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HOW GOOD IS AN IRON-CORED COIL? 

• WHEN MR. ARGUIMBAU WROTE HIS ARTICLE for t i1/' 
No,'cnd,N, J936, is;;uc of the General HIIJio Experim ellter 011 " LosSes in 
Audio.Frcqllell ~·Y Coi ls," he approached the subjet;t frO Ill 11 refreshi n!!l y 
Ilew point of v icv. , alHl gave a number of vcry usefu l new COIu:cpLs 10 
help IIndcrs lall(l the Leha, ior of 8111;h coi ls. An example is the sillgl~· 

template" hich ca n be 1Ist;:,1 to Ilnlw the Gun-c, on log.log paper, of 
s torage fac tor Q agni ns l applicli frequenc}' for allY coil, pro\,i.lct! olll~ 

IIHit t he m llxilllulil Q of the coil lind t he frequency at "I,iell it occurs an
kno,,", lind that rcwnanec is relllo te. t\ltc rna ti,·cly . the lcmplulc CUll 

be lI ;;cd to {Inn, a smooth curve through II llIunLt:r of experime ntall } 
deLermillcd I'tOiots . One sUl'h tClIlphlte is shOll II on page 2. 

EIUplo)lllCllt o f a useful tool like this SOOIl IJlllkes it part of o lle 's 
me ntal equ ipmenl. Then COllies a desire to ex te nd its use fulness by m al.· 
ing it he lp lIns\\ cr 11 II iller ficlll o f ' Iues tions. Pred ic tions would he vcr) 
uscful indil"ati llg the ma\i muUI Q of a ("oi l and the frequency at" hich it 
OCl'urs as dlilnges lire ma(le in the dHlrac leris tiC8 o f IIle iron core. For 
ins tance, hOI." much "ould dOllblillg: the s tlu"k heigh t of Ihe iron increaSt: 
Qm", " or IdHlt lIQuid decreasing Ihe thit.:kness o( the I:uninatiolls do 
10 Q"",~ and jrnu? Man y o ther si milar (I ucs tions " ill tx;("ur. 

Jf a theory loan be provi(lcd LO 1I11s\\c r such ques tions. the be ha vior 
of almo"t :Iny projcNcd cOlis truclioll em. he ex trapolalC(1 frOIll empi r 
ically obtained infol"lmllioll_ T his need he less exlensil'c Ihan might be 
expct.:led. EXI.IC ri mcn tal values of Qmn and j",u for SClera l different air 
gal's in an an-ragl"-;::izcd la mination 1I0ul.1 ",ullil'c. lllthough morc data 
lIould he prde rable in that they "ould pt:rlll it intercompllrisons. 

The e" trapolated resu lt s" \I hic-h lIIu~ t be !,a;;cd on cerlain assumptions . 
arc necessari ly approximate Illct s till arc aCc"urate enou gh .for mos t 
design calcu la tions" Kno\\le.lge of the exact value of Q is rarely nett6-
6ar~ • order of magni tude g,"nc rallr being su ffi cie nt. 
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GENERAL RADIO 2 

CONDITIONS AND ASSUMPTIONS 
These ('Olltlili(lIlii tII,,1 I.IhSUlllptions arc as (ollo\\s: field Ihere 

arc /1 1111. )' ap
pli c ation s for 

Iransfor me rs and 

( I) 1\1('usurcllItnt,. att! 1.0 be made at such 11 Icvd III1IL tile 
iron 11118 its illilillll"'rlllculJilily, that is, that Ihe flu x llen
sil). n, is \unisltillgly sml.11. 

(2) Lntlt>t CHllllitiulI (I ) the lip,leresis loss in the 
iron core·maH:riul \'8I1j"hc:;, Th i .. point is lake n 
t1~ in IIIOr(' llewil 011 puges 11 a nd 12. 

reactors opera ting at 
cxt:cc-dingly low Ic\els

for c-xltll1ple, microphonc or 
(3) Skin e lTect o f till' ('opper" ire or" hieh 

lhe coil is \\(Iund is III·g1igiLlc. This as
I1 lIlI1pLioli is jU!Olificri si nce slin cIT!.!c l 

illlcn;t ug:c transforllll'rs, low_ 
Icvel \\1I\' C filt ers. In (urt. low 

level is ofteTl a hindrance in Ihe dc -
a t audio frequencies is encountered 
only in ra ther large coppe.r '" ires. 
larger than OIlC ,"ould be 
likely to employ in "ind-
ing coils (or U !'C al Ihose 
frC{llIelu.:ics, such as 
co il s fo r wave 
filters. 

(-I) There i s 
negligible leak
age flux trav
ers in g th e 
copper \\ ind
illg. '1'his 
lII(:ans that 
e(I.I ) -eurrent 
10t06C!l in the cop
per can he lIeg
lected. 1 I uillo 
1.IOS lula tcs unirorm 11 
througbout the \\ hole 
magndic pa lh . \1;-hc l1 ai r 
ga l) l>ecolllcs larg.>. leakage 
flux is no longer IIcgligi Lle. The n 
CJI!) -(:urrell t lo!i5CS increase anJ 
the cffel·t o( Ihl} uir gap on jJ and on 

sign of 11 trllns{ormer, bceaugc the iron 
pcrmcabilit) is so 10.\ that more turns 
life ucc(led to pro\"ille lhe reqlli .. itc min_ 
IIIIUII) induc tllll l"C. E\·c n audio IrIlIlS
formcrs ill higher.le\·c l stages lIlus t be 
(I,'signed to ha ve alll'fillate illlitwlal1(,'C lit 

inililll perlJleabilit y to prevellt dis tortion 
\\ hen the all/lio signalllrol's to a very 10" 
value, sud. liS during pianissimo orches
trill passages. Furillcrmore. ('\'ell t hough 
this anaiY8is Cll n he uscd directly only at 
vcry small 11. olwe it is thoroughly under
I;tOO(1 it is not diflicull to mllke es til1lates 
of the modifications rcquirelJ at higllcr 
Ic\-elil, whcre the e ffec t of hys tcresiil is no 
longer IIcgligi hle . Inereasing h)stcrcsis 
In;;;ijC8 decrease Q. aHfI mask oUI ROme
II hat lhe (·Ol1lribuliolls to Q ... 35 frc· 
(1Ilcne), varies, of ohll1ic ;IIlll eddy
{'lI rrent losscii. FrCIJlI<! IlC r / .. is IIlIaffecI,cd . 
[See diS(lussion Ilccompanying Equation 
(20) amI Figufe 3 ill \Pl'cndb. j \Ithough 
the Q-/ curve has a flatt er lop at higher 

U's, the remot.e wiJl~'iI arc the sa me 
and the IIUlldllllllll 001'ur5 lit the 

/ .. CUll110t 00 culcu late (1 from simple 
LlH~orJ . 

salllc frequc ncy. 

EXPRESSIONS FOR 
Q. AND !. 

(5) There arc negligible ellcl y currents be -
1\\ et:n aJ jal..'Cll L luminal ions. 

(6) Re"ollunce is remote. 
\\" hal, 1111"11. ill Ihc good of rt· ;;ult.s a pplicable on ly 

\\h~1I U is ;IIIlIOilt 1,c ro? Of oour,*' , IIHl. lly iron ... ·ored coils 
art" IXl'\e r trallsformcrs, opera ting III 10 to 12 l..ilog:Hl5~S, 

H the lisl('l1 colldi-
lion s arc mct, 

the folio\< iug 

some regula ling t} I'c8 e n:1I working purpose! y in the S1\ t uration 
regioll a t still highe r flu."( densities. But in the communica tiolls 

e xprcssions, 
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taken {rom II detailed derivation in 
,... the Appendix, give the maximum Q of 

3 EXPERIMENTER 

the coil and the freque ncy at ..".hidl il almost nc,"cr the sa me 3S the measured 

r 

occurs: 

Q. _ ~ J3p;SAa 
o pod 

10' 
J ... ""' ~2~6 

(22) 

(23) 

(For meanings of the symbol!', consult 
C I0S8ary ncaf beginning of Appendix.) 
These properties (Q", and J", ) are giH'1I 
in terms of dimensions of the la mina tion, 
resis tivi ties of the coprer ami irnn, ami 
Ihe IJCfll1Cu bilit y of the ('ON' mut eri a l. 
Hc\\ rilillg I~qua lions (22) ami (2:\) 3S 
(olio .... 8 will sho\\' mure clearly the nature 
of the IICpllra te eont ri bulillg factors: 

Q ...... \ :\ fA. 
vit 

1 

>\11 of the fu('lors dcterminillg Q,~ uilil 
J ... are "!lrd) physical propcflies of the 
{.'Ort" a nd coil I;ltructure, \\i ll. 11.,- single 
exn'plioll of the factor S . .... hieh is the (,{. 
fe('ti' e t'Opper "inding area, allli .... hich 
ill a lIc.' nse is a derivetl prope rt ) of the 
Nlre s tfuc ture. 

II nlUs t be d ea r!) unders t,ood thut (he 
Iwrmcll bilit ) IIppcaring in thc forrnu lue 
ill th(' C'lTcc'tl"c I>crlllcabi lity of the plllh 
ill ti lt' s tructure IJmplo}'ell, .... hich ill ge ll 
('raj lIIus t be less thao that of the i ron 

obtailll'll .... i th fing !!ampll's. Eqllution 
(3) or (3a) of the \ppendix gi,-es lin e \: 
pre6.!l ion rel a ting e ITeeti" e a ncl true in-

,-.. cre mclltal pcnneabi li ties. ll m,ever, thefe 
ure !II uny ullcertainties in its ClIlplo}
IIlt'nt. 'fhe eITective leng th of the gap is 

ga p, for a variety of reasons. II is usually 
grea ter, but in the case of very large gaps 
!IIay be less beeau5I' of the eITects of 
fringing. I I is 1I0t COlli pic tel y sa tisfael.l)fY 
to regard, as some hnve suggested, ever y 
gap as bein g e ITcetivcly IOLlger than it 
really is by a fi.-.:ed length equal to the 
cqui valentlcng th of a butt join !. A fur 
ther romplica tioll ari~zI from the fact 
that a ga p in the iron leg inside the coil 
lias Illorc c ITe!" than one of Ihe sa lllc 
le ngth ill 11 leg (o r legll) outside Ihc coil. 

I t i8 better, therefore. to use the em
piri ca l a pprolwh in gc ltillg the original 
d a ta , the sJlring bollnl fro m \\'hieh In 
j Ulilp. The Q ... aml/ ... !'huul.II)j' oh taille ~1 

(22a ) 

for at IClIs t OIlC core struc ture 
at a lHunlK:r of a ir ga ps CO\· 
I'ring the fllllb'C from comple te 
intcrlea, iJlg (no gaps) to the 
larges t pfllt' liell! ga p. Intcr . 
1)f)lation be t\\ een c.'l:periment. 

(23a) nil} lleriH'd I"lOilll8 ellll be 
dOlle direl't l) 011 the log-log 
plot . like Figlln' I of Mr. Ar 

guimba u's paper, or, he tter Illill, by 
u~i ng all lIuxiliur) (" lin e (0 11 the sa me 
sheet. if dtsircd) of It'Jlg! h of air gap. 
~. aguinsl / ".. Three S ill '" ,'un'(,S are Ihe 
incl ined. dasherl 0 llC8 ()n Figure l. The 
Q ... for all~ olle s trul'lllrc "ill "cscm:ibl~ 
ill llc pc ndellt of the lIir gu p. It will be 
fo ull d sa fe to pretiil't jJ on Ihe basis of 
gu p.le ng th ratio (Sl l ); th ai iI', if onc 
s truc ture hn;; t \\ ;"(: II1C I of ano thcr an,1 
t" ice the g. IIII.' jJ "i ll be the sa mc for 
purposcs of f,(l liut ion (23). 

FIRST DEDUCTIONS 

Wha t are the mos t oln i01i1l facl s 1.0 he 
gleaned from Iht,SoC IWO expressions, 
Equatiolls (22) 111111 (23)? 
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GENERAL RADIO 4 

I. I f core .. lind cOll;o art' consi.lcrcd 
Ilin iu g t< imilar prollOrliolis bill different 
"17.(' ''' «',er) dimension ahcrcd 1..) the 
~1I 1l1(' fBt:lOr),j ... is inl'cr~l,. prorl(lrtio l1nl 
an.' Q ... is .Iiret-d) proportionnl 10 nn) 
homologous tlimension. TI,i", ,lIel ll\l,. for 
in;;tn n, 'c. Llmt for a l .!4". lotlgue I:uuillll
lion j ... wou ld he .1' 2 tI8 gJ"l'at 111111 Q'II 
l\\ iCl' liS grt~a t as for II 3';" . IOn[;;II(' lam· 
inntiOIl (lamination ,hid,n(',.s Iwi ng till ' 

\·hnnbrcd) . 
"1..1 ... olHl Q". IIfC ill \cr!jol' Ilith 6. thf' 

Ihi j' kIlC~" of lamination:;:. 
3./", is iUlcrse \Iilh /J. Ilhit;h is an 

,'fT",',iVl' Ii lIlUl lal..es into aCl.lou nl the 
e ff('c l of lill y air ga ps in the magHeLic 
cin 'lIi l. 

I. Q". is indcrendcnl of II- an, I heu.::e 
al .. ,) of air gap. 

5./", is ill(le pc mien I of II ySlerc~i8 los!!. 
hclll..1.' of B. thc flux dcu~it}. 

SPECIFIC EFFECTS 
NQ\\ . liUppO;;.c these g.·n~rll.l oLScrva· 

lionll hc a l'plietl to s l'l(:('ific pro lJlelUs 
1\ hieh might be cm:ollnlCfccl ill prnc ticc . 
\\ hilt will happen, for instnnN', if: 

I. TIll" I\ hole stru ... ture is c hanged in 
"il.· 11111 not in shape, ('aC'h il()III(liogou" 
rlinu: nsion II(·in:; multiplier) II) a faC'l.or 
r'~ Q". increa"-Cs aml j". decrt'a"...s b) Ihig 
(nCWr r. 

2. Lominalio n thid .. nC'~" is dirnin
i,..h~rl? F'iri'l. 0 j;, slI1a llN. AI!'o,a beconll' i' 
!- mnller l)Ct'a ll l!e a Slllall~r c rrcc li \t~ 

011l01lllt ofiroll canl ... a!'<."C' IllI,lcrl inlo Iho! 
,·Qi l. This is l)('c311S4!: (a) lilt' scule n1a1...~s 
"I' 11 bigger proportion of IIII' C(lre; und 
(t.) it is imposs.ible to pad .. ill Ihe iron SO 
lightl } . lIinl'f' it gl'ts too fi lm,,) to "ilh
;;. t afl(l ~uch hea,'Y pushing forccs. Sint'c 
Q I\f>(·rea:.(· ... Q ... docs no l increll"e qui Ie 
ill H'r~ly "il h Ii anti f '" in('ft!II~S "li:;lnly 
fash'r IlulIl ill verscl) with O. tilt' dis -

purity being a fal'lor \ a. 

3. Tbe "illllo\\ is no t fillcli with co p· ""'"" 
l)Cr (5 helm .. norlllal)!' Q". d"creases anll 
j". inercaiiC8 ai th.> slluare rool of 111f' 
( . .'o pper {m.'tor (I{'creascs. unlelS , abo 
changes. (E\amplc : What arc Q", and 
j ... of 3 lrulls{nrmcr primary. or second -
ar~' , onl ~?) 

1. Si milarly. the core is not fill"d "illl 
iron (a of iron le..s tlton normal)? ,\ s in 
3 just abo,"e, Q.,. llecrCllSC8 ami j ... in· 
creases as the squarC' roo t of the stacking 
factor of thc .n aglle tic matcrial decrea5Cs. 

5. The coil is "ouml for a higher s tack 
of iron, the laminations having the sa llie 
contour? A "011\11 incrc:ISC. making Q ... 
increase ami j M decrease propor tionall y 
to Ihe sqlll\n> rool of lhe s l.lIck height of 
the iron \\NC it not thul t is increased 
simultmleou @ly. Thi ~ pllrtiall y redu("f';; 
till' effect uf tht:' higher "tack SO that tbe 
changes in Q .. lInll j ... are less thull pro
l)Qrtio nal to the squart' roo t of the stack 
height . Por exn mpl." le t lIs l;on"i<ier. for 
laminatiOl1 proportions IIHlally encoun · 
teredo that the s tnck height is changed 
from once to IwiL'C the ,.idth of the L'Cn
ter leg o( tllf' Inlllination . III tltis ('ase it 
has Ocen round Ihut Q ... andj", d.3nge by 
a fll c't.or of a ppro\:im!ltely 1.25, instead o f 
1.11 (the square rool of 2, the 6Il1c'k
he ight factnr) . 

6. P; is deereast'd , sa y by subi5tiluti ng 
A·melal for silicoTl ·s te(-' llaminalions? QM 
and j M "ouill derrcaBC \\ ilh the square 
root of P" l\ o'\I~n-r. in this parti("ular 
casej ... "ould 1 1 {'1'f(';,~ s lill furt.her. be 
ca use the initial jI. of A-lOt' tal is so IIlueh 
lurger dUITl Ihui llf siti rorl s tN! \. 

7. Po is int" 'eused, Rlly by wi lld.ing the 
coil "jlh resis tanee I\ir.·? Qm woultl de
crease and j", "oulJ in crease with Ihe 
ijflllare rool of Pc' 

8. Olle or mrn-e /li r ga llS arc inscrted in ~ 
the magllf' tic .-ireu il ? Q ... would be un· 
chang:ed,j". \\Ollid vaf) inversely "ilh 
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5 EXPERIMENTER 
Ihe cn'cc ti\C II of the lIIagll(,li(' "i n' lIil 
(or, expressed differelltl r, \\ilh the in 
ductance t of lIny particu lar coi l) , 

9. Combinations o f the above changes 
are IIw~le? The ne t result will he an alter, 
at ion Idtich is meas ured by the prod ue l 
of the altera tions produccd by ear·h of 
the indi vi dual changes. 

EXPERIMENTAl CONFIRMATION 

11 011 \\ell do the experimental fa,· Ii> 

lwar out this tl.core li ea l allll lysis? This 
wi ll be sllo\\ n by three examples of vary _ 
ing coruplcx.ity selec ted from lite infor
mation on a chart her'~\lith . figure I , 
similar to the one on page -I of \Ir . 
\rguimbau 's article but containing a 

grea t lleall1lore inforilla lioll suLseque llll ), 
ob tained . 1.11 each eXlIIllple tll'O different 
Cll~S will be compared. The tllltll lI' ili be 
prese nted iJI eol lUllllar form for grea ter 
case in com parison. Where a ratio is 
IIscd. it is ex pressed as the ratio of the 
St"eond case to the first. 

.1. Thi~ iii lin l'):a"'l'lo:: " ' here <.'Oilil ~re 00"' 
paretl , "'OIl"tI on !!quare corca ,,~ ing two BlU ... !
lOrd General Ihdio la minations., o r the .l!a lll C 

thickne;;lj (0.0188"), of al'l'ro:<imately the Ba"'e 
prol .... rt iun~. Lut of <li ff<.: .. ·"t 8izea Ea<.:h 1lI111!_ 

netic c ir<': lIiL contai ,,' an air 1;"1' in the cenler 
leg only. prol>ortional_lo t he length of t he llIag_ 
netic circui t in eueh innunce, which sh .. ul <1 
keel) the effective I' or the .... ireuil the lI" m(:. 

ea.. II 

C it Tn/(! :ns HIS 
Q. .W "" f . 3 10 e 250 c 

,\ir Gap O.OHI " 0.0 133" 
\\ itl t h of 

~ ." I ~.i ft" 
Center Leg • 

Tile ratiu of Ihe Q ... ·s ... (Oultl be h ~ tllt'<>r)' tl ... 
l~. " . f , , ,. . tG ru l){lO t"o 10 "'0 ogoll'" (lll1 en~'On ~, or --;-;;- ... ., 

'" 1.25. Compare the measured ralio: 3~ - 1.23. 

Sin, ilarly. the rat io of the 1 .. ' s hy Ib ruty 
wo .. 10.1 be inverile wilh Ihe hOlllol"go ll ~ .lim,,11 _ 

FtGt KK I. Plo t~ of Q and 8 vs. (. 
Il ori7.ontal ~Ii tl curvet! ~ho ... Io)(:UII or Q", •• as a f"nct.ion 0 1 ..... Cun 'elI lire b,t.clctl t.) Cit 

'I' , /,e ""mber of tumitH.l.ioll, IIntl b) thicknCS!! of each lamin ation ill parentl,,:~i s. 
lIc\in<::<1. tlall he\1 eurv~'"8 show locus of / ..... (fretl',enc), a t whid, Q ill maximum ) M II fU'I<' ,i(01I 

of C<:II te r-leg ai r gup. 
La minations progte>lll from smull 10 '''rge ill Ihis ortlcr : i46. 345, 41.15 , 565. The :>65 curve is ~ 

far scpar81 <. .. 1 fro m t he olhers IIOt $(I m ilch be<:lI11Se "f larger size II ;; l,eellllile or th in""t laminations. 
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GENERAl RADIO 6 

~" 
lions, which would he ! ~6" - 0.80. The meat_ 

250 
u....u nUlo is 3iO - 0.81. 

2. "'),iil el<lIml,lc (taken (rom data "ut showu 
in Figure I) compare!! Q .. and f ... of tWI) idell
tical eoile on our TYPE 485 Core having di(J'('fcnt 
thick:n_ of coml,leldy interleaved lam;. 
naiiouij (closest l'opilJle "I'llroach to ICr(> oir 
gap), 

c..., III IV 
Q. 39 93 

I. 1I0 c 410 c , 0.0192" 0.0075" 
L 6.35 h 3.7 h 

Wei!;"t of Iron 23.5 oz. 18.5 oz. 

~ i, chauged by II ratio of 0.39. 
a i, changed loy the ratio of the weights of 

iron, 0.787. This ueglecl& the effect of sClIle on 
the imll, which III II thic.knetlll of 0.0075" haa 
nOI yet J.o.ecomc an apllrcciable fraction of the 
total thickne&6. 

lI owcver. II n ill further foctor IIlUlit 00 con
~; dered ; Ii< is lower for the thin iron. It will be 
noted that L ill changed by II ratio of 0.583, 
"'<ore th .. " Cilli be accounted ror hy the ollllllile 

in cr. The differenee, or a rlltio of ~::~ - 0.741, 

eau be Hwribed 1.0 lJII~ dt.'Crcllw in 1". h i~ kUQWU 
thnt permeability does deo::rea$e for the thin, 
heavily ... ·orked gaugeoJ of silioon '1«1. 

The ratio of the Q",'e by tbeory would then 
be the recil,roeal of the ruio of the 6', multi· 
I,lied hy the '(!'Iare root of the rlllio of the ""', 

VO.787 
"' --- ... 2.27. Compare the mcallured 

0.39 
93 

rat io: - _ 2.38. 
3. 

The ratio of Ihel",'s by Iheory would be the 
reciprocal of the I,roduct or the ratios of the 
~'~ anti the 1"'6, ami tL,e equare roOt of the ralio 
of the ",'II. This would be 

1 
'" 3.87. 

0.39'2 X 0.741 v'0.7117 
410 

The Tlu:lI8ureU r"tio is tlO .: 3.73. 

3. This ia Ih" IIIV1l I colll l'l icllted oomparillQu, 
het"'eell two ooi1" otle u5lng Gn TYPE 345 
Lamination .. lind the other using the very 
~mll ll Allegheny TYI'" F12 Laminations. Larni· 

nation thickues8(.'8 aud Slack heights vary as 
well as the Jinlensiolls o f the laminations 
themllC\ve8. 

c.... V V I 

l'Yl'C GR.J4S F12 

Q. 38 29 
I. 980c 2350 c , 0.0] 88" 0.0 14 1" 

Air Gnl' 0. 111" 0.062 " 
Width of 

~" 173 2" 
unter Leg 

Stack lIeight J/" 

" 
3%2" 

'1'1 0.014 1 5 
Ie rdio of Ihe "II is 0.0 11m - 0.7 . 

The rlltio of hO hlologoua sitles e'l uHI ~ 

'H2 _ 0 '" M ...... 
[II aJJiliou to these (uclor<l., otbf'r$ are 

lIecClll!i tated by the extra uack height of the 
n 2 lamilllltion; ratio of A 10 that of II lK{uare· 

2'32 center.lcg Slack eo;Iuu18 -- _ 2.09. The r~lio 
lH2 

of t'ti '"' 1.3·1. 

The rillio of the Q",'$ Ly theory Cilllu l;: 

1 ~2.09 -- (0.46) --,., 0.765. Co"'I,are the Uleas· 
0.75 I.M 

2' ured ralio; 38 - 0,7&1. 

The ru l;O of 1 ... '6 IlY thoory t.'q llaJ$ 

_ 1_ X _ 1_ {G4 _ 2.32. 
0.75 0.46 V2.Oij 

TI tI .. 235O? 1O .e oncasure rauo ,8 980 .. _.' . 

CONCLUSIONS 

1n all of the a bove cOluparisol\s it has 
been assumed that the laminations arc 

s trictly similar in sha pe, wbicl. is no t 

exactly true. However, the reasouabl y 

good agreement be tween the tbeory and 
the actual measure ments for a uumber 
of different si .. .es of laminations can logi 

cally be takeJl to indicate, firs t, thaI the 

theory is adeq uate and , second . that 

small departures of the lamiuatiOIl di

mensions from 15Lric t similarity do IIot 

have any m ajor effec t Oil the results. 
I t is, therefo re. apparent that the usc 

of Equations (22) and (23) will yield , 

....... 
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"itD satisfnctor) approxi mation, a gOOd 
picture of the beha,-ior of II par ticu lar 
proposed coil structurc, provided there is 
a small amoulit of reliable information 
on wbieh to base the pred ic tions. 

HOW TO USE 

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

1. List a ll of the properties and dimcJI 
sions which differ for the two cases to 
lit! compared. Values fo r t ..... i11 be necded 
if ga p lengtIJs II arc to be altered to keep 
jJ. unchanged. 

2. Calcu late Q ... and 1m for the ne ..... 
s tructure from the kno ..... n corresponding 
valucil of the old s tructure ami the in
formation in 'I. 

1 EXPERIMENTER 

3. Plot the I>oint correspond ing to the 
lIew Q", alHl 1m on the log-log paper. 
Lay the tcmplate Oll the paper with tlte 
long s traight side parallcl to tlte I-ax is 
and with the (marked) center of the 
hump of the curve at the poin t just 
plotted. The behavior of (lny coil wound 
on this s l,ructure over a ,,-ide range of 
frequencies will be shown by the telll· 
plate jbarring, of course, skill effect 
(very large ..... ires) , resonance (very high 
inductance), or other anomalous ci rcum· 
s tance!. Thc I:urw' may be actuall y 
drawn usiug the te mplate, or, if it 
would cause confusion, on a shect bear
ing a great deal of information, vah .. :s 
could be read direc Ll y (rOIll tbe edge 'If 
thc template. 

APPENDIX 

Losses in au iron -col'cd coil come 
alJolit from (ollT sources; namely. { 2R 

loss aud edd y-current loss in the copper, 
bys teresis and cddy-currcnt loss in the 
irou. Eddy-current losses in the cOPI)(!r 
will be ignored in this anal ysis for two 
reasons. 'I'lie /.irst is tha t the audio fm
quenc.ics considered \\ ill be too low 
and/ or the wire sizes too small to have 
appreciable eddy.current loss. The sec· 
0 0l1. and more impor tant reason, is tha t 
the iroo core effcet ually prC\' cnlC most. of 
the flu,x from tra versing the window in 
which the copper of the coil is located. 

GLOSSARY 
The symbols IIsc!1 arc tabulated ncx t, 

with their definitions and dilllensions. 

E = r-m -s alternating emf across 
.. -oil ; volts ( = l wL). 

1 = r-m-s a lt e rnatin g c urre nt 
through coil ; amperes. 

L = inductance of coil ; henrys. 

1 = frequeucy of alterna ting volt
age and current. 

w = 27rJ. 
if = r·m·s m8/:.'1leLOllIoti vc force; 

gilberts. 
I-{ = r·m·s magnetic fon .. "e prod uccd 

by current J; oerstefls. 
B = r·m-s flux density within the 

iron; gausses. 
B", = max. ins tantaneous val ue of al 

ternating flux (Iensi ty = 11\/2; 
gausses. 

4> = total r ·rn ·s flux ill thc iron ; 
maxwe lls. 

m. = reluctance o( magnetic pa th . 
P1" P. = powcr dissipa ted in the iron by 

hys teresis ami eddy currents, 
resl)Cctive ly; ..... a t ts. 

RII> R~ = equi valent resi.l!tances corre· 
sl>onding: to Ph and p.: ohm.s. 

Re = oum ic resis tance or the copper 
in the coi l; ohms. (Assumed the 
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GENERAL RADIO. 8 

sa lilt' us the J ·e \' alllc ; that i8. 
no I' l..i ll effec t.) 

1) •• 1)10 = Ili..;sil'3 lioll faclors eorrespolHi. 

arHI I). ing 10 N •• Nil, awl fl ., obta ined 
II} relating cnd. cC(ui,ale n l re
sist:lllcc to II)/' j'oil reaclullt:e 

wL; dilllcnsion le~. 

U ... IOlal tl i"."ipation fneLOr = sum 

of IJn I)". anti 1). _ 

Pc = ree;s !i"il) of copper ; 011 111 .(:111 . 

d = \\ire ,Iia rnc tcr (ex..tu;o;H; of ill 
sululiou); ('Ill . 

T = lO lallc ng lh o f Cop p;- ... II ire; (' Ul. 

_ length of ultrage tll fn ; C.1Il. 

1\ _ II II UlI.H.! 1' of lurll8 of I I ire. 
If"l/t 

S =< f', .-- "" " frt,(, ti,e \,i udo\\ 
I 

arell (Io tul col'l'cr eros!! sec
tion); cm::!, 

p; ::: rcsisti,-il) of the IUlllina liOIl 
ma terial; 0 1, 111 -(' 111 . 

Ii os 1alll ;lIal;01l thickness; cm. 

. 1 - 1011.11 gcolllc iric l ' rO$S sect iun of 
magne tic path ; cm2, 

fit = s lacki ng faclor of iroll ; diult' n 
~ioll leMi (ratio of crfeeli\e an~a 

of cor.;- material to insille area 
of "oil lubc; tidieic ileicil are Ot'

ea sioll t'd II) scale. burrs. I.cnt 
la milla l iUll ii. core-pia I ing, de.). 

I = B U: 1U1 le ll~ t" of nU); pn t" ; CIII . 

1- = ,ohlH lCof U1 a~ I1 (" li fJ lU !l t , t' r ia l = 
I la; n na. 

B - lo Lul leng th of a ir go ps; em , 

!J. = i .. ,:nlllcn i lli pcr mcaLilit } (d· 
fec th e) ur lII ugnc t ie circll i t. 

jJ, _ i,wr{' U1c llt a l perlllCa bili l) ( truc . 
r ing-samplj') of magne tic ma o 

terial. 
'If Ie h} stcrc~iil con,,(all(. 

t '"" S tc iUl llclz e' IJot) '11"nl. 

DERIVATION 

.'\ Ios t o f the basic equ a tions gi \ c n I/ f!-
10\\ ('nn be foulld in un) te\" lbook or 
hand book of cicc lJ'icity_ The fi rst si\" 
(Ie line ~, m, jJ, <I' a nd L iu terms of coil 
para me ters and current t hrough Ihe clIil : 

( I ) 

" I. 
(2) 

\\ h,.rc 

", 
i! 

1 + / (/Io /a - I ) 

ami, smce IIsually /10 ,0. >- I., 
rIIa t,ch' 

" ~ --"'0''--

'I' 

1+; /lola 

411' \ 1/10 10. 

10/ 

tI, = HACl 

\ 150, using Equut ion (4); 

C OPPER lO SS 

(3) 

appro" i-

( I) 

(6) 

T ile series ohmic rcs islu11\"c o f Ih, ' ",)iI 
IS :;pVC II , fr olll resis tivi ty . by: 

(7) 

T he dissipa tion fuc tor ("or n';;! I)(), l1l illg 
to this can 1.Ie n 'lhwc(1 b) ,hi' ww of 
EtpJal ion (6): 
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This dissi palion fat"lor is found to be in
lersely Ilrol)Orlionat 10 freqllc lll:~, Ihe 
fDf'lOr of proportiona l i t~ being: 

109MI 
c~ ---

8;or2#1S ,' ex 
(9) 

HYSTERESIS LOSS 

The IlO" cr cxpe lUlt',1 in hysteresis los,. 
is gi,cu b) (sin(.'(' 11,.. _ 11\ 2): 

P lo "" " ljlJ:" IO- 7 =- " l j2, '2IJ<IO- 7 (10) 

S· I E2 I . I IIl ('C I)OIIer ('<tun I' ~, I Ie Cllulva "ul 
/I 

para llel resista n('I' of Ihc h)S lCreFois 10,.,. 
il'<. u .. ing a lso E(lll ll liolls (5) and (6) : 

£" . -
= P II ... -;:;;:-

4;or2/Vl lJ ('J- ' )j , l a 

2· 1 ~ lOfll) f 
( 11 ) 

Similarl ). Ihe c'lui va le n t serit's 
;;;i;; IDUL'(' is: 

2' ~ 16 1r2'1jjl.2J\r'1, l cxj 

IOll lJ (2-' )f 

The l'orrt'sllOlIding fli sFo ilmtio n 
rt'l luL't'd L~- E(IUa lion (6), i;;: 

1)11 .. 
wL 

Nil,,,,,,) 
'1.1(j41'1\ ! jI. la 2, ' 21091l1 

( II a) 

f;u,: lnr, 

lOuf 11I'2N!8 (:! ,lj , f a 
'l"~'J - -Iljl. I, ( 12 ) - --~ 
n l ~ ., 

This fac tor is iude pClHlellt of fre _ 
,.... !(IICII(') and blls Ihe 1 aim': 

" = 2 ' !-t,12)'ljjl. l1 (· 2) ( 12n) 

9 EXPERIMENTER 

E 0 D Y - CUR R E N T LOS S (I RON ) 

The IIOIH'r C\ III.' IHled in elld) ... ·urrclIl 
101'11 in II", irOIl i~ giH Il h~: 

p = 7TIJ ... 202 1 7'!j 22 IJ202V 
• 6 X lOlIlp, 6 X IOI 6p; 

(13) 

Si m'c 1" 
....:... thc 
/I 

equivulf"111 

I'n: altcl rC"iShtllf't', rcdu('cII IJ ) Equa
lions (5) a nd ((,) , i,,: 

( II ) 

The t'orrcspoIHling .Iissipll l iull fa" lor, 
red uN'II hy E(IUUlioll (6) , is: 

. ., wi.. 21rj17 Y',!w 10: otf 
I"" = --- - . 

H.(,.~" 10°1 12p, 10:,\ <2 
272,,14 

:so 3p,I011- = ej ( I:; ) 

This dis"ipillioll facto r is 
ProllOrLional [v frt'q 'H'!u'). lHlIl 
lor of proporlilJnulil y i8; 

27202#1 c----
3p, I09 

.lirt'''ll} 
tile fUf'-

( 16) 

EaUIVALENT CIRCUIT 
REPRESENTING LOSSES 

II is inl/'reli ling to uole ho" Ihis 
1I1 lul)sis dcmo n8lnll t's Ihe corn'e ll lt'lI" of 
Ihe IIsunl ml'lhod o( ;;ho',in g Iht' .'<tui" 
lllt' ut f'irCllil of nil iron-corct! ,'oil or 
Irllllsformcr, a .. in Figll rt, 2. I I ('ft' R~ 

III1fI N. llf(' re"i;:,IIIIICt'!i ilHll'jll'ml"1I1 or 
rr(' \lue IlC). rt'l ,re""" lllin g rCS I,M 'f' li \el) 
ohmic to!?8 ill the copper HII.I t',ld~. 

I' IUTenl IOMI in lhe iron, Equuli()II" (7) 
lind ( I I) "hOl\ Ihe illlurialH'C £If U, and 
U. "ith fTe'lul'nc~. R~, 011 Llle o llwr 

hand. "hclhf'T .'aleulalcd as u !!eric,:; or 
Hf; a parallel rf'~ i ,.la nC6 [EqulltiollA ( I J) 
uml ( l1a lJ. 1 Mi,'s \, ill. t he first IKmcr 
of frCfllJel1e). II ~ " Icfl';; is loss. I hcre fon', 
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GENERAL RADIO 10 

, 
tT 

cannot be re prcscn ted UII a resis tauce 
ilHlcpendeut of freqllcllcy and hence is 
not showo ill the equivalent circuit of 
Figure 2 . 

TOTAL lOSS 

The to tal d issipa tion (ac tor, D. is the 
8 UIIl of the three se parate dissi pution 
fac tors : , 

D ~-+ h + 'f (17) 
f 

OPTIMUM CONOITIONS 

When plou ed on log.log pa per eRch 
,'OlllpOllc lIL is a s traight line as shown ill 
Figure 3, tha t for hys teresis being hori· 
zonlal and those for cOPI:lCr and eddy 
I'urrcnl be ing slanted down and up at 
lSo, respec tively. Minimum D occurs 
where the c and e lines cross, a t a fre · 
q uency gi ven by 

f .. = ,~ ( 18) 

\t this frequeucy the m inimulll J) is 

/J ... = " + 2,1; (19) 

Whell 1I\.' urve o f D for an y coil has IJcCIl 
found cXpi'rimcnl ally. numerical values 
for the three coc ffi cicn 18 c, II . and e, c'an 
be fO llnd by drawing 45° as) mplolc8 to 
the eun e. Thc inte rcepts of these linC8 
"i th tlil' l -cyd e axis are the valu(,8 of 

i' tl-
II 

Rc 
o 

o 

FIGl1KK 2. E'llIi,' .lr nl <:ireuil of a low. 
f~l lIr"r,.('f)i l. 

c and e. The va lue of" is the diffe rence 
be tween Ihe obsen 'cd minimum and 
t""ice the value of Ihe IwO asymptotes 
at the ir crossing point. 

Q-ST ORAGE FACTOR 

E ngineers in the radio and audio 
fields are more accustomed to think in 
terms of Q, the reciproca l of D. than in 
terms of D, Unfortun a tely, the expres· 
sion jus t develo J"lCd gives: 

Q 
I .- ~ 

II + 2Vce 
(20) 

This is clisily enough calculated iu a 
gi\'cn e llSC, but it docs not lend itself 
readily to quick menial calculations be· 
ca use of the presence of fl . li owc ver. 
there is a fortuna te circums tance " 'hich 
makes neglect of II in tbis expression 
allowablc, 

I"~ 
, 

• V 
FIGURK 3. Di ~~i J'~'lion faClor. fre. 
q ,,,:ncy rel atio"8 1 11 1)~ ' 

S'jlj,rllle diuil'81ion faClor Cllrv ... 
a re t Ie t hrCil Inhelo:d nraigbt line.!. 

AI initial I>cr rnc" hili ty (D~ - 0), 
the lower curve "D. + D ." repre· 
oenla coil l>eha"ior. Iu .. en it 10 Ae' 
cure a Q-cur.·e. 

0 • 
~ 

~ ' . ~ 
1" -; "1: 
III 

f! ,: f t 1+ . 

. -
.~ 

c.n •• ~f.0.~ . 
~ .~ 

W" I 

·Ii~ ,.'H 
'REQ\JENCY 

. 

0, 

-= 

Alxn'e iu;l ia l lJerrneaLili ty (D . ,.o! 
0 ), the "III,er cun'e .. /) . + D. + 
D~" i8 repr~lI1l1ti " e of tbe blunl, 
ing IIclion of a finite D~. i _n. al· 
Ibollgb leM easily deleo-mino:d. ia 
"nchllnged 
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SIMPlif iCATION Of 

EXPRESSION fOR Q 

The factor, II, Etlualion (12a) , COTl

tui ns a tcrm B (f- 2). AU of tbe measure
menis which \\(' I, a \-e described in .\ Ir . 
Arguimball 's artiel" and tn Ihis oue ha\-e 
LeCII made wit h slI llh a low fi ll.'{ densi ty 
ill Ihe iron lhat the iuilial permeabilit y 
plateau has been reached. This. for high
l>iJicon s teels. i ~ in the region of IJ below 
olle ga uss, or, rcu Uy, II. plu(.'C where IJ is 
approaching ZNO_ It is \'ery hel pfu l to 
make induetan~ measure ,lIcn lS on this 
pialculi. since 1I!lII void abie small chllllges 
in the supply voltage III l1ke tmpl' ree p
lible changes i.n t he permeabili t y and, 
heuCf", the inductance. Contrnri"isc, 
ollce the H has become lurge enougl, so 
thaL permcaLiJil y has begun 10 increase. 
it is 0 0 longer I>ossibie to ha\-e II intle 
pendent of t hc effects of voltage applied 
t" a coil having a core of ferro-magne tic 
material ("ith t he notable exceplion of 
sOllle duSI t."Orcs) . Tbe illili al permea bil . 
it y plateau is till" mos t easily repro · 
ducible measuriug condition ami ita 
on ly drawback is the bigh gain required 
ahead of t he deteclor in a meas uring 
circuit . One euo a lways be sure liIut he 
is on tbis plateau when m aking IIlca~u re 

meuts by continuously reducing thc 
voltage applied 10 t he coil until S IIC· 

11 EXPERIMENTER 

r'epfQ(iuced b) l>erull&$ IOU froUl u paper 
by II . W. Lamson." This shows Ihe 
"I ntenu just referred 10, 11 phenomenon 
1I0t widel) known. Note t hat the c urve 
s tarts to ascentl from the plateau 
(PI = 470) II I aoout JJ = 0.001 oersted, 
"hich corresponds to a 8 ( - jjjlJ) of 
about 0.5 gauss. Tlus ","ill indicate the 
order of small ness of excitation to reach 
the platcllU for a 4% silicon s teel. 

If the customarily used value of f, 

namely, the 1.6 fi gluc of Steinmetz, 
holds good for these vcry low flux de n
sities, then" beculIles infmile, since IJ 
(approaching zero) gocs in to the dc
!lominator. This, "c know physically, is 
no t true, a nd there is implicit corrobo
ratioTl ill lhe thrt:e examples oC this 
article. lI o"cver, t here is a !Jetter au
thority t han t his. It is we ll, but not 
ge nerally, known lilal the SteilUue tz 
expouent i8 nOI a (."OuSlaut at all , but 
varies "ilh flux llensity Band happcus 
to IJa\'e a value vcry c10~ to 1.6 in the 
middle region. say bet,,'een 2 and 10 
kilogausscs. On Ihe o tlier hand , the 
value of this expOnt'nl increa8Cs for both 
\ c ry high and very low flux de llsitics. 
\"ulues as high as three or more ('an 
r('udily 00 found in the literature f(lr 

. 1·.....,. L R.t: .• v .... 211. No. IZ. Po SolO (I"",, .. ' ')w ~ . 

I"cssive reductiolls make r--:~=====::;=:;;==::::=:;:=======:::;::::=::;:;--
the measured vullie. +t- ~~ :;.~::: ... j 110 furthe r challge in ""'" ! 11 11 

A cun-e is shown in - -I- 1-
Fib'Ure 4 of the relation, 
at ver) low magnc ti zin g 
forec~. between II and /J 

for a Il igh.si li (."01\ sleel. 

FleUR!> .1. Per lnea l,ili lY of 
I'il icon &Ier l lit low induc
t;nll!. &ho .. ing Ill" in itial_ 
l'ermubilil1 1)lalean. 

-0. 
f , 
;! ..... 

i o. 
" , 
! - l---c"::-=:2--;--
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GENERAl RADIO 11 

,.'r) lIi gll \utlll's vf /J.t and Ull c\ punCIII 

uf 2.-l for "c r) 101\ 11 \ allies is give .. . tt 
Furlher, Hayleigh, ill ISH7. sho\\cd 
that ~ "" 3 at 101\ flux J ensities. and lhi ~ 
has IJcc n confirmed rCCl~ nt1 } by EII,ood. 1I 

Jf the S lc.i nnwtz cxpouCli1 ill the 
in itial l~rmcaLi1it y region is :,rrca lcr 
t hun 2, Ihcu " approncbcs zero us II 
ilpproaci lcs zero. This mca n6 tlllIl, in 
the init ial 1)(, I'IIICllbiJity region, II can be 
IIcglcClcd and 

Q. ~ ---"--" (21) 
2 \ ce 

fiNAL EXPRE SS IONS fOR 

Q ... AND 1m 
Subs titu ting the vil lucs fOl' f ' UlIII I' 

from [':qllutions (9) alld ( 16): 

Q_ "" .!. i:~p , S ., cr 
'" 0 \ Pell (22) 

f = ~?U /3p~PIII (23) 
... !tr2Jlo V SA« 

E f f E C T S 0 f "TE M PER AT U R E 
The variation of Q .. , un, I I ... "illl I C IIl . 

pe rat ure 1;8n be nllculatcd usin g the 
tempera ture coc.lliciclI lS of coppe r nml 
irOI! resistivi ties. Pc has a telUperature 
cuefficiellt of + 0.4% pe r dcgree C. 
I_hile p. ltas one or +O.s~~ . Temperllture 
coefficient of c is then + O.4o/t;, of e 
- O.5 o/c . 0 "" (or Q",) is 6C llsibl y 1'0116 111nl 

'S}_n .... " I''''i'''<t~ .".1 'I'"""". "r M.,,,., ;., M.,,,.. 
ri.I.' (l'f~1), I" 2 1. 'tf' •• e 32'; "r \' .. 1. 2 ,,( ,tor Dk''''''''r ... f ,1,,,,11.,1 '·1",., .... 
I'I!!. ~:d;.ioo,. " .... ,;". On •• ,klt. br A. Ca"",I .. n. ·'M." 
, ... h" I·,~",,"k. o( ""U?r in .... e.k ",It ... ,."". Fid,I.:· 
I'I'H. So.. "roc. 1921). XXX Lt . 232. (S, . II"r i • • n E"lho/, 
1",to .. ,I"",,, ., .. 1. ) 
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NOTES ON 
( 22 ) 

EXPRESSION S 
ANO ( 23 ) 

'\lI hough lhis ar licle Concerns i\.ilclf ouly 
wilh u~i"g Ihe ellua lio,,~ for cO" 'l' nr~ 'i .. e. ,u)1 
al"olule, Ilu rp<liIe,;. the Elq'reMionli (22 ) anti 
(23) will delermine Q .. an,1 I ... from CQI1 ~lant ~ 
.... r Ihe core s tructure. Tlu~ has ac tually llef'l! 
d"'II: Ilud fairl y gOOtI agrellment ""illl measurc,1 
\'a l" .. '8 ot. l"ined. 

For e~aml'l e, Q .. for CH·34S ':Qre (S4/1· 

longue) calculate! 31.7 and mea!ure& from 33 
up to '1-0. AI~o. for Gn ~185 core (I X a" ·LOnS"") 
Q ... calculates 49.5. measure!! 43 \048. In ,·ae to 
e"6': Ihe "cry low, di iiagrccing. measured va lUe!; 
O<.'llOlr a l high fn'tluencie& (large air gapiI) '" herc 
Ihc uncertuintiel of Q II1 ca~uremelltll illc rene 
a,,,1 ... h,·re Il'ere is more I)rllba l)ili ly Qf c:r:ltl y. 
currellt IQ$I!eiI in the ool)l",r t.e.Jau6e of fri nging:. 

Calculations of I .. in c)':Jcs Ilcr &ooond u ~ il1g 
" s " "p~i s the I'la teall /10, o r .~70 (from Fis urc ,1) 
ill &ll1u1;on (3a) are IlIhul,,\et1 Lclo"": 

~"'l'r·r..e1J 1",·3 ' 5 Cuil 1 .. ·485 CQi/ 
Cup Cole. M~'(l$. C.,fe. M,'u$. 

In\erlcuved 97 I'W 71 HI 
hs" 631 700 379 ,180 
.J.s" 116-~ 1050 685 IOU 
,1..\ " 129,\ 10 10 

72" 
0.95 

4360 2600 
4700 2500 

II ",ill I,e IIQte,1 lhat this lalole I,can (W l 110 .. 
! taH:II1t:ll l made under IIead'ng EX PH ES· 
S I O~S Fon Q.,. AN D I .. curly in tbe I)aper 
t hat tile C<lui .. uleut lIir gap ill "Imosl, nCI'er the 
sa ... " 118 Ihe mcuurw gal'. beiug lurger lhan 
lhe n,,:asuro. .. 1 ""h,c for ~man g"pa a nti smallcr 
for lurge gllpa (larger gal' "' ean~ 8n",lIer /J. 

,,1o'ell nwa .. ~ Inrger I ... ). The /10 for iul erl"a" ed 
I"nunulio:ms is i"dicll h ,.J II) 1M ~Iighlly It:!» than 
th" l for II ring.sample ( truly gal'~e>!ll) ",,,Ierial. 
C"uullri",isc, for till: I"rgeal iJlunrn l.; , e gl'l'~ 

iu Lheae c~a "'I .lcs the /10 i~ I" rget Ihn" one "'Q,,10.\ 
I,,~ led 10 e." 'lIecl h)' Ih ~"Ory, 

_ 11. K. l\lcELItOy A~I) H. F. FtELI) 
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