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PREFACE

This paper i1s tltled as a redesign, since 1t 1s a
revision of a previous thesls deslgn by lessers &G. Taylor
and M, DuBayl. In the construction of the permezmeter,
some parts of the previocus work of these men were used;
the rest were discarded. Tnerefore, only the construct-
ion of the magnetic ecircuit, "B" coil, and "H" coil, will

be described in this thesis,.

{
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The basic l1deas of the original design were us

4)

building this instrument, however, the shape 2nd arrang
menf of the parts, and materlials used, are qulte different,

IThe wish of the authors of this paper 1s that thils
instrument will serve to facllltate the teaching of mag-
netic measurements 1in the electrical engineering curricu-
lum at the Unlversity of Detroit.

Appreclation 1s hereby expressed of the Marathon
BLlectrical Corporation and of the Armour Zlectric Company,

Erie, FPennsylvania, for donating samples of electrical

steeal,

LY

1. G. Taylor and W. Dubay, The Design and Construction

of a Fahy FPermeametser, llovember, 1352.
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CHAFTER 1

sALLANATION COF A PERMEAMETER

ln the design of magnetic clrcults, curves showling
the characterlistlcs of magnetlc steels are very necessary.
For proper design work, the core loss, magnetizatlon,
hystereslis, veclt-ampere, and high frequency curves are
essentlal. The permeameter ls an instrument used to ob-
tain two of these, namely the magnetization curve and the
hysteresis loop.

The Fahy Simplex Fermeameter 1s much used for
routine testing, because 1t 1s simpler in both construc-
tlon and operation than the Burrows rermeameter, and 1s
less sensitive to the effects of magnetic inhomogenelties
in the specimen., It also requlires only a single specimen
for testing. The specimen i1s clamped across the poles of
an electromagnet whlch carries the magnetizing winding.

A uniformly wound test ("BE") coil extends over the entire

active portlion of the specimen for measuring inductlon.

The magnetlzing force 1s measured by means of a second

test ("H") coll wound uniformly on a non-magnetic form;

and mounted between the ends of two iron blocks,which clamp
the speclimen against the pole pleces of the yoke. Actually,
1t measures the change in magnetic potentizl between 1its
ends when the magnetizing force 1s changed. The function
of the iron blocks 1s to bring the potential of the ends

of the specimen to the ends of the "H" coil, and the



comblnation is in effect a magnetic potenticmeterl.

The core of the exciting coil is constructed of hilgh
crade steel laminations in order to obtaln a low reluctance
path for the flux. This core, z2long with the steel
specimen and the heavy steel blocks with a bakelitle core

mounted between them, make up the magnetic circult of

the permeameter. It is assumed there 18 no appresclable
mmf drop from the point of contact of the specimen to the
ends of the "H" coil, all of the drop being considered
across the length of the bakelite cored coil. It is
necessary, therefore, to have good contact between the
blocks and specimen 1n order to eliminate the effect of
an alr gap. The heavy blocks also serve to clamp the
specimen into position., The magnetic circult may be con-
sidered as having two parallel paths for the flux, one

of high reluctance through the bakelite or air core, and
one of low reluctance through the specimen. This is
comparable to tne connectlons of an ammeter and voltmetepr
in an electrical circult; the ammeter measuring tne flow

of current, and the voltmeter the potential difference.

1. Forest K. Harris, Fh.D.,"Electrical Measurements,’
P.' 374-



Fig. 1. General Circult Diagram.
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The above circult dlagram represents thne connectlions
used when testlng the completed permeameter. Sssentially
the above clrcult 1s useds however, different methods of

connecting the appareat

C
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the equlpment avalla
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M - Mutuzal inductance colls (measured in henprie
G - Balllstlec Galvanometep

Rp - Damplng Resistance (ohms)

b - Exeiting coil

"B" - Search coil around specimen

il - s - Bakelite cored coil

Ry - Resistance in "H" coll circuilt (oams)

Ry - Resistance in "B" coil circuit (ohms)

—

A - Ammeter (D.C. amperes)



Magnetlic Definitions and Concegtsl. Lines of force

in a magnetic circuit always return on themselves to form
closed paths; hence, a magnetic circult is always closed.
The total number of magnetic lines existing in a magnetic
clrcuit is called "magnetic flux". Its unit is a single
line of force called the maxwell. Magnetic flux 1s usual-
ly designated by the Greek letter "g".

Magnetlizing force. For the purpose of simplieilty,
magnetizlng force 1s conslidered to be the total force
tending to sst up a2 flux in a magnetic circuit. It is

rt 14

usually designated by the letter "H". Its units are
oersteds or gllberts/cm.

Flux density or inductiocn., This 1ls the 1flux per unit
area tnrough an element of-area at right angles to the
direction of flux, 1t is usually deslgnated by the letter
"B", and its unit is the gauss, or maxwell/cmZ2.

rfermeabllity 1s a term used to refer to the ease with

v

which a magnetlc flux can be established 1n 2 glven mag-
netic circuit. It is numerically equal to B/H or the

ratio of flux denslty to magnetizing force. It is deslignat-
ed by the Greek letter w«.

dysteresis. When an unmagnetized piece of steel is

exposed to a varylng magnetizing force, and the strength
of the field 1s plotted against the applied maznetizing
force,, the curve obtained 1s c=zlled 2 hysterssis curve or

loop.

1. Doan, F.BE. and Bety,C.C., "Principles of Magna-

fiux", F. 50.



Fig, 2. Hysteresgls Curve.

otarting from zero with a specimen 1in thne unmagnetiz-
ed condltion and increasing the magnetizing Iorce 1in small
increments, we find the flux in the material increases
gulte rapldly at first, then more slowly until it reacnes
a polnt beyond wﬁich any increase 1n the ma;n&tizin; force
does not lncrease the flux, Thlis is shown by the curve
"OAY. In this condition, the piece is said to bs masneti-
cally saturated. Now, 1f the magnetizing force is gradu-
ally reduced to zero, the curve "AB" will result., If the
magnetizing current 1s reversed and gradually increzsed 1in
value 1n this reversed direction, the flux continuesgs to
diminish. Tane flux does not become zero until the point
"C" is reached, at which time the maznetizing force is re-

CO0" graphically repressents
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the coercive force of the material. As the rev

i8 increased beyond "C", the point "D" is reached, at which

point the specimen 1ls agalin saturated. The magnetizing
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force 1ls now decreased to zero and th
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DE" 1s formed.

Agaln lncreasing the magnetizing force in the orlginal
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direction completes the curve "EFAY. At the point "A" the

i1 A — ™

cycle ls complete, and the area within the loop "ABCDEFA"
is called the "hysteresis loop". As is seen from the

curve, theres is a definite lag between the magnetizing

force and the flux throughout the cycle which is called
"hysteresis". The curve "OA" is called the virgin curve

of the steel; having once followed this curve, 1t cannot

be made to do so agaln without first returning it in some
manner to the demagnetlized state. Without complete de-
magnetization, the steel will premaln in what 1s termed a
cyeclle condition, and continulng the processes of lncreases,

decreases, and reversals of "H" will merely carry "B" around

the loop.



CHAE TRER L

CONLTRUCTION AND CHANGES
OF ORIGINAL DoolGN

"B" Coil. A new "B" coil was constructed because

the turns of wlire on the 0ld coll were not wound uniiorm-

ly, especlally neapr the ends of the form.

IRl

The new "B coil was wound on a fabricated plexi-

glass form. The plexiglass core wacg made of 1/16" sheet
stock, cut and assembled into a hollow sguzre tube.

e —

4P~

L

ond Plastic Cement was used to fasten the edges of tne
form. The form was then wound uniformly with 80 turns of
#18 copper enamaled wire. When the form of the coil was

completed the cross-sectionzl area was 12.62 cm<.

"H" Coil. The old "H" coll was removed from the
permeameter tecause 1t did not completely fill the alr gap
between the stsel yokes, and was wound with an insufficient

number of turns,



The redesigned "H" coll consisted of 1100 turns of
#26 varnished Formvar copper wire, wound uniformly upon a
recommended bakelite core. The length of the "H" coll was
made to be equal to the length of the "B" coll. The cross-

10,5

M

he "H" ecoll core was made to b

=

gectlional areza of

=3

em-~ The effective area, however, was determined latep

in Chapter IV to be 1ll.1 cm.

2 BAKELITE BARS
25’

/AVI/

Fle. 4. “RH™ foil and. Qorse.

/7100 TURNS —6LAYERS —#26 COPPER WIRE

Magnetic Circult. The chilef changes in the magnet-
ic circult were the machlining of the ends of the sliding
steel yckes to insure perfect contact with the sample 10O

ﬂ

be tested. This was done to eliminate any air gap between

the sample and the sliding steel yokes, 1in order that taere
be no appreciable differsnce betweesn the magnstomotive
force impressed on the sample and the magnetomotive force
impressed on the "H" coil.

Further refinement of the magnetic circult was maade

by eliminating the air gap present in the old design be-

tween the ends of the "H" coll znd the sliding steel yokes.
The entire magnetic clilrcuit was then assemcled and aligned

g0 as to make flat surface contact between the samvole anad
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CHAPTER III
DURE FOR USING THE

FAHY PERMEAMETER

Connections for FPermeameter Circult. The following

e — - — T v

clrcult can be used to calibrate, that 1s, make the
ometer direct reading for (B) and (H), and alsc be used to

obtaln the B-H curve of a sampnle bar.

MUTVAL e
INDVCTANCE

KEY

r==l==-=-1--7
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I | ] i
: EX. COItL :
od Xz g )
{ "8 Core :
| |
l |
H “coy
L__.___JE_J

Flg. 7. Callbrating Clrcult.

Making the Galvanometer Direct Reading. Assume a

e e il i o . i ——

= = 1 11 11
gausses when the B

=

reference flux density such as 10,000
‘coil is in the circult. Then lst each centimeter of de-
flection on the galvanometer scale equal, for 1lnstance,
1,000 gausses., Therefore, 10 cm, of deflection will equazal
10,000 gausses in the "B" coil.

The current required in the primary of the muitual

ilnductance to produce the assumed value of flux in the

10
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secondary 1s calculated from the following formulz;
Let, 10,000 = assumed value of flux density (B)
A = area of steel sample

Np= number of turns in "E" coll
M = value of mutual i1nductance 1ln henrlies
Then, Im=lQLQQQ_§_EE amperesl_
M.x 10
Place switch Rg and switch S in the "up" position,
swiltch 55 in the "down" position and adjust the t;ttery
current to the computed value by varying the variable res-
istance 1in the battery circult. The flux 1n the second-
ary of the mutual inductance would be sesqual to the flux

linkages in the "B" coil if the sample had been magnetized

with a density of 10,000 gausses.

The reversing swltch Rg 1s thrown and the deflectlon
of the galvanometer is observed. If the deflection does
not equal 10 em, the resistance of the decade box Rb 18
adjusted until 10 cm. of deflection is obtained. The galv-
anometer 1s now direct reading for flux denslty and the
value of Ry 18 not changed whlile making B-H curves or
hystereslis loops.

The galvanometer is calibrated for "H" in the same
manner. Assume a value of "H" such as 10 oersteds, and
let 1 cm. of deflection of the galvanometer egual 1 oersted.
Therefore, a 10 cm. deflection would egual 10 oersteds.

Change So to the "up" position,and change the

=

1. Marshall, Roland B,, "Measurements in Zlectrical
Engineering”, Second Edition, Part 1, P.139.
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battery current to the value computed by the following

formula:
Let, 10 = assumed wvalue of "H"(oerstesds)
N, = number of turns in "H" coill
A = cross-ssctional area of "H" coil
iy e A 10 Th 4 amperesl

m M x 10

IThe reversing switch Rg 18 then thrown and the de-
flection observed on the galvanometer., If the deflectlon
does not equal the assumed value of 10 cm. the value of
the decade resistance box R;; 1s changed until a 10 cm.
deflection 1s observed. The galvanometer is now direct
reading for "H". The value of R, 1s not changed while
making B-H curves or hysteresis curves,

A Method of Obtalnling a E-H Curve, With the permea-

meter calibrated as outlined above, switch 57 18 thrown
to the "down" position with the key K open. The revers-
ing switch Rg 1s reversed slowly, about once a second,
whlle the current 1s decrecased slowly to a negligible
amount, This procedure demagnetizes the sample by putting
1t through sucesslively smaller hystereslis loops.

The current is then increased and the sample put in
a cyclic state by reversing the current several tlimes.
While key K is closed switch Rg 1S thrown once again. The
value of "B" i1s then read directly on the gzlvanometer.

Without changing the current, switch S5, is thrown in the

L. i,
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"up” position, switch Rg 1s thrown again and the value of
"H" 18 read directly on the galvanometer. Any number of
polnts may be obtained this way for different value of
current provided the sample is put in a cycllic state ITor
eacn new value of current. It 1s advisable to plot the
points as the work progresses so that any questionable
data may be checked.

A correctlon for alr surrounding the sample in the

"B" coll i1s made from the following formul§1

Where, B true flux density 1n the sample
Bg= apparent flux density before correctlon
H = corresponding value of oersteds

a = cross-sectional area of air enclosed

by the B coill

o
1

area of the steel sample

A

‘s S0,



CHAFTER IV

CALIBRATION AND
BAPERTIMZNTAL RESULTS

Calibration. The area of the "H" colil was measured,
of course, when it was constructed. However, this d4ld not
represent 1ts true area. Thlis can best be sexplained by
the following quotation:

In presenting the theory of the Fahy rFermea-
meter, it 1s assumed that the flux between the
two magnetic yokes pascses in strailght parallel
lines through the "H" coil. Actually this is not
the case and the error in assuming this 1s very
great. For thls reason, the product of N and Ap
1s found experimentally by placlng a standard bar
in the instrument. The standard bar is callbrated
by means of another permeameter such as the DBurrows.
Callbrated standard bars were previously sold for
a small fee by the Natlional Bureau of Standards
but thls practice has been dlscontlinued because
of the difficulty in obtaining a quantity of homo-
geneous material. The magnetlc qualities vary so
much that a uniform sample can only be found by
testing a great number of samples at intervals
along the length of the bar., When a sample of
non-uniform metal is tested in a PFahy fFermeameter
the resulting B-H curve, or hysteresis loop, rep-
resents the average characteristics of the bar.

Another reason for finding the true area of the "H"
coll 1s the faet that 1t was wound on a square bakellite
core., This resulted in an alr space between the coll
wires and the core materlial as i1llustrated by the shaded
area in Figure 3, page 15.

A standard sample of cold rolled steel was obtalned

1. Ibid, P.184,

14
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from the Physics Department of the University of Detroit,
wnlch was callbrated for a value of 14,500 gausses when a

magnetlzing force of 50 oersteds was impressed. It was

Co/L WIRE

A/R SPACE
BAKELITE CORE

Fig. B.
placed 1n the permeameter and a flux density of this wvalue
was applied. The magnetizing force "H" was then measured
and found to be too high. The measured area had been used
in the calculation for maklng the galvanometer direct read-
ing (see Chapter III). A larzer area was then assumed and
the galvanometer re-callbrated using this new area. The
value of "H" was again measured.

Thig tfial and error n»rocess was repeated until the
readings of "H" corresponded closely with the values of
the standard sample. The effectlive area was found to be
Il 1 cm?, and the instrumznt was then callibrated and ready

for use,

Experimental Results. It was decided to try the

instrument with samples of electrical sheet steel, Two
samples were obtalned, one of dynamo steel and another of
motor steel. The lamlinated samples were then weighed and
thelr true area was calculated by their weight, density,
and length using the following relationship:s

Let, W = welght

D = density



l = length; then, Area = W/Dl.

16

The area wes then marked

on each sample and a magnetization curve was plotted for

each sample,

The following data and grapnhs represent the

results of these tests on the vpermeameter.

BAFERIMNENTAL DATA

#24 Gage USS Motopr
Grade Steel

Magnetlizlng

Force "H"

Oersteds

0.50
0.70
0.90
1.00
1526

flux Density

Kilogausses+

1,900
5,000
4. 300
5,900
3, 200
9, 700
10, 500
11, 580
ra, 250
12,900
14,300
14,700
15, 100
15,500
15, 590
16,490
16, 670

#24 Gagze Allegheny
Ludlum Dynamo
Grade Steel

Magnetizing
t!;_;s_*li

Force "H
Oersteds

R . <

O
SARG
~uonu O

(O}

] - < [ L] w ] »
YU OWVMTUT\O WL = \O O~
RO G O WU WU AN

Y QO NN O OO0 Q6

2.060

Flux Denslity

Kllogausgsses¥®

5,500
6,800
1,900
3,800
9,750
11,3550
12, 000
12, 5600
13, 180
L% ¢ 550
15,990
14,200
14, 500
14, 700
14,950
15, 250
15, 600
16,000
16,350
16,750
7, 000
17, 500

#The apparent values of flux denslity as read on the

as the correction for alr
surroundling the sample was very small.

galvanometer were plotted,
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Upon examining the results obtained from the tests
performed with this instrument i1t was seen there wa=s a
slight departure near the knee of the curve from the aver-
age curves as obtained from the engineering bulletins of
the United States Steel and Allegheny Ludlum Corporation.

IThe reason for this can perhaps be explained by a
quotation from a paper written bty R.L. Sanford of the
Bureau of Standards while he was conducting research on
the effects of different eslectrical sheet steel Sémples.

The differsnces betwecen the results of nor-
mal induction tests on sheet steel by the Burrows
permeameter and the Fahy Simplex permeameter ars
to be attributed to the charscter of the specimen
rather than to errors inherent in either method.
Ihe greatest source of discrepancy 1is lack of
magnetic uniformity along the length of the specl-
men, The Burrows permeameter is more sensitive
1o thls condition than the Simplex. An excessive
number of strips in the specimen causes bad flux
distribution which lcsads to errors in the results.
The Simplex permeameter 1s more sensitive to thils
factor than-rthe Burrows. The wldth of the strips
used in the sample also plays a part in the
results, JITney should not be less that 35 cm. wide
1f the elfect of punchlng oOr shnearing strains 1s
to be avoided.

The degree of mon-uniformity in a test sample
of sheet stesl made up in the usual way will
generally not be as great as that of the samples
used for testing this polnt in the present lnvestl-
gatlon, so0 1t 1s prooable that the results of tests
with the Burrows permcameter will ordinarily be
gatlsfactory. On the other hand there will always
be uncertainty as to the accuracy obtained by this
method unless the uniformity of the speclmen 1s
checked and it 1s generally not convenlent to 4o
this,

From the above considerations the conclusion
seems8 to be warranted that for routine normal
induction of sheet stecl the Fahy bSimplex permea-
meter 1ls the most satisfactory apparatus at
present avallable, provlided tnat the speclmens
tested are made up of not more taan 15 stprips
(preferably 10) not less than 3 cm, wide.

1. Sanford, R.L. and Barry, J.M., "Bureau of Standards
Publication", Number 545, 13527.
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When the experimental results were examined and it
was dlscovered that our curves differed slizhtly from th
average values, research was done in order to explaln
whether 1t was the fault of the instrument or of the
samples. FIFrom the above quotation it 1s evident that our
samples dld n ot meet the recommended specificatlons since
they were made up of 21 laminations, and were only 2.5 cm,
wide. This would cause the galvanometer to read a lcwer
value of magnetizing feorce "H" than 1f 15 laminations
were used, because of the alr zap present between the
laminations of the sample.

Therefore, the authors feel that i1t is not due to
faulty deslgn of the instrument but rather to a poor
selecﬁion of a sample. 1t is felt that 1in the Tuture use
of the instrument better results wlill be obtalined 1f tae

operator conforms to tne recommended specliflicatlons.
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