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The procedure used in this study is a solution of the magnetic field dif- 

fusion equation for an idealized lamination having constant permeability J.I, 

thickness d, and subject to the same surface field H, on both sides of the la- 

mination. It is assumed that the field averaged across the thickness has a 

triangular waveform of frequency f and amplitude (peak to trough) A. The 

diffusion equation is: 

a XH 
P dH _- = - 

2 
a x P at 

(i> 

The fourier expansion of thle triangular waveform is: 

4A 7-2 cos nut, n odd 
n 'II 

whereu = 2vc The solution to eq. (1) is 

H = C, cash (K1x)eimt + 0 n cash (K2x)eminwt 

(2) 

(3) 

where sinh terms are omitted since they do not satisfy the symmetric boundary 

condition. Since only cash nwt terms are in the expansion, 

KI = (1 + i)/6n and K2 = (- 1 t i)/6n (4) 
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where 6, = Gzz- 

The space average of H is (I./d) s H dx. If this is matched to the fourier ex- 
-d/2 

pansion of the time, it is found that 

c, = Ad(1 + i) ._- 

n2~26n sinh [(I + i)d/26nl 

Dn = 
Ad (- 11 + i) 

n2~2sn sinh I(- 1 + i)d/2snl 

(5) 

(6) 

At the surface, x = + d/Z, 

H,= g-y 

t 

l+i 
illwt (-l+i) 

--ikct 
e 

A- tanh [(l + mt z - EGit?i~~+~j (7) 

n 

n odd 

Plots of this equation .for two values of d are given in Fig. 1. The figures 

show that the surface f-ield leads the alverage field (the dashed line) by an 

amount which is constant after an initial transient after field reversal. For 

these calculations, 100 .terms are used in (7), i.e., the maximum valve of n is 

199. The other parameters 

T/A-m and P = 5~10~~ 11 m. 

them are given in Table 1. 

steel. 

are A = 4, d = 109 mil or 50 mil, LI = 6.3 x 10m3 

Some other cases were run; the lead time 6t for 

The parameters are appropriate to Ml-9 (3.75% Si) 



Table 1 -- 

d, mil 109 50 43.75 37.5 25 

gage 18 19 20 24 

6t, nsec 8.68 I.69 1.30 0.95 0.42 

If Hs for the 20 gage case is fitted to an equation of the form 

HS = a(t - To) t b e-t/T t c 

it is found that T is about 0.2 msec. On the basis of these results, 20 gage 

is certainly thin enough and 18 gage miglnt be acceptable. 

The loss (watts/cubic meter) has twlo components, hysteretic and eddy cur- 

rent. The eddy current loss per unit volume We is given in PJ’, where J = 

aH/a x. This must be averaged first over one time period and then over the 

thickness of the lamination. The result is given in Eq. 9. 

w _ 8 ,A*d 1 -->- sin (d/sn) - sinh (d/sn) , n odd 
e 4 

T 
n4 63 cos (d/sn) - cash (d/An) 

I1 

Data on losses in the various electrical grades of silicon steel are usually 

given at 60 Hz and for peak fields of 10 and 15 kG. For a sinusoidal field, 

Eq. 9 reduces to 

we = 8H2 pd 
sin d/6 - sinh (d/s) 

Pk 7 coS?-YT/6 - cash (d/q 

(8) 

(9) 

(10) 
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For d/6 less than 1, this can be simplified to the well known expression given 

in Eq. (11). 

(11) 

For M-19 steel, 20 gage at 60 Hz and Hpk = 10 kG, Eq. (6) gives 0.32 

W/lb. Data from the Metals Handbook, 8th edition (1961) for three gages, 

when fitted to a d2 dependence, extrapolates to 0.36 W/lb at d = d. This good 

agreement gives credence to this approach. 

The situation with respect to hysteretic loss is less satisfactory. The 

Steinrnetz formula for an ac field is 

id/-, = ,&6 (12) 

where Wh is the loss per cylcle due to hystersis. 

The exponent 1.6 was appropriate to steels in Steinmetz' time (1910). Modern 

materials have exponents from 1.5 to 2.5. Data for M-22 from the metals Hand- 

book, at 60 Hz and 10 and 15 kg, when extrapolated to zero thickness to elimi- 

nate the eddy current portion, give an exponent of 2.3. However, this may not 

be applicable to the triangular waveform with dc offset. Ignoring this, and 

assuming a field in the iron varying between 1.5 and 4 kG, one obtains 8.7 x 

1O-4 W/lb. The field in the iron is assumed equal to the field in the gap. 

The eddy current loss (A = 39.7 amp/m) is 3.75 W/m3 or 2.22 x 10m4 W/lb for a 

total loss of 1.1 x 10B3 W/lb. The lamination area is 0.312 m2 and weighs 

16900 lb/m3, so the total loss is 5.8 W/m. This compares to 60 W/m in the 

beam tube given in Tech Note No. 4. 
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In summary M-19 or PI-22 silicon steel with a gage of 19 or 20 would seem 

appropriate; the choice between the two might be determined by punchability; 

M-22 is less brittle. There may be difficulty in obtaining either in gages 

heavier than 24 (25 nil), but reducing the number of laminations by l/3 or 

more is a considerable saving. 
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