs; however, it was necessary to use an
addltional filter between the carrler amplifier and the oscl!loscope

in order to obtain a deslrable signat! to noise ratio. An active,

fourth order, Gausslan to 6 db, transitional filter having a 2000 Hz

hal f-power point was used. A schematic dlagram of the fllter is shown
In Figure 21. A Fourler analysis shows that all components of a five
mi)lisecond half-sine pulse above 1000 Hz are negligible; therefore,

no signiflcant loss of signal can be attributed to the filter. -

ﬂggneflc Induction Measurements

According to Faraday's law of electromagnetic induction the
electromotive force E associated with a change in magnetic flux &

through a clrcuit of N turns is glven [18] by

_ g do g
E=-Ngr . (c-7)

+ +
¢ = ij da; (C-8)
S

where S is the surface bounded by the circuit. Therefore, Equation

By definition

(C-8) can be wrltten as



99

0.0072 uf 0.0018 uf
|1 £ | £
1\ 1 €
10K Q 10K & 10K Q 10K Q2
e VAN NN b A —— —— AWWWA—]
10K 10KQ 1I0KQ 10K Q
e [ . s SN ovthan
i .0100 pf 0100 pf To.0126 TR § ad.0126 pf o
A = 30,000

Figure 2|. Schematic diagram for a four-pole, active, Gaussian
to 6db, transitional filter.
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E=-NJx | BeRca (c-9)

I¥ the circult Is rigld and stationary the time derlvative can be

taken inside the Integral where i+ becomes a partlal time derivative;

thus,

E=-N -aT-rﬁda (C-10)

Since this must be true for all surfaces S, it follows that

--na 2B -
E=-N 33, (Cc-11)

where A |s the area of the surface. I|f the circulit is located in a
magnetic field such that E Is a function of time only, Equation (C-11)

may be written as

dB(1)

E(t) = -~ NA 9

(C-12)

In the above dlscussion It has been assumed that all N turns
of the circuit experlence an equal number of flux |Inkages, which can-
not always be the case. However, It has been shown [19] that for a
circuit consisting of a cylindrical colil of length 2b, inside radius
3 and outslide radius 3, the error due to unequal flux |inkages Is

negligible if the following relationship exists:

67



AEDC-TR-69-264

2 - 323 r 313

b : (C-13)

az - 9

Now consider the RC network shown in the following sketch.
R |

T‘“"” i

e; (1) g RL eo(t)

|

The frequency domain transfer function of the network is

\
/1
o

Passive integrator

Ry
Eo (w _ R¥RL_ (C-14)
El () JwCRRL
ﬁ—:—ﬁf'Pl

in the steady-state, at frequencies for which juwCRR /R + R_>> |, Equa-

t+ion (C-14) may be expressed as

1-
o (1) = %f o (1) dt (C-15)
O- :

2’

where |/jw = fdf. If the Input to the RC network is the search coil

68



AEDC-TR-69-264

output voltage given by Equation (C-12), the network output voltage is

i} dﬁm _
o (1) —f NA—_F dt . (C-16)

integrating and solving for B(t) yleids

Btt) = -N_e +) . (C-17)

The search coll for the experimental magnet was constructed of 126
turns of American Wire Gauge Number 44 f|Im Insulated copper wire
wound on a cylindrical bobbin. A balanced differential integrator was
used to elIminate common mode error signals, An RC time constant of
0.1 second was selected. The output of the Iintegrator was displayed
on the oscl|loscope simultaneously with the strain signal, The induc-

tlon measuring system js shown schematically In Flgure 22.

Data Reduction

Determination of numerical values of strain from the strain
signal photographs was accomplished by use of a shunt calibration pro-
cedure, Consider a strain gage with resistance Rg attached to a member
to be tested and connected Into a measuring system as Indicated In the

following sketch.
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p——————————

- 1MQ

|
i
|
|
!
!
|
!
I
|

b= o e

Search Passive Integrator Oscilloscope
Coil Input

Figure 22. Schematic diagram of system for measurlné magneTic
induction.
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Measuring
System

Shunt Calibration System

The gage Is under constant or zero strain; therefore, the resistance

sesn by the circuit Is R 1f a calibrating resistor R, is shunted

g'
across Rg, the equivalent resistance Ry presented to the measuring

circuit is

- _RoRe
R

The resistance change which has been affected is

2
4Ry = Ry - Ry R_g!% i (c-19)

(C-18)

C

In order to produce such a resistance change in terms of strain, the
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gage must be subjected to a straln € such that

8Rg = e(Rg)(G.F.) (C-20)

Therefore, the output indication obtained from the system by artificial

means corresponds to an actual straln of

= A X | -
€ = MRy [GRIA (c-2n

Combining Equations (C-19) and (C-21) results in an expression for the

simulated straln € in terms of known parameters; that is,

_ i g
ES'FQ—R-’;‘R;"ETFT' (C-22)

| By double exposure of the film, a reproduction of the
oscl ) loscope traces for two dlfferent conditions may be displayed on
one photograph. First, wlth the bridge excited and the gage subjected
to no straln, a zero trace may be obtained. Then, by shunting the
gage wlth a calibration resistor, a trace corresponding to the
simuiated strain is obtalned. The dlsplacement dg between the two
traces corresponds to the simulated strain given by Equation (C-22).

Therefore, the actual strain from a data photograph is glven by

d R

|
g - X & | % k (C-23)
ds + Rc -F- "

g =

where d Is the trace deflection due to actual strain and k| is the

oscllloscope sensitivity constant. Corresponding values of stress were
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computed by use of the fundamental relationship between stress and

straln given by
co=¢k, (C-24)

where E is Young's moduius of elasticlty and o is the stress.
Values of magnetic induction at the geometric center of the
magnet coll corresponding to peak values of strain were determined by

use of the relatlonship

Bo = R (DU , (C~25)

where RC Is the integrator time constant, N is number of turns in the
search coil, A Is the effective area encompassed by the search coitl, d
is the signal trace deflection on the photograph, and kp is the

oscliloscope sensitivity constant.
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