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SCALING RELATIONS FOR EDDY CURRENT PHENOMENA* 

C .  V .  Dodd and W .  E .  Deeds** 
Metals and Ceramics Division 

Oak Ridge National Laboratory 

As t r a c t  

Formulae are  given for  various electromagnetic quant i t ies  
f o r  co i l s  i n  the presence o f  conductors, with the scaling 
parameters factored o u t  so  tha t  small-scale model experiments 
can be related to  large-scale apparatus. Particular emphasis 
i s  given t o  such quant i t ies  as eddy current h e a t i n g ,  forces ,  
power, and induced magnetic f i e lds .  Far axial ly  symmetric 
problems, closed-form integrals  a re  available for  the vector 
potential and a l l  the other quant i t ies  obtainable from i t .  
For unsymmetrical prgblems, a three-dimensional relaxation 
program can be used to  obtain the vector potential and  then 
the derivable quant i t ies .  Data on experimental measurenents 
a re  given t o  verify the val idi ty  of the scaling l a w s  for  
forces ,  inductances, and impedances. Indirectly these also 
support the va l id i ty  of the scaling of the vector potential 
and a l l  o f  the other quant i t ies  obtained from i t .  

Introduction 

Scaling o f  eddy current nondestructive tes t ing problems has been 

used for  many years,  for  b o t h  analytical  calculations and experimental 

measmements. I n  the analytical  calculations,  we reduce the con- 

figuration t o  dimensionless r a t io s ,  perform a l l  the calculations using 

pure numbers, and only introduce dimensions in the f ina l  step.  I n  the 

experimental measurements, we perform the measurements on models t h a t  

a re  usually larger  than the actual t e s t  so t h a t  the dimensions can be 

more accurately controlled.  

"Funding provided by the Superconducting Magnet Development Program of 
the Thermonuclear Division. 

**Consultant from The University of Tennessee, Knoxville, Tennessee. 
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We have started our analysis w i t h  the vector potent ia l ,  and can 

obtain closed form integral equations f o r  i t  fo r  many o f  the simpler 

cases. 

computer . 
These equations can be quickly evaluated on a m a l l  d ig i ta l  

For more complicated problems we must use a relaxation or f i n i t e  

difference technique, i n  either 2 o r  3 dimensions. This technique 

requires a large d ig i ta l  computer f o r  numerical evaluation. Once the 

vector potential has been determined for various discrete  frequencies 

i t  can be calculated fo r  any giece-wise continuous wave-shape u s i n g  

Fourier synthesis. From the vector potential any induction phenomenon 

can be calculated, These calculations generally involve the numerical 

evaluation o f  multiple integrals  which involve functions o f  the vector 

potential .  As an al ternat ive t o  numerical calculations,  in many instances 

we can use nieasurements on a model to  evaluate the multiple integrals .  

A number o f  successful designs have been completed u s i n g  these 

tcchni ques. 8-1 
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I. Single Frequency, Scaled Equations far the Vector Potential 

An axially symmetric coil o f  rectangular cross-section above multiple 

parallel planes is shown in F i g .  1 .  The closed form integral equation 

for  the vector potential produced by such a coil is, in the n-th region: 

ORNL-DWG 75-4600 

F i g .  1. Coil Above Multiple Planes. 
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The terms i n  b racke ts  a r e  comp le te l y  dimens onless.  

o f  t h e  l i n e a r  dimensions d i v i d e d  by s c a l i n g  f a c t o r  ( u s u a l l y  t h e  mean 

r a d i u s  o f  a c o i l  o f  i n t e r e s t ,  R5). The f requency e n t e r s  o n l y  th rough  

t h e  f u n c t i o n  cru~rrR5~, which i s  a l s o  d imensionless and would u s u a l l y  be 

k e p t  cons tan t  i n  s c a l i n g  a model. The te rms c o n t a i n i n g  t h e  f requency 

are:  

They a r e  a f u n c t  

and 

On 

Both o f  these terms a r e  d imensionless.  

V 1 2 ( n ,  1) 
The terms - c o n t a i n  an equal number of- B ~ ' S  i n  bo th  t h e  

V 2 2 ( k ,  1 )  

numerator and denominator and a r e  d imensionless.  

We can a l s o  o b t a i n  t h e  v e c t o r  p o t e n t i a l  f o r  any i r r e g u l a r  c o i l s  and 

conductors  u s i n g  a three-d imensional  r e l a x a t i o n  technique.  Using 

C a r t e s i o n  coo rd ina tes ,  as shown i n  F i g .  2, we f i n d  f o r  t h e  three com- 

ponents o f  t h e  v e c t o r  p o t e n t i a l  i n  non- fer romagnet ic  media: 

-t A 
5" 

+ A 6 C cos ax ' k  

+ % k-1 z+ 1 2- 1 +---- 0 % 
k lm n 2 f R 2 - R 1 ) L 3  k t i  kti 

m+ 1 m + Ax m- 1 f ($4) k+ 1 (A Y z + 1  - A  YZ + AZ m+ 1 
+ 
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F i g .  2. Cartesian Coordinates for Three-Dimensional Relaxation. 
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where 

P o  i s  the magnetic permeability o f  f ree  space (4ir x I O - ” ) ,  

N i s  the number of turns in the c o i l ,  

1 i s  the current per turn, and any subscript n o t  written i s  

assumed t o  be k ,  Z, m, as t h e  case might be. 

All other terms are  dimensionless, and the vector potential i s  

d i rec t ly  proportional t o  the source terms, U ~ N I .  

equal t o  1 i f  the l a t t i c e  point i s  inside the c o i l ,  zero i f  i t  i s  o u t -  

side.  

H~ i s  the coil  mean radius; y1 i s  the number of l a t t i c e  points in the 

coil  mean radius R 5 ;  N3;” i s  the number o f  l a t t i c e  paints in the coil  

as the coil passes t h r o u g h  the plane perpendicular t o  the z-axis;  and 

the term w ~ B ~ ~ ~ I ? ~ ~  i s  dimensionless. 

The quantity d C  i s  

ax i s  the angle between the wire direction and the z axis ;  
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From these equations, the vector potential at each point can be 

obtained using a relaxation process. 

The dimensionless numerical answer so determined will depend on: 

1. The coil and conductor geometry; 

2 .  

The dimensioned factors multiplying the dimensionless numerical 

The value of 0 ; ~ o f i ~ ~  . 

answer will be p o N I .  

11. Fourier Synthesis to Form Non-Sinusodial Pulses 

Thus far, the vector potential for a single frequency, O, has been 

obtained. We shall now superpose a number o f  different frequencies to 

obtain the vector potential o f  a pulse, such as illustrated in Fig. 3, 

by Fourier synthesis. 

repetition period T, we can write the current waveform as 

I f  the current is piecewise continuous and has a 

m 

m m= 1 
( 7 )  

where w 1  = 2-ri/T , 

W 1  
a = m - r r  

and 

7’ 
-1r/2 

cos 
-1 0 

m =  0,1,2,3 ... 00 

rfl .= 1,2, 3 . . . 0 3 .  
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0 R i'J 1.- DWG 7 5 - G 8 63 

F i g .  3. Diagram o f  Current Pulse.  

From the c u r r e n t ,  t he  vector  po ten t i a l  as  a funct ion o f  time can be 

cal cul a ted : 

m 

where .S;l(m) i s  the vector  po ten t ia l  c a l c u l a t e d  a t  t he  angular  frequency 

mrJll w i t h  the  u01oN fac tored  out .  Z ( m )  i s  completely dimensionless atid 
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depends only on the geometry and the values o f  the products r n ~ ~ 1 - 1 0 ~ ~ ~  . 
The value of w1 can be varied t o  compensate f o r  changes i n  o and I ? ~  e 

The value of r must then be varied so tha t  the product W ~ T  i s  constant. 

Thus, the pulse i n  real time t may vary fo r  the scaled model. The 

phase s h i f t ,  $ m ,  i s  determined by +rfl = atn (-) I and 2 f m )  =I [ i ? L i l 2 ( ( m )  +- 
Im A 2 ( m ) ] 1 ' 2  . We shal l  rewrite the equation for  A(T) a s  

I d  
R ZA 

Z ~ ( T )  i s  the dimensionless sum given i n  curly brackets i n  E q .  (10) .  

From the vector potential we can calculate  a l l  the physically 

observable phenomena. 

111. Physical Phenomena 

A. Eddy Current Density 

W 
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The t o t a l  current passing t h r o u g h  a normalized area,  dAn , in terms 

o f  the actual area,  dA’ = ( c ~ ~ ’ / R , ~ ) R ~ ~  = dA R 5 2  n 
i s  g i v e n  by 

The only dirnensions are contained in the . All the other terms are 

dimensionless and normalized. 

B. Eddy Current Power 

The eddy current power dissipated per unit  volume i s :  

The instantaneous power dissipated in a normalized volume, dVn, i s  

Again, a l l  dimensions a re  contaiiied in t h e  terms 102~11-10R5 , a n d  the 

others are  dimensionless. 
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I f  there are several different components of  the vector potential, the 

total power will contain the sum of  the squares o f  the time derivatives 

of all o f  the components o f  the vector potential. That is: 

- = (5 
dV 

C. Magnetic Field 

The exact form o f  the curl o f  A depends on the coordinate system in 
-+ 

which 2 and B are computed. Using symbols defined by Morse & Feshbach and 

shown in Fig. 4, we have: 

4. 
3 

The dimensions of will be Allength. 

In general, we will have for  the ccmponents o f  the magnetic field: 

If we normalize the dimensions by dividing all lengths by R5 we have 
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F i g .  4. Curl in  Curv i l inea r  Coordinates .  

For t h e  spec ia l  ca se  of an a x i a l l y  sytiimetric c o i l  above plane 

l a y e r s  of conductor a s  shown i n  Fig.  1 w i t h  only a o-component o f  t h e  

vector p o t e n t i a l ,  t h e  express ions  f o r  the z-component o f  t h e  magnetic 

f i e l d  i n  t h e  n - th  region ( i n  terms o f  t h e  var iab les  used i n  the computer 

program) i s  : 



The r component i s  given by: 

D. Force Density 

For non-ferromagnetic materials we have f o r  the f o r c e  d e n s i t y :  

(23 )  
a2 -+ d 3  + + 

- - - - = J X B = - a - X ( V X A )  a T  
dV 

For the n ' t h  component o f  f o r c e  i n  a normalized volume 

dvn = hlh2h3 d ~ 1  dc2 J c 3  we have 
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r m  1 

L m=l J 

The o n l y  dimensions a r e  con ta ined  i n  t h e  u o l - 0 2 N 2  term. The am and bm 

terms depend on t h e  r e l a t i v e  pulse shape, and the A ( i )  terms depend on 

t h e  geomet r i ca l  shape and t h e  di inensionless numbers mwluoR52 . 
I f  we e v a l u a t e  t h e  z component o f  f a r c e  i n  c y l i n d r i c a l  coo rd ina tes  

we have: 
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E.  Voltages Induced in Coupled Circuits 

The voltage induced in a length o f  wire i s  
-f 

v = J ” *  3t d3, (26 )  

The general expression fo r  the voltage induced in coil  1 by a 

current r2 flowing in coil 2 ,  a s  shown in Fig. 5 ,  i s :  

lin coil  I I 

where 

-f 

and the element o f  length, , has been normalized. Hence, the mutual 

inductance o f  the two co i l s  i s :  

m= 1 

I I j , k , ~  a l l  turns 
in coil 1 
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F i g .  5 .  Coils in the Presence o f  Arbitrary Conductors. 

The term in the absolute value brackets must be integrated over  a l l  of" 

t h e  turns i n  coil 1 .  However, i f  the coil  has a constant turns density 

over i t s  cross-section we can simplify the term t o :  

a l l  turns 
in coil 1 

turns single 
t u r n  
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Therefore, 

m 

where ~1 i s  the crossectional area o f  the co i f ,  perpendicular t o  the 

direction o f  the turns. The dimensions o f  a l  wi l l  cancel those of 0211. 

For consistency we shall  take both t o  be normalized. I f  dL’ i s  taken 

along one coord nate, the summation over 1,m and P reduces t o  

f J S  AZ2(”jw1m)  d ( V o l )  . 
coi l  volume 

The value o f  M I 2  , in ohms, i s  d i rec t ly  proportional t o  I J I ~ N ~ U ~ N ~  . All  

of the other terms are  dimensionless and depend upon the re la t ive  georn- 

e t ry  and the shape of the current wave form. The voltage induced in the 

q t h  c i r c u i t  due t o  current flowing in N other c i r c u i t s  can be calculated 

by the equation, 

N 



Furthermore t h e  terms i n  t h e  express ion can be w r i t t e n  as  

N m 

(34)  

F. Cur ren ts  i n  M u l t i p l e  Coupled C i r c u i t s  

We s h a l l  d e f i n e  a c o u p l i n g  c o e f f i c i e n t  w i t h  t h e  f o l l o w i n g  equa t ion :  

arid d e f i n e  t h e  am c o e f f  

a = a  . r m  m 

c i e n t  f o r  t h e  c u r r e n t  i n  the r t h  c o i l  as 

The c u r r e n t  loop equa t ion  f o r  t h e  q t h  loop f o r  N c o i l s  t hen  be- LQnlrS : 

N' 

r=1 m=l 
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We have assumed tha t  the current wave shapes can be represented by a 

f i n i t e  number of terms, N'. 

trigonometric functions to  solve for  the axw and hrrn coeff ic ients .  

shall  multiply eq. (37)  by s in  (XU,), integrate from 0 t o  X ( the  period 

of the periodic function, T = 27~/( , )~) ,  and use the following relationships 

t o  simplify the equations: 

We can use the orthogonal properties of the 

We 

Using these relat ionships ,  we obtain: 
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Similarly, if we multiply eq. ( 3 7 )  by cos(rnwl-c) and integrate fram 0 to 

Z r / w l ,  we can o b t a i n :  

For each angular frequency component, mul, there will be N equations 

of t h e  form o f  eq. ( 4 3 ) ,  one for each o f  t h e  N coils, designated by q :  
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There will a lso be N equations of the form o f  eq. (44), one for  each o f  

the N coi l s :  

'71 

I a ( C  sin + ) + ... + ~~a~~ ( c ~ ,  s in  4mnn) 
1 lm mnl mn 1 

+ I1blm(ClimL1 cos Qmnl )  i- ... + l-nbm ( I?  j- C n rmn cos $17Mn) 

Equations (45) and (46)  provide 2 N  l inear ly  independent equations t o  

determine the 2 N  coeff ic ients ,  ilnlm, ... , I ~ u ~ ,  rlblrn, ... , I M b run' 

fo r  the single frequency component, rnwl . A similar set of 2 N  equations 

must be solved for  each of the frequency components in the pulse. 

The d.c. coinponent of  current i n  the q-th coi l  will be 

177 

There will be just iv equations of t h i s  type t o  be solved. 
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G .  Driving Voltages 

I n  equations (43 )  t h r o u g h  ( 4 7 ) ,  i t  i s  assumed tha t  the voltage 

v ( T )  applied t o  the q - t h  coil  i s  a known function o f  time, as i s  usually 

the case. For the charge-up o f  a c o i l ,  the voltage would be a ramp 

function, as shown in Fig. 6. 

9 

QRNL- DWG 75 -10666 

z- P 

Fig. 6. Charging a Coil with a Voltage Ramp. 

We can a l s o  simulate the turn off o f  the coil  with a voltage s tep ,  

When the coi l  goes normal, the current i s  dumped into a dump res i s tor .  

As f a r  as  the coil  and coupled c i r cu i t s  are concernedg t h i s  i s  equiva- 

len t  t o  a single turn-off pulse of the voltage, v - ( T ) ,  as i l l u s t r a t ed  in 

F i g .  7.  

be-tween the two c i r cu i t s .  

The only real difference is  t h a t  the voltage tha t  would be dropped across 

There i s  no difference in the voltage and current a t  point a 

dmP 
The value o f  V ’ ( T )  i s  V ’ ( T )  = V ( T )  f I R 

i s  saved by the switch, reducing the power required by the voltage I ’dump 

source. 
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SMALL 
RESISTOR 

SMALL 

SUPER-CC NORMAL - SUPER- b- NORMAL- 
CONDUGTING T-F CONDUCTING 7 --.- 

Fig. 7. Equivalent Dumping o f  Current i n  Coil. 

Once the  voltage functions, v ( T )  a re  known or simulated, we can 
4 

obtain the current coeff ic ients ,  which in turn will g i v e  us the current 

i n  the various c i r cu i t s .  From these currents we can then calculate  a l l  

of the other parameters, such as  forcesg eddy currents,  and power 

dissipated.  
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IV. __._.I_. Measurements . .__... .. ..... . ..- of the Various Properties 

The cal cul a ted parameters can be measured with various degrees o f  

accuracy and d i f f i cu l ty  using models constructed o f  a similar material 

or l iquid metals with probes inside 'them. Me shall now discuss these 

measurements. 

A. Eddy Current Density 

This can be measured by p u t t i n g  a current probe i n  rriodels contdininy 

mercury or  Wood's metal. However, the current probe will upset the 

f ie ld  to  a certain extent i n  the region near t h e  probe. 

usually measured indirect ly ,  using the voltage drop o r  the magnetic 

f i e ld .  

The current i s  

€3. Eddy Current Power 

The to ta l  power can be determined by measuring the power consumed 

in the co i l .  The instantaneous power generated i n  a small section o f  

the shielding can be determined by measuring temperature changes on the 

surface o f  the conductor u s i n g  infrared techniques or  by u s i n g  the 

temperature coeff ic ient  o f  the metal 's  r e s i s t i v i t y  (measured w i t h  an 

eddy current probe) o r  by using thermocouples inside the metal. ' h e  

l a t t e r  measurement technique would probably influence the resu l t s  more 

than the others,  b u t  i t  could be applied t o  the in te r ior  o f  the can- 

ductor. All three of these techniques depend on the shielding h e a t i n g ,  

which depends i n  t u r n  an t h e  geometry, thermal conductivity and heat 

capacity o f  the model. 
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C. Magnetic Field 

The magnetic field can be measured us 

and dc fields or a pick-up coil for ac fie 

ng a Hall probe for both ac 

ds. The pick-up coil measures 

the time rate of change o f  the magnetic field that passes through the 

coil and furnishes both magnitude and phase information. The measure- 

ment accuracy will be about ? %  for the pick-up coil. The Hall probe can 

measure the small fields to an accuracy o f  about 0.1%, with a frequency 

response from dc to about 20 KHz. 

D. Force Density 

The magnetic forces can be measured by measuring smaJl displacements 

with strain gauges and extensometers, or by measuring the force required 

on a part to prevent the part from moving. The amount o f  displacement 

of a "rigid" body produced by a current pulse applied to a nearby coil 

will depend on the stress-strain relationships of the body and its 

inertia. Small, non-contacting eddy current displacement probes behind 

the part could measure a displacement up to 2000 p in with a resolution 

o f  1 u inch and an accuracy of 10 p inches, at a high vibrational 

frequency. 

E. Voltages in Circuits 

The magnitudes and phases of the voltages in the various circuits 

can be measured to within about 0.1% and 0.2", respectively, at a partic- 

ular sinusoidal frequency. These measurements will allow quite accurate 

calculations o f  the impedances and coupling coefficients in the various 
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c i r cu i t s .  The most accurate range o f  measurements i s  in the 50 Hz to  

10 kHn range. The time-voltage relationship f o r  a pulse can be measured 

to within about l % ,  b u t  i t  can probably be obtained more accurately 

u s i n g  a Fourier sum of the var ious  components t o  reconstruct the waveshape. 

V. 
~ Use o f  Measurements __. .... a n d  ... Scaling . i n  .. . ..... . Lieu . .- ... ... o f  Calculations . . . . . . . . .- .- 

There will be advantages and disadvantages to  using e i the r  experi- 

mental measurements o r  numerical calculations. A l i s t  of several of 

these considerations i s  given below.  

A .  Advantages of  Measurements 

1 .  

2 .  

3 .  

4. 

1 .  

They will be required anyhow t o  verify the calculations.  

In many instances the measurements will be more accurate than the 

calculations.  In par t icular ,  for  cases where we can use the 

resu l t s  o f  a single frequency measureinent, the measurements will be 

more accurate f o r  quant i t ies  such a s  voltages, total  irnpluse, and 

to ta l  power. 

The measurements may point out problems and omissions made i n  the 

cal cul a t  i on .  

The measurements niay be cheaper than the 3-dimensional relaxations.  

B. Advantages o f  Calculations 

The calculations themselves will not introduce errors  into the 

models as  the measurements do .  
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2.  I t  i s  the only way t o  obtain some answers, such as the force 

dens i t ies ,  eddy current densi t ies  and heating densi t ies  a t  various 

places inside the metal. 

The calculations may give some special insights into the problem 

tha t  the measurements would miss, such as where would be the best 

place t o  modify the specimen configuration to reduce the eddy 

currents.  

3 .  

I n  actual practice,  t h e  two techniques will probably complement each 

other t o  some extent. 

VI. Experimental Verification o f  Scaling 

There have been a number of experimental ver i f icat ions of the 

scaling o f  induction problems. 

la t ions a re  scaled,  with the scaling factors  introduced as multipliers 

a f t e r  a l l  the numerical calculations have been performed using dimension- 

less  functions. Therefore, any experimental ver i f icat ion of the calcula- 

t ions also ver i f ies  the scaling. 

A l J  of the standard eddy current calcu- 

We have made a se r ies  of impedance measurements and calculations on 

turns in the c o i l s  o f  four d i f fe ren t  sizes and with d i f fe ren t  numbers o f  

presence of conductors with the resu l t s  shown i n  Table I .  

The four co i l s  varied in mean radius from 0.30 in .  t o  

the t e s t  frequency and l i f t o f f  were varied t o  keep the prod 

and the normalized l i f t o f f  as nearly constant as possible. 

" 2 0  i n . ,  and 

e t  WlJd752 

However, 

there were s t i l l  var ia t ions,  a s  shown by the standard deviations of the 

and l i f t o f f ,  which contribute to  the impedance variations.  The 
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numbers of turns were a l l  d i f fe ren t ,  b u t  were also eliminated by normali- 

zation. 

dividing by the coil  inductance in a i r .  

notice in the table  are  the following: 

the real and imaginary parts of the normalized impedances (columns 8 and 

6 ) ,  which should be zero i f  the scal ing,  construction, and measurements 

were perfect;  ( 2 )  the experimental and calculated values o f  the real and 

imaginary p a r t s  o f  the coil  impedances fo r  the various l i f t o f f s  (columns 

7 ,  5 ,  10, 9 ) .  

The impedances given in columns 5 and 7 are  normalized by 

The important quant i t ies  t o  

(1)  the standard deviations o f  

Note tha t ,  except for  the f i r s t  two values of W I O R ~ ~ ,  

for  which the frequencies were so l o w  tha t  the measurements were n o t  

very accurate, the standard deviations in columns 6 and 8 are  very 

small, indicating t h a t  the four d i f fe ren t  co i l s  a l l  gave the same 

resu l t s .  This indicates the val idi ty  of the scaling laws which keep 

w ~ ( s R 5 ~  and the normalized l i f t o f f  constant and factor  o u t  the number o f  

turns of the co i l s ,  when the driving coil  and the pickup coil  are  one 

and the same. The calculated values i n  columns 9 and KO are  fo r  a coil  

with normalized dimensions which a re  the average of those for  the four 

co i l s .  

values seem randomly scat tered,  i t  seems tha t  the experimental measure- 

ments are  most in e r ror ,  and the variations are  generally comparable t o  

Since the percentage differences between measured and calculated 

the standard deviations o f  the measurements. 

Table I1  shows how the calculated and measured inductances vary for  

a large number of co i l s  t h a t  have been used in a number of eddy current 

experiments, using the apparatus shown in Fig. 8.  

i s  qui te  good fo r  these examples, there have been a few instances where 

the error was a s  large as 2%. 

Al though  the agreement 

I t  i s  suspected in these cases t h a t  an 

er ror  occurred i n  the number of turns, 



Table 11. Comparison o f  Calcu?ated and Neascired Inductances 

Inductance Indtictance 
Mean radius Inner Outer Length  TLlrns (Measured) (Calculated) % 
F ( i n c h e s )  Radius R,ad i us ( inches)  N rnh mh Difference 

-603 
.603 
.603 
.60265 
.605375 
.56775 
.60415 
.GO335 
.63265 
.49617 
.9951 

7.478 
2.O00415 

.496 

.998 
2.752 
2.748 
3.743 

.506 

.506 

.SO6 

.SO48 

.50525 

.5057 

.5058 

.El063 
* 5053 
.333335 
.e666 

1 .000 
i .333333 

.333 

.6665; 
2.244 
2.244 
3.375 

.700 

.700 

.73O 

.7005 

.7055 

.ti298 

.7025 

.7004 

.700Q 

.65980 
1.3235 
1.956 
2.666749 

.660 
1.3303 
3.261 
3.248 
4.100 

-200 
.20O 
.200 
.2os 
.2094 
.201 
.200 
* 200 
.200 
.333335 
.6666 

1 .OOQ 
i .333333 

.333 

.6666 
i .008 
9.005 
3.000 

690 
653 

1335 
435 
445 
285 

1219 
1219 
1325 

637 
1404.7 
1212.3 
93 1 
637 

1404.6 
836 
835.3 
7 54 

18.55 
56.555 
68.604 

7.319 
7.564 
3.457 

57.755 
57.77 
68.22 

5.773 
85.658 
514.30 
74.97 

65.94 
8.863 

118 
157.5 
111.7 

18.5'185 
16.5557 
69.3218 

7.26857 
7.60335 
3. 'I 6425 

57.77024 
57.84352 
68.16977 
8.713 

84. E19 
94.24 
74.83 

85.09 
177.9 
716.93 
110.7 

8.712 

+ . I 7 0  
- . I85  

-1.035 
+. 702 
- . S I 8  -. 229 
-. 026 
-.122 
+. 074 
-t .689 
+. 905 
+. 064 
+.lS7 

+1.733 
+. 999 
-I-. 377 
1.487 
+. 903 
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Fig. 8. Diagram of Impedance Measurement Apparatus. 

In Tab e I11  we show the experimental force measurements far- two 

different s ze coils with the same shapes, made with the apparatus 

illustrated in Fig. 9. These measurements again demonstrate the validity 

of scaling. 

they were made before more accurate experimental apparatus was ava i l c lb l le ,  

Note that the forces are given i n  

the validity of factoring out the number o f  turns and the  driving 

The error i s  relatively large for these measurenients, but 

newtons/(amp-turn)2, indicating 

current. 
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T a b l e  111. Comparison af Calculated and Measured Eddy Current Forces 

Calculated Measured % Measured % 
Ul. lOR52 Force* Coil B** Difference Coil C*** Difference 

Lift off = .0476 ~ ‘ 1 ~ :  

3.082 
8.628 
24.65 
77.05 
329.8 
862.8 

Liftoff = 

1.12146 1.048 -6.55 1.058 -5.66 
2 .) 80859 2 642 -5.93 2.694 -4.08 
5.11168 4.714 -7.78 4.954 -3.08 
7.52462 6.933 -7.86 7.326 -2.64 
9.82756 8.989 -8.53 9.664 - 7  .Q6 
10.7935 10.18 -5.68 10.90 +O.  99 

0952 B g :  

3.082 .987604 .9289 -5.94 .9540 -3 e 40 
8.G28 2.41 421 2.265 -6.18 2 366 -2.00 
24.65 4.29660 4.021 -6.41 4.260 -0.85 

77.05 6.17141 5.776 -6.41 6.201 +8,48 
329.8 7.85378 7.430 -5.49 7.954 +1.28 

862 = 8 8.53364 8.237 -3.48 8.313 +4.46 

* 
** 

* ** 
Forces in units o f  i o s 7  newtons/(amp-turn)2 
Coil B mean radius = 0.6063 in. 
Coil C mean radius = 0.9923 i n .  



33 

Q R N L - DING '7 5 .- 6 8 67 

OSCILLATOR 

BALANCE 

Fig. 9.  Diagram of Force Measurement Apparatus, 

VII. Summary and Conclusions - 

The concepts of scaling will allow experimental measurements iiiade 

on relatively small models t o  be extended t o  full size models. There 

will be an optimum size f o r  a model to obtain the most accura%e results 

at the least expense. I f  the  model i s  too small, i t  will be expensive 

t o  hold the coil and csnductor dimensions t o  the desired tolerances, and 

the measuring apparatus will be difficult t o  install. 

hand, if the model is t oo  large, i t  will consume an expensjve amount o f  

materials and constructlon labor. A model which uses coi l s  that are 

2 to 4 inches in diameter would probably give %he best results a t  the 

lowest cost. 

On the other 

The experimental measurements made thus far demonstrate t he  v a l i d i t y  

o f  scaling. 

the voltage coupling coefficients for multiple coils) need to be made to 

provide more confidence. 

However more accurate and additional nieasurernents (such a5 
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