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HOW GOOD IS AN IRON-CORED COIL? 
e W H E N M R . A R G U I M B A U W R 0 T E H I S A R T I C L E for the 
No ember, 1936, i sue oft.he General Radio Experimenter on "Lo ses in 
Audio-Frequency Coils," he approached the subject from a refreshing]y 
new poin-t of view, and ga e a number of very u ful n w concepts to 

help understand the beha ior of such coils. An e ample is the sing]e 
template which can be u ed 1.o draw the curve, on log-log paper, of 
storage factor Q against applied frequen y for any c il, provid d only 
that the ma 'imum Q of the coil and the f:requenc at which it occurs are 
known, and that re on.ance is remote. Alternati ely, the template an 
be u d -Lo draw a smooth curve through a number of experimentally 

de·termin d p ii;its. One such template i shown on page 2. 
Employment of a useful t ool Jike this soon makes it part of one' 

mental equipment. Then comes a de ire to extend its usefulness by mak
ing it help answer a wider field of qu estions. Predictions would be very 
u eful indicating the maximum Q of a coil and the frequency at whi hit 
occurs as hanges are ma e in the characteri Lie of the iron core. For 
instance, how much would doubling the tack h ight of the iron incr a e 
Qmaxo or what would decrea ing the thickness of the laminations do 
to Qmax andfmax? �1any other imilar que tions will occur. 

If a theory an be pro ided to answer such questions, the behavior 
of almo t any projected con tru tion can be extrapolated from mpir

icall obtained informa·tion. This need be less exten i e than might be 

e pected. Experimental alues of Qmax and /max for se eral different air 
gaps in an average- ized lamination would uffice, al t hough m.ore data 
would be preferable in that they would permit intercomparisons. 

The extra polated re u] ts, which mu t be ha ed on ertain a sum ption , 
are n ssarily approximate but still are accurate enough for mo L 

cl i gn calculations. Knowledge of the exac-t value of Q is rarely neces
sary, order of magnitude general 1y being ufficient. 
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GENERAL RADIO 2 

CONDITIONS AND ASSUMPTIONS 

These conditions and assumptions are as follows: field there 
are m.any ap

p l i c a t i o n s  f or 
transformers and 

(1) Mea urements are to he made at su h a  level that the 
iron has its initial p rmeability, that is, that the flux den
sity, B, is vani hingly small. 

(2) Under condition (1) the hysteresis loss in the reactors operating at 
e ceedingly low le ls -

for example, microphone or 
inter tage tran formers, low

level wave filters. In fact, low 
level i often a hindrance in the de

iron core-material vani h . This point is taken 
up in more detail on pag 11 and 12. 

(3) Skin effect of the copper wire of which 
the coil is wound is negligible. This as
sumption is justified since skin effect 
at audio frequen i s is encountered 
only in rather large copper wires, 
larger than one would he 
likely to employ in wind
ing coils for use at those 
frequencies, su h as 
c o i l s f o r  w a v e  
filters. 

(4·) T h e r e  i s  
negligible leak
age flux trav
e r s i n g  t h e  
copper wind
L n g .  T h i s  
m e a n s  t h a t  
eddy - c u r r e n t  
lo es in the cop
per can be neg
l ect ed. It a ls o  
postulate uniformB 
throughout the whole 
magnetic pa th. When air 
gap becomes large, leakage 
flux is no longer negligible. Then 
eddy- urrent ]os es increase and 

sign of a transformer, because the iron 
permeability is so low that more turns 
are needed to provide the requi ite min
imum inductan e. E en audio trans
formers in higher.level stage must be 
de igned to have adequate inductance at 
initial permeability to prevent di tortion 
when -.:he audio signal drops to a very low 
value, such as during pianissimo orches
tral passage . Furthermore, even though 
this analysis can be used directly only at 

ery small B, once it is thoroughly under
stood it is not difficult to make estimates 
of the modifications required at higher 

levels, where the effect of hystere is is no 

longer negligible. Increa ing hysteresis 

lo es de rea e Q.,,. and mask out some

what -.:he contribution to Q m, as fre

quency varie , of ohmi and eddy-

urr nt losses. Frequency f mis unaffe ted. 

[See discussion accompanying Equation 

(20) and Figure 3 in ppendix.] Although 

the Q-f curve has a flatter top at higher 

B's, the remote wings are the ame 

the effect of the air gap on µ and on 
fm cannot be ·alculated from simple 

and the maximum occurs at the 
same frequency. 

t eory. 
(5) There are negligible eddy currents be

tween adjacent lamination . 
(6) Resonance i remote. 

E XPRE SSIONS FOR 

Om AND fm 
What, th n, i the good of results applicable only 

when B is alm.o t zero? Of course, :many iron- ored oils 
are power transformer , operating at 10 to 12 kilogausses, 

If the listed condi-
t i o n s  a r e  m et, 

the following 

some regulating types even working purposely in the satUl·ation 
region at still higher flux densities. But in the communications 

expressions., 
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taken from a detailed derivation in 
the Appendix, give the maxim.um. Q of 
the coil and the frequency at which i 
occurs: 

3 EXPE RIMENTE R: 

almost never the same as the measured 
gap, for a variety of reasons. It is usually 
greater, hut in the case of very large gaps 

(22) may he less because of the effects of 
fringing. It is not completely satisfactory 
to regard, as some have suggested, every 

(23) gap as being effective} longer than it 

(For meanings of the symbols, consult 
Glossary near beginning of Appendix.) 
These properties ( Qm and J m) are given 
in terms of dimensions of the lamination, 
resist1vrti of the copper and iron, and 
the permeability of the core material. 
Rewriting Equations (22) and (23) a 
follows will show more clearly the nature 
of the separate contributing factors: 

really is by a fixed length equal to th 
equivalent length of a butt joint. A fur
ther complication arises from the fact 
that a ga in the iron leg inside th coil 
ha more effect than one of the ame 
I ngth in a leg (or leg ) out ide the coil. 

It is better, therefore, to use the em
pirical approach in getting the original 
data, the springboard from which to 
jump. The Qm andf m should be obtained 

'-1-Pi i J�, 
for at least one core structure 
at a umber of air gap o -

(22a) ering the range from compl te 

i 
numeC'ic geometry 

of corf' 
T i i 

material geometry mater.al 
of core of coil of coil l l l l l 

inter! aving (no gaps) to th 
largest practical gap. Inter
polation between experiment

f m 109 3 . . I l . I Pi . I� 
47r2 "\J 82 Aa "\J µ2 "\J ;:- (23a) ally deri ed points can be 

· ' Pc done directly on the log-log 

All of the factor determining Qm and 
f m are purely phy i al properties of the 
core and coil structure, with the single 
e ception of the factor S, which is the ef
fective copper winding area, and which 
in a sense is a derived property of the 
core tructure. 

It must be clearly understood that the 
permeability appea1·ing in the formulae 
is th effective permeability of the path 
in the structure employed, which in gen
eral must he less than that of the iron 
obtained with ring samples. Equation 
(3) or (3a) of the Appendix gives an e -
pression relating effe tive and true in
cremental permeabilities. However, there 
are many uncertainties in its employ
ment. The effective length of the gap is 

plot, like Figure 4 of Mr. Ar
guirnbau's paper, or, better still, by 
u ing an au,�ary ur e (on the ame 

h e-t, if d ired) of length of air gap, 
g, against f m· Three such curves are the 
inclined, dashed ones on Figure 1. The 
Qm for any one structure will he sensibly 
independent of the air gap. It will be 
found safe to pr di t µ on the ha is of 
gap-length ratio (g/l); that is, if one 

tructure has twice th l of another and 
twice the g, the µ will he the same for 
purposes of Equation (23). 

FIRST DE DU CTIONS 

What are the mosl obvious facts to be 
gleaned from the e two expre s1on s, 

quations (22) and (23)? 

www.americanradiohistory.com

www.americanradiohistory.com


GENERAL RADIO 4 

1. lf ore and c ils ar c n idered 
hav�g imilar proportion but different 

1Ze ( e ery dimen ion altered b th 
ame factor),fm is inver el proportional 

and Qm is directly proportional to any 
homologou dimen ion. Thi m an , for 
instance, that fo a 1Y2" -tongu lamina
tion f m would be Y2 as great and Qm 
twice as gr at as for a %::" -tongu lam
ination (lamination hickne s being un
changed). 

2. fm and Qm are inver e with o, the 
thickn s of laminations. 

3.fm i inver e 'ith µ, hi h is an 
ef£ tive µ that take into account the 
effect of any air gaps in the magnetic 
cfr uit. 

4. Qm i indepen 
al o of air gap. 

5. fm i indep n 
h nee of B, the flu 

nt of µ and hence 

nt of hy t resi lo s, 
den ity. 

SP ECI FIC E F F ECTS 

ow, suppo th g n ral ob er a-
tions b applied to pe ific problems 
' hich might b en ounter d in practice. 
What will happ n, for in tanc , if: 

1. The whole structure i chang d in 
1ze but not in hape, each homologous 

dimen ion b ing mu ltipli d by a factor 
r? Qm in r a s andfm de rea es b thi 
factor r. 

2. Lamination hickness is dimiu
i h d? Fir t, o i smaller. l o, ab come 
mall r b au e a mall r ffectiv 

amount of · ron can e a sembled · n to the 
coil. Thi i becau e: (a) th cal make 
up a bigger propor ion of the core; and 
(b) it i · po ible to pac in the iron o 
tightly, since it gets too flimsy to with-
tand uch heav pu hing forces. me 

a deer a e , Qm does not increa quite 
inversely with o andf min rea es lightly 
Ia ter than in er ly with o, the di -

parity b ing a fa tor Va. 
3. The windo' i not filled wit op

per ( below normal)? Qm d rea e and 
f m inc ea s a the quare roo of the 

op per factor d rea e , unle t al o 
hanges. ( ample: What are Qm and 

fm of a tran former primary, or ond-
ar , only?) 

4. imilarly, · he core i not filled with 
iron (a of iron les than normal)? in 
3 just above, Qm decrea e and f m in
crea e as the quare root of the tacking 
fa tor of th magnetic ma erial decrea e . 

5. The coil i w und for a higher tack 
of iron, th lamination having th ame 
contour? A would incr a e, making Qm 
increa e and f m decrea e proportion.all 
to the quar r ot of th tac height of 
the iron were it not that t i in r a e 
imultaneou ly. Thi pa tialJ r duce 

th ffect of th higher tack o that the 
change in Qm and f m are l than pro
port · onal o th square root of the tack 
height. For example, l t us on ider, for 
lamination proportion u uall en oun
ter d, that the tack heigh i changed 
from once to twice the width of the ce -
ter leg of the lamination. In thi ca e it 
ha been found that Qm andfm change by 
a factor of approximately .25, in tead of 

.4 (the quare roo of 2, the ta k
height factor). 

6. Pi is d creas d, a b substituting 
A-metal for silicon- teel lamination ? Qm 
and fm would de rea ' "th the quare 
root of Pi· I-Io, e er, in thi particular 
ca e f m would decrea e till further b -
cau e the initial µ of A-metal i so mu h 
larger than that of silicon steel. 

7. Pc is increa ed, ay by winding the 
coil with re is ance wh·e? Qm would de
crease and f m ould increa e with the 

quare root of Pc· 
8. One or mor air gap are in erted in 

the magneti ircuit? Qm would he un
changed, fm would vary in er ely with 
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5 EXP,.ERIMENTER I 
the effective µ of the magnetic circui t  
(or, expre sed differently, with the in 
ductance L of any particular coil). 

9. Combination of the above changes 
are made? The net re ult will be an alter
ation hie is mea ured by th produ t 
of e alterations rodu d by each of 
the in i idual changes . 

EXPER I MENTAL CONFIRMAT I ON 

o well do the experimental fact 
bear out this theoretical anal si ? This 
will be hown by thr e example of vary
ing complexity selected from the infor
mation on a chart here"\ ith, Figure 1, 
similar to the one on page 4 of Mr. 
Arguimbau's article but containing a 
grea, deal more information subsequently 
obtained. In each example two different 

a es will b compared. The data will be 
presented in col Ulil.Ilar form for greater 
ea in comparison. Where a ratio is 
u ed, it is expres ed as the ratio of the 

e ond ca e to the first. 

1. This is an e ample where oil are com
pared, wound on. square cores u ing two s1:and
ard General Radio lalllina1:ion , of 1:h ame 
thickness (0.0188"), of ap roxll:na1: Jy 1:he same 
proportion • but of di fferen1: sizes. Each mag· 

eti circui1: contains an air gap in the c nt r 
1 g onl , proport-iona(to the) ngth of the mag
netic circuit in each instance, which hould 
keep the effectiveµ of the c"rc "t the ame. 

Case I II 
GR Type 345 85 

Qm 39 48 
f m 310 c 250 c 

Air Gap 0.010" 0.0 33" 
idth of %" 1 Yi s" 

Center Leg 

The ratio of the Qm' would he b theor the 
l 5, fl 

. f I 1 dim . 71. ratio o two 1orrio ogous · ens1on , or %" = 

·8 1.25. Compare the mea ured ratio: 39 = 1.23. 

Similarly, the ratio of the fm's by theory 
would be inver e with the homologou dimen-

FIGURE 1. Pl t of Q and � v . f. 
Horizontal solid curves how locus of Qma:r; as a fun tion of fmax· Cur es are lab led hy GR 

Type number f lamination, and by thickness of each lamination in parenthesis. 
In lined, da h d curves how locus of fm.a:r; (frequenc at which Q i maximum) a a function 

of center-leg air gap. 
Lamination progre s from small to large in thi ord r: 74.6, 345, 485, 565. The 565 curve is so 

far eparated from the others not so much b cause of larger size as b cause of thinner laminations. 
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GENERAL RADIO 6 

%" 
sions, which would be 1�6,, = 0.80. The meas-

250 
ured ratio is 

310 
= 0.81. 

2. This example (taken from data not shown 
in Figure 1) compares Qm and fm of two iden
tical coils on our TYPE 485 Core having diff t'rent 
thicknesses of completely interleaved lami
nations (close t po ihle approach to zero air 
gap). 

Ca e III IV 
Qm 39 93 

f m 110 c 410 c 
0 0.0192" 0.0075" 
L 6.35 h 3.7 h 

Weight of Iron 23.5 oz. 18.5 oz. 

o is changed by a ratio of 0.39. 
a is changed by the ratio of the weights of 

iron, 0. 787. This neglects the effect of scale on 
the iron, which at a thickness of 0.0075" has 
not yet become an appreciable fraction of the 
total thickness. 

However, a still further factor must be con
sidered; µ is lower for "the thin iron. It will be 
noted that L is changed by a ratio of 0.583, 
more than can he accounted for by the change 

0.583 
in a. The difference, or a ratio of O. 

787 
= 0.741, 

can be ascribed to the decrease inµ. It is known 
that permeability does decrease for the thin, 
heavily-worked gauges of silicon steel. 

The ratio of the Qm's hy theory would then 
be the reciprocal of the ratio of the o's multi
plied by the square root of the ratio of the a

'
s, 

vo.1a1 
or = 2.27. Compare "the mea ured 

0.39 

. 93 ratio: - = 2.38. 
39 

The ra1-io of the fm's by theory would he the 
reciprocal of the product of the ratios of the 
o's and the µ.'s, and the square root of the ratio 
of the a's. This would he 

1 

- / = 3.87. 
0.392 x 0.741 v 0.787 

410 
The measured ratio is - = 3. 73. 

llO 
3. Thi is the mo t complicated comparison, 

between two coils9 one using GR TYPE 345 
Laminations and the other using the very 
small Allegheny TYPE Fl2 Laminations. Lami-

nation thickne es and stack heights vary as 
well as the dimensions of the laminations 
themselve. 

Case v VI 
Type GR-345 12 

Qm 38 29 

f m 980 c 2350 c 
0 0.0188" 0.0141" 

Air Gap 0.11 1" 0.062" 

Widt;h of 
%" l� II 

Center Leg 32 
Stack Height %" 2%2" 

The ratio of the o's is 
0.0 141 

0.0 188 
= 0.75. 

The ratio of homologous sides equals 

l 3--3 2 % = 0.46. 

In addition to the e factors, others are 
neces itated by the e tra stack height of the 
Fl2 lamination; ratio of A to that of a square-

2 3�2 
center-leg stack equals _/ - = 2.09. The ratio 

l 3-�2 
of t's = 1.34. 

The ratio of the Qm's by theory equals 

1 �.09 
--

5 
(0.46) -

3
- = 0.765. Compare the meas-

0.7 L 4 
29 

ured ratio: 
38 

= 0. 764. 

The ratio off m's by theory equals 

1 1 �l.34 - x - - = 2.32 . 
o. 75 0.46 2.09 

2350 
The measured ratio is 

980 
= 2.40. 

CONCLUSIONS 

In all of the above comparisons it has 
been assumed that the laminations are 
stri tly similar in shape, which is not 
exactly true. However, the rea onably 
good agreement between the theory and 
the actual measurements for a number 
of different sizes of laminations can logi
cally he taken to indi ate, first, that the 
theory is adequate and, econd, that 
small departures of the lamination di
men ions from strict similarity do not 
have any major effect on the results. 

It is, therefore, apparent that the use 
of Equations (22) and (23) will yield, 
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with satisfactory appro imation, a good 
picture of the behavior of a particular 
proposed coil structure, provided there is 
a small amount of reliable information 
on which to base the predictions. 

HOW TO USE 

To discover and put to use any ex
trapolated information such as has been 
described, proceed as follows: 

1. List all of the properties and dimen
sjons which differ for the two cases to 
be compared. Values for l will be needed 
if gap lengths g are to be altered to keep 
µ unchanged. 

2. Calculate Qm and f m for the new 
structure :from the known corresponding 
values of the old structure and the in
formation in 1. 

7 
. . 

EXPERIMENTER . 

3. Plot the point corresponding to the 
new Qm and f m on the log-log paper. 
Lay the template on the paper with the 
long straight side parallel to the /-axis 
and with the (marked) center of the 
hump of the curve at the point just 
plotted. The behavior of any coil wound 
on this structure over a wide range of 
:frequencie will be shown by the tem
plate [barring, of course, skin effect 
(very large wires), resonance (very high 
inductance), or other anomalous circum
stance]. The curve may be actually 
drawn using the template, or, if it 
would cause confusion, on a sheet bear
ing a great deal of information, values 
could be read directly :from the edge of 
the template. 

APPENDIX 
Losses in an iron-cored coil come 

about :from four sources: namely, I2 R 
loss and eddy-current loss in the copper, 
hysteresis and eddy-current loss in the 
iron. Eddy-current losses in the copper 
will be ignored in this analysis for two 
reasons. The first is that the audio fre
quencies considered will be too low 
and/or the wire sizes too small to have 
appreciable eddy-current loss. The sec
ond, and more important reason, is that 
the iron core effectually prevents most of 
the flux from traversing the window in 
which the copper of the coil is located. 

GLOSSARY 

The symbols used are abulated next, 
with their definitions and dimensions. 

E = r-m-s alternating emf across 
coil; volts ( = IwL). 

I = r-m-s alterna t i n g  c u r r e n t  
through coil; amperes. 

L = inductance of coil; henrys. 

f = frequency of alternating vol -
age and current. 

w = 27rf. 
5= = r-m-s magnetomotive force; 

gilberts. 
H = r-m-s magnetic force produced 

by current I; oersted . 

B = r-m-s flux density within the 
iron; gausses. 

Bm = max. instantaneous alue of a -

ternating flux den ity = BV2; 
gausses. 

<I> - total r-m-s flux in the iron; 
maxwells. 

<R - reluctance of magnetic path. 

Ph,Pe - power dissipated in the iron by 
hysteresis and eddy currents, 
respectively; watts. 

Rh,Re = equivalent res.stances corre
sponding to Ph and P6; ohms. 

Re = ohmic resistance of the copper 
in the coil; ohm.s. ( ssum.ed the 
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GENERAL RADIO.: 

am as the d
n o kin effe t.) 

8 

alue ; that i , 

De, Dh = · ipation .factor correspond
andDe ing to Re, Rh, and Re, obtained 

by relat" ng ea h equi alent r • 
istance to the coil rea tan e 

wL; dimension} 
D total di ipation factor = um 

o.f De, Dh, and De. 
Pc = re is ti ity o.f copp r; ohm-cm . 

d = wir diamet r (exclu ive of in
ulation) ; cm. 

T = total length of opp r wire; cm. 

t = length o.f average turn; cm. 
numb r o.f turns of wire. 

.-- = 
4 

ffe t i  e ' indow 
area (total copper ross sec
tion); cm2• 

Pi = re istivity f -the lamination 
material; ohm-cm. 

o lamination thi knes ; cm. 
A total geom tric cross section o [ 

magnetic path; cm2• 

a - tacking fa 1:or of ir n; dimen
ionle s (ratio of effective area 

of core mat rial to in ide area 
of il tube; defi. ie ncies are oc

asioned by cale, burr , h n t 
lamina tion , cor -plating, L . ) . 

l = mean length of flu path; cm. 
V = olume o( magnetic materia ) = 

lAa; cm3• 

a = total length fair gap ; cm. 
µ - incremental perme ahili ty ( ef

fecti e) of magne ti cir uit. 
µt = increm nta l p rmeahility (tru , 

ring-sampl ) o.f magneti ma
terial. 

ri h ys ter is con tan l. 
t: = Steinm tz r pon n t. 

DE RIVATION 

t of th ha i equation gi en be
low can he found in any te tbook or 
handbook of ele tricit . The first 1 
d fine g:, ffi., µ, <P and L in t rm of oil 
paramet rs and urrent through th il: 

l- <1 (j (R = --b+-

.. h re 

µt a 
1 (l - g 

) 
= 

Aa µt + ga 

µt µ -
g i + i (µta 

l 
µAa 

- 1) 

(1) 

(2) 

(3) 

and , mce u uall µta >> 1, approx 1 -
mately 

µ 

g: 47r fµAa <P = - - --lO_Z __ 

<P = B a 

Al o, u ing Equa tion (4): 

cp L = - = 1081 
2µAa 

COPPER LOSS 

(3a) 

( ·) 
(5) 

( ) 

The ries ohmic re i tance of th oil 
is given, fr m r i ti it , h : 

T 
Rc(ser) = Pc -- -

'!!_ d2 
4 

(7) 

The di ipation fa tor orr ponding 
Lo thi can he r duced h the u of 
Equation (6): 
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D = R (ser) _ _ _ 
c wL 27rf4-rr 2 µAa 

109lpct - -----
87r2/ d2µAa 

109pctl C 

87r2fµSA:X = f (S) 
Thi di ipation factor is found to be in

ersely proportional to frequen y, the 
fa tor of proportionality being: 

109pctl 
c = 87r2µSAa 

( ) 

HYSTERESIS L OSS 

The pow r e  pended in hyster 1 lo 

1 given by ( ince Bm = B v'2): 
-7 (10) 

. l E2 
h . 1 in e power equa -, t e eqw a ent 

R 
parallel re istance of the hy ter i lo 
i , u ing also Equations (5) and (6): 

Ez 12w2L'L. Rh(par) = 
Ph 

= 
Ph 

47r2 2B<2-E)jAa 
2E/210917l 

Similarly , the equi a]ent 
istan e i : 

(11) 

ne re-

he corr ponding di ipation fa Lor, 
re uced by Equati n (6), is: 

(12) 

This fa tor is indep ndent of :fre
quenc and ha the value: 

(12a) 

9 EXPERIMENTER 

E D D Y · C U R R E N T L 0 S S (1 R 0 N ) 

The pow r rpend d in dd · - urren t 
lo s in Lhe iron i given by: 

(13) P - 7r2f2Bm202v 
- 7r2122B202v 

e 
-

6 X 1016pi - 6 X 016pi 
Ez m e po" r = - , the equ1 alen L 
R 

pa:all l re is Lane , red u � d by �qua
tions (5) and (6), i : 

The orre p nding di ipation Ca Lor, 
reduced by Equation (6) , i : 

wL 27rf 7r 2µAa 
Re(par) 109[ 

- 27r202µf - if 
- 3pil09 - e 

Thi di ipation fa Lor 
proportional to frequen y, and 
tor of propor Lion.ali ty i : 

27r202µ 
e =  3pil09 

(15) 

dir d 
th fa -

(16) 

EQUIVAL ENT CIR CUIT 

REPRESENTING LOSSES 

It i int r ting to note how this 
analy i demonstrates the orre tn of 
the usual me thod of sh ing the equiv 
alent ir uit of an iron- red oil or 
tr an former, a in Figure 2. Tr ere Re 
and Re are r i tance independent of 
frequency, repr nting re p cti e]y 
olnni ] in the opper and dd y
curren t lo s in the iron. E quations (7) 
and (14) h°' the invarian of Re and 
Re with frequen . Rh, on the oth r 
hand, whether al ula ted a a ri or 
a a parall I re i tan e [ uation (11) 
and (lla) ] , vari s with the fir t power 
of frequency. I I  tere i lo , therefore, 
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cannot be represented as a resistance 
independent of frequency and hence is 
not shown in the equivalent circuit of 
Figure 2. 

TO TAL LOSS 

Re 

Re L 
The total dissipation factor, D, is the oi----------4111.,_ __ __, 

sum of the three eparate dissipation 
factors: 

c D= -+h+ef f (17) 

OPTIMUM CONDI TIONS 

When plotted on log-log paper each 
component is a straight line as shown in 
Figure 3, that for hysteresis being hori
zontal and those for copper and eddy 
current being slanted down and up at 
45°, respectively. Minim.um D occurs 
where the c and e lines cross, at a fre
quency given by 

J m = v;je (18) 

t this frequen y the minim.um D i 

D= = h + 2Vc; (19) 

When a cur e of D for any coil as been 
found experimentally, num rical values 
for the three coefficients c, h, and e, can 
be found by drawing 45° asymptotes to 
the curve. The intercepts of these lines 
wiLh th 1-cy 1 a i are the values of 

t-i--1--

FIGURE 2. Equivalent circuit of a low
frequency coil. 

c and e. The value of h is the difference 
between the observed minim.um. and 
twice the value of the two a ymptot s 
at their cros ing point. 

Q-S TORAGE FACTOR 

Engineers in the radio and audio 
fields are more accustomed to think in 
terms of Q, the reciprocal of D, than in 
terms of D. Unfortunately, the expres
sion just developed gives: 

1 Qm = (20) 
h+2� 

Thi i ea ily enough calculated in a 
given ca e, hut it does not lend itself 
readily to quick mental calculations be
cause of the presence of h. However., 
here ·s a fortunate circumstance which 

makes neglect of h in this expression 
allowable. 

I" 
�� l' l'I°' vv 

FIGURE 3. Di sipatio:n factor-fr -
que:ncy relationshipR. 

Separate dissipation factor curve 
are the three labeled strai9ht line . r-.... -+--I-!- � ' ...... .... ' ....... .... ...... I � ......._ � ........ 

"' � ---� De+ De+Dh De" � t-.. 111 __./ "' 
"' ,.._ Dc+De / 

"' / 
'-v ' v "' v " 

• FREQUENCY 

� 
,.. 

/ I/ ./ I/ � 
[:/"' De 

I 

, I/ " 
.... 

! 

._ 

Dh 

At initial permeability �D,. = 0), 
the lower curve «D c + De'' repre
sents oil behavior. Invert it to se
cure a Q-curve. 

ho e initial permeability (D,. � 
0), the upper curve .. De + D. + D ,... is repre entative of the blunt
ing action of a finite Dh. j ma,0 al
though less ea ily det rmined, i 
unchanged 
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S IMPL I F I CAT I ON O F  

E XPRE S S ION FOR Q 

The factor, h, Equation (12a) ,  con
tains a term B ( E-2) .  All of the measure 
ments which we have described in Mr. 
Arguimbau's article and in this one have 
been made with such a low flux density 
in the iron that the initial permeability 
plateau has been reached. This, for high
sil icon steels, is in the region of B below 
one gauss, or, really, a place where B i 
approa bing zero. It is very hel pful to 
make inductance measurements on this 
plateau, since unavoidable small changes 
in the supply voltage make impercep
tible changes in the permeability and, 
hence, the inductance. Contrariwi e, 
once the B has become large enough so 
that permeability has begun to increase , 
it is no longer possible to have µ inde
pendent of the effects of voltage applied 
to a coil having a core of ferro-magnetic 
material (with the notable exception of 
some dust cores) .  The ini tial permeabil
ity plateau is the most easily repro · 
ducible measuring condition and its 
only drawback is the high gain required 
ahead of the detector in a measuring 
circuit. One can always be sure that he 
is on this plateau when making measure 
ments by continuously reducing the 
voltage applied to the coil until suc
cessive reductions make 

11  EXPERIMENTER -

reproduced by permission from a pa per 
by H .  W. Lamson. *  This shows the 
plateau j ust referred to, a phenomenon 
not widely known. ote that the curve 
starts to ascend from the plateau 
(µt = 470) at about H = 0.001 oersted, 
which corresponds to a B( = µtH) of 
about 0.5 gauss. This will indicate the 
order of smallness of excitation to reach 
the plateau for a 4% silicon steel. 

If the customarily used value of e, 
namely, the 1 . 6  figure of Steinmetz, 
holds good for these very low flux den
sities, then h becomes infinite, since B 
(approaching zero) goes into the de 
nominator. This, we know physically, is 
not true, and there is im.plicit corrobo
ration in the three examples of this 
article. owever, there is a better au
thority than this. It is well, but not 
generally, known that the Steinmetz 
exponent is not a constant at a l, but 
varies with flux density B and happens 
to have a value very close to 1 .6 in the 
middle region, say between 2 and 10  
kilogausses. On the other hand, the 
value of this exponent increases for bo th 
very high and very low flux densities. 

alucs as high as three or more can 
readily be found in t he li terature for 

*Pro . I .R.E. ,  Vol. 28, No. 12, p. 546 (Dec., 191tO) . 

no further change in 1000 �-�----.--.-��---�--.----...�--.-..,....,..-----.----..--.......-...--.-� 

the measured value. 
A cur e is shown in 

Figure 4 of the relation, 
at very low magnetizing 
forces, between H and µ 
for a high-silicon steel ,  

FIG RE 4. Permeability of 
silicon steel at low induc
tion • showing the initial
permeahility plateau. 

� 600 1-----+---'-f � >-g 700 t-----+--t--t-...,.--t 
<( w 
:lO ex: w a.. 

600 1-----t-� 

400 

5ooL----l.---'---l....-"-..J.......J....J.....L....L---.l.----'---'--'"-.......i..---'-----'-----� 
0.1 10 100 

MAGNE T I C  G R A DIENT - H (Mllli-oersleds) 
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G E N E RAL RADIO 1 2  

ery high a l u  o (  B, t and an exp n n t  
of 2.4 for very low B a l ue i given . tt 
Fur th r ,  Rayleigh, i n  1887, ho d 
tha t E = 3 a low flux d nsities, and thi 

ha b en confirm d rec ntl by Elwood. I I 
f th Steinmetz e p nent in the 

initial permeabil ity region i grea ter 
t han 2, then h approaches zero as B 
approaches zero. Thi mean tha t, in 
the ini t ial  permeabilit r gion, h an e 
negle ted and 

(2 1) 

F I NA L  E XPR E SS I ONS F OR 

Om AN D fm 
uh t i tut ing the a lu  for c and e 

from quations (9) and (16) : 
Qm = ! / 3pi Aa (22) o � Pctl ---

fm = 1�9 / 3PcP itl (23) 47r µo � a 

E F F  E C  TS 0 F 'T E M P E R  AT U R E 

h variation of Qm and fm i th tem
perature can be cal ula ted using t h  
temp ra t ure coefficient of copper and 
iron resis ti ities. Pc has a tempera t ure 

oefficien t of + 0.4% r degree C, 
w hile Pi has one of +0.5 . Temperature 
coefficient of c is then + 0.4 , of e 

. Dm (or Qm) is sen ibly ons tant 

t pooner, "Properties a nd Testing of Magnet ic Mate
r ia ls" (1927). p. 24. 

ttPage 325 of Vol. 2 of the D i  tionary of pplied Phys ics, 
1 922 Edition, quoting an arti le by A. Campbell, "'M:ag
netic Propertje of talloy in Weak A l terna ting Fie lds," 
Phys. OC". Proc. 1 920, XX. II, 232. ( 1 a Uoy ia a n  E n g l ish 
high- ilicon '!Leel.) 

il Phy ics 6, 2 15,  1935. 

"' i t h  tem p  ra l u re ,  bu t fm in r a 
0.5 per degr 

abou 

NOT E S  O N  

( 2 2 )  
E XPR E SS I ONS 

AN D ( 2 3 ) 
Al though "this article cone rn i L  elf onl 

w ith u ing the equation for c mpara t i  e, not 
ab olute, p urpose • the E pressions (22 ) and 
(23 )  will  determine Qm and fm from con s t a n t 
of the core tructu re. This ha act u ally be n 
done and- fairly good agr ement with m a ur d 
value obtai ned. 

For example, Qm for G R -345 cor ( %"
tongue) calculates 3 7. 7  and mea uc s from 33 
up to 40. Also, for G R -485 core ( 1 9-{ 5 1 1-tongue) 
Qm ca l cuJates 49.5, measures 43 to 48. In ea h 
ca e the ver low, di agree· g, measured a l u  s 

o cur at high freq u ncies (large air gap ) w here 
t he u ncertaintie of Q measurement incr a e 
and where ther i more probability of edd -
curren1: losse in the copper becau e of fringi ng. 

alcuJ ations of]m in c cle per econd u i ng 
a a ba is the p l a1:ea u µ1 of 470 (from i gure 4) 
i n  Equation (3a) are tab ulated below : 

Center-Leg fm-345 Coil fm-485 Coil 
Gap Cale. Meas. Cale. Meas. 

I n terleaved 97 3/ I I  1 6 63 1 _;!,L ii  1 164 

3i'" 
72" 4360 
0 .95 

] 22 
700 

1050 

2 600 

74 84 
3 79 4.so 
685 700 

129 10 0 

4700 2 50 

It will be noted that thi "table hears ou-L the 
tatement made under heading E PR E -
IO S FOR Qm A D fm early i n  the pap r 

that the equ ival nt air gap is almo t ne er the 
same as the measur d gap, being l arg r "than 
the mea ured alue for mall gap and sma l l  r 
for large gaps (larg r gap means mal Jer µ ,  
w hich mean l a rger fm) .  T h e  µ fo r  int rl a d 
l amination is ind i  ated to he l ightly l es tban 
that for a ring- ample (truly gapless) materi a l .  
C o  trariwi e ,  fo r  t h e  la1·ge t i l l u  trati e gap 
in th se e ample "t he µ is larger "than one wou l d  
be led t o  e pect by t heor 

-P. K. McELRo n R. F. l E LD 
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