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" proportion for multilayer coils.

DISCUSSION
of

. Professor L. A. Hazeltine’s Paper on

“Losses and Capacity of Multilayer Coils”

Presented before the Radio Club of America
February 16, 1917

_ Copyright, 1917, by The Radio Club of America.
(This paper was published in the April, 1917 isgue of “QST.”)

Edwin H. Armstrong: As a matter of
history, I believe that multilayer coils were
used by Dr. Stone as early as 1906 and also
by Dr. deForest at about the same time
This type of coil was also used by the

- Poulsen company on the Pacific coast in

1911.

I suppose that we should all feel fully
qualified to construct coils from the for-
mulas given in this paper, but I believe
that dimensions, suggested by Professor
Hazeltine, would be more useful.

‘L. A. Hazeltine: There is no one ideal
, In Figure
1 (taken from my written discussion of

Mr. Eastham’s paper previously referred

mate relative capacities and copper volumes
are denoted by C and V respectively; and
the ratio of insulation thickness between
layers to pitch of layer is denoted by x.
It is believed that the best form of coil
for any particular case will lie between
those of (a) and (c), the former being
used when the capacity of the coil is of
relatively little importance (as when the
external tuning capacity is large), the latter
when the capacity is to be kept as small
as practicable. These proportions are
based on the assumption that eddy-current
loss is of negligible importance.  When
eddy-current losses are of controlling in-
fluence in the design, they may be reduced:
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Figui‘e 1

to) are-shown three representative propor-

‘tions of coils, all having the same value of

£

r -

and each having the minimum capacity

for a given copper volume. The approxi-

(a) by using smaller wire or strands; (b)
by using a larger radius and therefore few-
er turns; and (c¢) by increasing the 'peri-
meter of the winding section- (i. e.,” by
making the depth much greater -than the
‘width or vice versa). I cannot give any
general directions for this case, other than
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to apply the formulas of my paper to va-
rious assumed proportions and to choose
that giving the best characteristics. In
making such calculation the wave length
and the capacity will be ordinarily known
or assumed and the required .self-induc-
tance is then given by formula (10). (The
equation numbers and notation are those
of the paper under discussion, as publish-
ed in the April, 1917 igsue of “QST.”
This is then compared with the self-in-
ductance for the assumed coil proportions,
which may be calculated from the follow-
. ing approximate formula - (also given in my
discussion of Mr. Eastham’s paper) :

0.0008 a* N*

millihenries
6a-+9b-10c .

When the eddy-current resistance for any
reasonable proportions of a multilayer coil
is too high, the single-layer type should be
employed. The various formulas may be
used in this case, though with less accuracy
than for multilayer coils, by putting
(¢ =-0), except that in formula (1) the
first term is zero.

One of the coils here exhibited was in-
tended for use in the reception of signals
at wave lengths up to about 15,000 meters.
It is wound in a wooden form with 1212
turns of 10—No. 388 Litzendraht in thirty
layers, with 6.5 mil paper between layers
and has been boiled in paraffin. The di-
‘mensions are; mean radius, a, =1.125in.;

length, b, =0.76 in.; depth, ¢, =0.75 in.-

This was wound over a year ago and the
proportions are susceptible of some im-
provement in the light of more recent
studies. I believe the constants of this
coil compare as follows with those of a
coil constructed by Professor Morecroft
for a similar purpose.

radius, a, =1.11 in.; length, b, =0.26 in.;
depth, ¢, =0.72 in. Its self-inductance is
about 160 millihenries with the very low
capacity of about 0.007 millimicrofarads.

1

Figure 2

This coil is particularly useful in the wing
circuit of an audion (as in Figure 3 of this
paper) to produce an oscillation in ecir-
cuits of relatively large loss or with a
stubborn audion.

Edwin H. Armstrong: It is interesting
to note that while these coils are here
considered for use in making an audion
oscillate, an engineer of the Western Elec-
tric Company is rumored to have obtained
a patent on an idea for stopping such os-
cillation. :

L. A. Hazeltine: This is accomplished
merely by the inversion of the coil in quest-
ion. ' '

John H. Morecroft: In considering the

matter of inductance and capacity in this
manner a thorough knowledge of the sub-

L=< >_{

LONGITUDINAL CRoss- SEcTIon oF WIRE
PERPENDICULAR To LINES OF MAGNETIC ﬂ.yx

Figure 3 .

ject is very essential. The development
of complicated formulas is quite useless
if such a knowledge is not had regarding

Prof. Hazeltine’s Coil

£ 72.4

Prof. Morecroft’s Coil

c 2405 milihenries wds - 6032  millimcrofarad
. millimicrofarads ~ 0. " millimicrofarads
Natural W:.ve Length 2300 meters 2850 meters
de 48 ohms 80 ohms
r at 12,000 m. 63 ohms 140 ohms

A second coil shown here has about
16.000 turns of No. 34 single-silk-covered
wire in sixty layers with 3.5 mil paper
between layers. It has no mechanical sup-
port other than the paraffin with which it
is impregnated. The dimensions are: mean

these subjects to which the formulas ap-
ply.

I would like to outline an elementary
view of inductance and capacity, and de-
sire to refer to Figure 2. Assumed that
the inductance, capacity and resistance of
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- lustrated in Figure 3.

this current. are meéasured at various fre-
quencies. At certain frequencies only one
of these characteristics seem to exist. Con-
sidering such results it is difficult to be-
lieve that the application of a formula is
justified in the case of a coil.

I wish to call attention to the fact that
there have been differing opinions regard-
ing what the elements of predominant ca-
pacity in a coil were; also to the fact that
the Bureau of Standards has found that
the resistance of an antenna may be var-
jed by placing a stick of wood in the elec-
trostatic field thereof. In general it seems
advisable to keep dielectrics other than air
out of strong electrostatic fields.

Speaking as one working in the general
field of alternating currents, it appears
most remarkable and in fact unbelieveable
that it is possible to obtain zero skin effect
and yet such large eddy currents. May I
ask where these eddy currents will flow?
And what is the area of the magnetic cir-
cuit?

L. A. Hazeltine: The eddy currents flow
longitudinally through one half of the wire
and return through the other half, as il-
The circuit ‘is com-
pleted by current flowing across the wire
in weak parts of the magnetic field, or even
at the leads. The area of the magnetic
cireuit for the flux which induces the eddy
current at the outermost filaments is the
longitudinal cross-section of the wire rep-
resented in Figure 3.

John H. Morecroft: But in this case the
length of eddy current path is twice the
length of the wire in the coil. Only one
current can exist in the wire. I am con-
fident that you will find that the ‘“eddy
current” losses are merely due to redis-
tribution of actual current, THE current
in the wire. May I inquire as to how
Professor Hazeltine’s measurements were
made? Mine were made with a Wheat-
stone bridge.

L. A. Hazeltine: My measurements
were made as described in the paper. The
Wheatstone bridge is not generally con-
sidered reliable at the high frequencies to
which my tests extended (about 1,000,000
cycles per sec., or 300 meters wave length)
on account of stray capacity effects. Also,
the effective resistance of a coil, as con-

oo 5.

nected to a Wheatstone bridge, would
usually exceed one megohm at its natural
frequency, and would change by an ex-

traordinary amount with a slight change,

in frequency; so measurements by the

Wheatstone bridge at the natural frequen-

cy would be practically impossible. With

my method measurements at the natural
frequency were quite as convenient as at

lower frequencies.

John H. Morecroft: It seems to me that:

this idea of Prof. Hazeltine’s blaming the

increased resistance of the coil upon eddy’
currents in the wire, there being at the-

same time negligible skin effect in the

wire, is more likely to confuse one than-

to clarify the phenomena. It indeed
seems to me to be erroneous. ;

It will be noted that these so-called eddy :

currents flow the whole length of the con-
ductor constituting the coil, being in one
direction on one side of the ‘conductor
and in the reverse direction on the other
side of the conductor. And that these
eddy currents are at 90 degrees phase dif-
ference from the so-called working cur-
rent. (Altho I do not like the term work-’
ing current I use it ‘to make my remarks

directly applicable to Prof. Hazeltine’s ex-

planation.) Now evidently if the eddy
current flows the whole length of the wire
and there is at the same time the work-
ing current flowing uniformly thruout the
cross-section of ‘the conductor, the com-
bination will be a non-uniform current
distribution in the wire; there will be a
greater current density on the side of the
wire closer to the center of the coil. But
such a redistribution of the current is
nothing but the skin effect; it is well known
that the skin effect in conductors wound
into coils is not an effect symmetrical with
respect to the axis of the wire, but makes
the current crowd into one side of the
wire. This increase in skin effect, due
to mutual induction between the various
parts of the wire making up the coil, has
been approximately figured for single lay-
er coils but I recollect no solution for mul-
tiple layer coils. I much doubt if anyone
has solved the problem.

Prof. Hazeltine notes the phase of these
eddy currents with respect to the working
current as lagging 90 degrees. It is to
be remembered that all skin effects have

]
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strong’s paper presented before the In-
stitute of Radio Engineers, March 3, 1915.
Immediately after the presentation of this
paper, I worked out mathematically that
this should occur in certain-cases, and veri-
fied. the theory by experiments at audio
frequencies, where there could be no doubt
of the change in frequency or the existence
of beats. Even at radio frequencies the
"click and sudden drop in wing current due
to change in frequency are readily dis-
tinguishable from those due to the start
of an oscillation.

In regard to the calculation of r, it
is common knowledge that energies of os-
cillation of two tuned coupled circuits are
equal, provided the coupling is not too
loose. There is thus a definite resistance
in one circuit which will be equivalenf to
any given resistance in the other—con-
trary to a statement of Professor More-
croft. In the circuit used (Figure. 3 of
this paper), this is exactly true as long as
the coupling exceeds the power factor
(resistance divided by reactance) of the
test circuit, which means less than one per-
cent. Tests could be made at any coup-
ling closer than this critical value, were
it not for the tendency of the audion to
“hold on’’ to the original frequency after
the tuning point is passed. Practically,
then, tests were made at the critical coup-
ling, which is not difficult to determine.
With still looser coupling, of course the
computed resistance would be too low. The

correctness of the method was checked by
making measurements with and without a
known resistance in series in the test cir-
cuit. I expect to give the mathematics of
this circuit in a paper before the Institute
of Radio Engineers in the near future.
I do not claim that this method of meas-
urement is the best possible.. It is simply
a method available to practically .any ex-
perimenter as it employs common appara-
tus only. It is my hope that others will
try it out and develop the technique. My
results with crude apparatus were probably

accurate within 10%, but the methéd -

should be capable of giving much greater
precision—say within 29 under good con-
ditions. . . = . .
-President Armstrong’s remarks on the
early use of multilayer coils in radio work

add evidence to the contention in the in-

troduction of my. paper—that they have
not the novelty supposed by Professor
Morecroft. .. .
Mr. Austen Curtis’s experience with
coils of different self-inductance indicates
that his coils must have had considerable
eddy-current -loss. I must refer to the
conclusion of my paper, that efficient radio
coils must be made with stranded wire.
When this is used, the multilayer type will
be preferable to the single-layer type for.
all wave lengths down to about 1,000. me-
ters. Below this limit, with the commer-
cially available Litzendraht, the single-lay-.
er type will usually be preferable. .

ERRATA in “LOSSES AND CAPACITY
OF MULTILAYER COILS” (February 16,
1917) by Professor L. A. Hazeltine, Pro-
ceedings of the Radio Club of America,
April; 1917. .

In the notation table the following cor-
rections should be noted. The symbol for
permittivity (line 9) should be the Greek
letter “epsilon” ,as in equation (1). The

symbol “I’’ should precede ‘“‘current” (line
14) and the four symbols now following
“I” should each be moved up one line.” On
the last line the symbol “x” represents ‘“‘in-
sulation thickness between layers’” divided
by “pitch of layer”. In equation (18) the
expression in brackets should be squared.
In Figure 3 a stopping condenser should
be inserted in series with the grid.
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DISCUSSION
of

Professor J. H. Morecroft's Paper on

“Inductance and Capacity Phenomena”

Presented befere the Radio Club of America
January 19, 1917

. . Copyright, 1917, by The Radio Club of America.
(This paper was published in the March, 1917, issue of “QST.”)

Hawley O." Taylor: Professor More-
croft’s observation that the potential wave
on an antenna in which a condenser is
placed has no node (that is, the potential
line seems to jump across the axis of zero
potential without touching it) may seem

77 .x

Figure 1

curious but it is borne out by work in
other lines of physics. An instance that
may be cited is in connection with an ac-
oustical investigation described in an arti-
cle entitled, “A Direct Method of Finding
the Value of Materials as Sound Absorb-
ers,” (Taylor, Phys. Rev., Oct., 1915, pp.
270-298). g

It must be remembered that a stationary

wave cannot be represented by a single

curve, since the elements in vibration are
displaced equally on both sides of their
equilibrium positions, but of two lines
placed symmetrically with respect to this
axis and constituting the envelope of the
maximum displacements of the vibrating
elements of the wave. .

In the article referred to it is shown
that when a train of progressive sound
waves of amplitude, p, Figure 1, moves in
the positive direction, say, then all points

. in the ‘medium in the path of the waves
move through a distance 2p (shown by

the shaded portion). If a second train
of progressive waves of the same wave
length but of amplitude, r, traveling in the

opposite direction meets and combines

with this first train then there will be
some points in the medium which will move
through a greater, and others through a
less, distance than before, as shown in
Figure 2, shaded portion. :

The maximum amplitude - (where crest
meets crest and trough meets trough) will
be p+r, and the
(where crest meets trough) will be p—u.
Such a condition as this is brought about
when a train of waves is reflected, those
reflected meeting and- combining with the
on-coming waves forming a stationary
wave and may be observed in any branch
of physics where waves or vibration may
occur. It is thus seen that in general
the potential wave on an antenna is
nowhere zero except in the special case
when waves traveling in opposite direction
are of the same amplitude (which cannot
occur on reflection.)

The coefficient of absorption of poten-
tial on reflection of the waves at the end

.of the antenna may be computed from the

values of ithe maximum and minimum am-
plitudes of the stationary wave on the
antenna.

If P is the coefficient of reflection, then

Figure 2

Let m = maximum amplitude of the sta-
tionary wave and n = minimum amplitude
of the stationary wave

9

= b b e

minimum amplitude




Then m = p+¢
and n = p—r

from which m-+4n
p =
2
and m—n
r =
2
Therefore m—n
P=
m+n

The coefficient of absorption, oc, of the
electric potential on the antenna, would
be given by : )

. . B, m—n 2n
; . m+n m-+n

L. A. Hazeltine. Professor Morecroft is
a firm believer in the idea that phenomena
at high frequencies may be studied and de-
scribed. by experiments made at low fre-
quencies. Though this may be legitimate
when purely qualitative results are desired,
it is likely to mislead when quantitative
results are presented, as in his paper. Thus
the tests of Professor Morecroft( Figure 1
and 2 of his paper) showed the reactance
of the test coil to be of the order of 15
times its resistance; while in any well de-
signed radio coil the reactance will be over
150 times the resistance. Moreover, the
ratio of reactance to resistance in some
cases enters as a square; for example, his
Figure 2 shows a coil at 38% coupling to
have an equivalent resistance at the reson-
ant frequency of about 20 times the actual
resistance; while in a radio circuit at the
same coupling the equivalent resistance
will exceed 2000 times the actual resist-
ance. - It is, therefore, evident that the
curves of Figures 1 and 2 are in their pro-
portions entirely different from those which
would be encountered in radio apparatus.
This is also evident from the fact that the
equivalent resistance, as shown in these
curves, remains at a large fraction of its
maximum value for a range in frequency
of 10%, which indicates so broad a tuning
as to be out of question in efficient radio
work. .

Professor Morecroft proposes definitions
of inherent capacity and self-inductance
of coils'in terms of dielectric and magnetic
These definitions

10

energies, respectively.

give the result that both capacity and self-

inductance will vary with the frequency— ‘

usually in a manner that is difficult to de-
termine, either by calculation or by test.
These definitions also make inapplicable
the usual formula for calculating wave
length (or frequency) from capacity and
self-inductance. The writer believes that

jn general the customary method of as-
suming the self:inductance to be constant
and then calculating the effective capacity
from the self-inductance and the measured
wave length is preferable from a stand point
of simplicity. '
then vary with the frequency, in a man-

ner which can be determined by experi-

ment. Professor Morecroft suggests no
way in which his definitions of capacity
and self-inductance can be applied to actual
measurements. :

The following statement appears in
Professor Morecroft’s paper: “A long sin-
gle layer solenoid with no resistance (ital-
ics his) has indeterminate capacity from the
standpoint of energy because there is no
difference of potential between any of :its
parts and hence no -electrostatic field is
set up.” This is quite in error, for the
difference in potential in a coil is due al-
most entirely to its alternating magnetic.

flux, which would remain even if the re-

sistance were zero. In fact the effect of.
resistance on the value of the potential
difference is ordinarily so small as to be
negligible. Possibly Professor Morecroft
*had in mind the conditions with a direct
current in the coil, but this is not apparent
from the context as in the preceding sen-
tence (and, in fact, throughout the entire
preceding portion of the paper) he refers
to varying frequency.

The above discussion omits reference
to Professor Morecroft’s statements in re-
gard to the supposed novelty of multilayer
coils and of his method for' calculating
their capacity, as this matter is covered in

the writer’s recent paper before The Radio

Club of America, as published in the April,
1917 issue of “QST.”

John H. Morecroft: Professor Hazel-
tine’s surmisal that conditions with a direct
current in the long single layer solenoid
were had in mind is quite correct.

The capacity, alone, will,

.
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Motlonal lmpedance Cn'c]e

, By quley 0.

of tile Telephone Recelver
Taylor, Ph. D. R

[ : . (Research Engineer, National Electric Signalling Company) .

Copyright, 1917, by

“The Radio Club of America .

N .order to find motional" impedance,
means are required for determining
the total impedance of. telephone re-
ceivers for various frequencies. .The

. ordinary impedance bridge, as shown

in Figure 1, is suitable -for this purpose.

— (¥

—/

To Vreeland
Oscillal’or

o

Impedance Bmdge

- Figure 1

(Bibliography 3, p. 446) " The ‘telephone
receiver ‘is placed in one arm of the bridge
and the resistance and reactance compe-
nents of its impedance are balanced: by
adjustment of the resistance and induct-
ance in another arm, as shown, until si-
lence ls gwen by.the indicating telephone
which spans ‘the bridgé. In .the observa-
tions made, the ‘source of oscillating elec-
tromotive force was the Vreeland Oscilla-
tor, and the potential across the bridge
was maintained constant at about 15 volts.

Readings were made for the 'damped
impedance of the receiver. This is the
impedance when the diaphram is not al-
lowed to vibrate. The damping of the
diaphram’s vibration was accomplished by
connecting the diaphram to a large brass
cylinder by means of a brass rod; the re-
ceiver was supported in a horizontal po-

- *Presentéd before THE RADIO CLUB
OF AMERICA, March -23,-1917. - :

sition and the connection. was so.made.
that the diaphram was not strained or:de-.
flected from its normal rest position., Im-
pedance observations were made for a
range of frequency which included the
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Dampéd Impedance
Figure 2

natural frequency of the diaphram, and
when the resistance for each frequency
was plotted as ‘abscissa and the corres-
ponding reactance as ordinate, a curve
was-obtained- like ‘that shown in Figure 2.
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The impedance of the telephone recejver
at any given frequency is representd by

th line joining the origin with the point’

on the curve corresponding to this fre-
quency. ’

Following the set of readings for damp-
ed impedance, a set was taken for the
free impedance of the receiver, that is,
when the diaphram was free to vibrate.
When the resistance and reactance com-
ponents of the free impedance were plot-
ted in the same way as those for the damp-
ed impedance, a curve was obtained like
that shown in Figure 3.

account of which was published by Ken-
nelly and Pierce in September, 1912.
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150 200 2350 R

Free Impedance:
Figure 3.

If the curve for free impendance is su-
perimposed upon that for damped impe-
dance and the points in each correspond-
ing to the same frequency joined by
straight lines, as shown in Figure 4, these
lines will represent the impedance for the
given frequency due entirely to the vibra-
tional motion of the diaphram. By draw-
ing these lines radially from a single
point, one end being at the point and the
line extended in a direction parallel to
that in Figure 4, the far ends of the line
will lie upon a circle, as shown in Figure
5. This circle is the motional-impedance
circle of the telephone receiver, the first

12

~
. 150 - 200 250 ®
Impedance_due to Vibration
of Diaphragm:

Figure 4
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Figure 5

(Bibliography 1.) If the differences be-
tween the resistance components of the
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free and damped impedance are taken for
each frequency and plotted as abscissas
against the corresponding difference -of

-the reactance components of the motional-

impedance as ordinates, the same circle
will be obtained, and this is the usual way
of handling the data for plotting the mo-
tional-impedance -circle.

The frequency -corresponding to ‘the di-
ameter of this circle is the matural fre-
quency of the diaphram and the angle

(P +5)

. which this diameter makes with the resis-

tance axis, represents the lag in phase
between the velocity of the diaphram and
the current in the telephone coils, this lag
being due to hysteresis and eddy current
losses and to vibrational variation in the
air gap between the diaphram and the
pole pieces.

The equation -of motion of the diaphram
is -

oy vk +sx=f (@)

where m = equivalent mass of the dia-
phram {grams) r = mechanical resistance
constant (dynes per cm. per see.) s =
elastic constant (dynes per ecm.) and f=
instantaneous pull on the diaphram (dynes)
= Feiwt where F = the maximum pull
at .any frequency.

The solution of this equation for any
velocity is :

4 £
X= > 5
Ar® + (e - 3)
+ (a vanishing factor) (2)

This solution correspends to

1: ' £ IRV (3)
AR+ (Lw - ga)

of the well-known electrical .equation

Li+R¢+g=¢ )

The phase angle, -¢, between e and i is giv-
en by

U
tan | e=t 2 )

and similiarly the phase angle, a, between
£ and x in the case of mechanical vibra-

tion is given by

1 w ~ 2 6
= . m ) ()
lan oC = r

If the phase angle, «, is computed by
means of equation (6) for a mumber of
frequencies distributed ‘throughout the mo-
tional-impedance circle and the corres-
ponding diaphram velocities are computed
by means of equation (2), the curve plot-

ted to polar .coordinates between « and
x will be a circle, as shown in Figure 6.

1A

Yelocity Circle of
Telephone Diaphragm.

Figure 6

The diameter corresponds to the velocity
when
o)

mw= :D- b
thsat is, when
o= v
‘The value of this velocity is

1 F

x= 8

r
13
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and the frequency corresponding to it is

‘the natural frequency of the diaphram.
All other velocities make an angle, «, with
the diameter. - :

" The meaning of the Celocity circle-may
be obtained by considering the angular
vibration of a system composed of a. tor-

“sion- pendulum, to which is suspended an-

other very small - torsion pendulum, as
shown in Figure 7. (Bibliography 4, p.

Torsion Pendulum Model
for Telephone Receiver
Theory

- Figure 7

439.) The angilar ~displacemetit “of the
large pendulum twists the top of the wire
suspension of the small pendulum in the
same way that the current in the coils of
the telephone receiver produces a pull on

the diaphram. The length of the suspen-

sion of the large pendulum is first adjust-
ed so that its frequency of vibration is
less than the natural frequency of the
small pendulum.. The vibrations of the
two pendulums are then in phase and the
amplitude of the small pendulum is very
small. Remembering’ that vibrational ve-
locity leads vibrational amplitude by an
”
angle of —, it is evident that the ve-

2. e
locity of the small pendulum is leading
the amplitude of the larger .pendulum by

m
an angle of — This is shown by the

angle BOA of Figure 6-where OB is the
axis to which phase is referred,.that is,
it represents the vector displacement of
the large pendulum which corresponds to
the current in the telephone receiver; and

‘OA represents the vector velocity . of :the
-small pendulum which corresponds to: the
vibrational velocity of the telephone -dia-
phram  (barring the - lag angle B, 4+ P.)
Suppose now that the suspension of the
large pendulum is shortened so that its
frequency is the same as the natural fre-
quency of the small pendulum. Its am-
plitude of vibration is seen to ‘be very
large and-to lag behind ‘the displacement
“of the large pendulum, the vibration of the
two pendulums being in quadrature. The
“velocity of the small pendulum is there-
fore in phase with the displacement of the
large pendulum and the motion of both
pendulums is given by the vector OB of
‘the velocity circle, Figure 6.° Thig ‘cor-
‘responds in the telephone recejver to the
“case of resonance when the frequency of
“the current is adjusted to the natural fré-
quency of the diaphram; the relation be-

‘tween the velocity of the.diaphram and the

current pulses is indicated by that between
the two pendulums. A further shortening
of the large pendulum causes its }freguency
,to begreater than the natural frequency
of the small pendulum and the amplitude
_of vibration of .the small pendulum ig.agaia

very-small and in phase opposition.to the

¢ vector : velocity of

Jarge pendujum. .Th
;he ' sr‘hall".p‘ehdulurri j;)éing" .at ':;r_vl:- angle‘z"'

ahead of phase opposition is represented
in Figure 6, by the line OC.  The vibra-
tional velocity: of the small pendulum thus
leads the amplitude of the large. pendu-

"

lum by an angle of — , in the same way

- 2 e e
that the vibrational velocity of the tele-
phone diaphram leads the current pulses
i T et

by an angle of —E when the frequency
of the current is greater than the natural
frequency of the diaphram.. The torsion
pendulum ‘Todel thus reproduces in 2 Teis-
urely way the vibrational phénomenon of
the telephone receiver which is transpiring
so rapidly that the eye can not follow it,
and 41l the “elemierits ‘of this phenomenon
are represented quantitively by the velocity
circle of Figure 6- (except:‘for the lag
angle, 8, + 5,). - . S

The intimate relation between the velo-
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¢ity of the diaphram and the motional-im-
pedanece circle are thus clearly shown; in
fact the velocity of the diaphram is the
cause of the motional impedance circle and
for this reason the properties of the mo-
tional-impedance circle may be used to

-enable facts to be discovered concerning
-the motional constants of the diaphram.

If the amplitude of vibration is the same
at all points of its surface, that is, if the
diaphram has the motlon of a piston, then
the equivalent mass, m, is equal to the
active mass, M, of the diaphram. The
active mass of the diaphram is the total

‘mass of the diaphram within the clamp-

ing ring. In the ideal case when the am-
phtudes along a diameter are given by the
Bessel’s equation for a diaphram with a

fixed boundary, (Bibliography 2, p. 131) .
-the equlvalent mass i$ given by ‘

183 M )
Due to dissymetries in construction and
pull, the ideal curve of amplitude is dis-
torted so that the equivalent mass is us-

ually increased. For the diaphram in the-

usual commercial type of telephone re-
ceiver, an average of many motional-im-
pedance circles gives an approximate value
of the equivalent mass,

m=.3M (10)
The elastic constant, s, is given by
- PY
8 = k " (11)
where t = thickness of diai)hram’ (ems.)

Y = Young’s modulus
‘ em.)
“ D = diameter of clamping ring,
(em.)

) *%ifynes per

If therefore, s, t, and D are known for

one telephone diaphram and t and D are
known for a second telephone diaphram,
s for this diaphram may be computed ap-

proximately. The following: constants
were ascertained for a certain. telephone
dlaphram

D=5 ocm

t = .03 cms.

S = 40,000,000 dynes per cm.
M = 3.87 grams
m=.3 M= 116 grams
The elastic constant for another tele-
phone diaphram is, therefore, given by

40,000,000 x 5*x t*
s = (12)
(.03)*x D*
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Having found m and s approximately,
the natural frequency._of the diaphram may
be computed by means of equation (7)

{ { N

| A5
fnl\'&u\j— )

. where n = natural frequency

For the particular case given

i 000
n=i- [20,000,

cles
e =935 ¢y

If, in Figure 5, a diameter is construct-

ed perpendicular to that corresponding
to the resonance impedance of the receiv-
er, the frequencies corresponding to the
quadrantal points so located make it pos-
sible to compute the mechanical resistance,
r, of the diaphram. (Bibliography 1, p.
146). Let n, ,be the lower, and n, the

higher frequency, then
where

A=7(ng — 1)
A ( Em) (hyp. rad. lsec.)
the damping factor of the diaphra'rﬁ

Therefore ]
r .
— = 2" (n,—m,) (14)
m PR
where (n,-n,) represents the range of the
resonance. R

Thus, when m is constant, the range of

resonance increases as the resistance con-,

stant increases. Also, for constant r, the
range of resonance increases as the equiv-
alent mass decreases. Hence the sharp-
ness of tuning of the diaphram is regulated
by the mechanical resistance and eqmv-
alent mass of the diaphram. :

In radio work, it is important to~know
how to construct a diaphram for a given
purpose, as for highly selective or broad
tuning; and the expressions deduced from
the analysis of the motional-impedance
circle give the necessary information. As
an example, the reasonance curve may: be
plotted using as coordinates, x and .
For a diaphram of mass m, thickness, t,
and diameter, D, let the resonance be rep-
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resented by the ordinate, il, in Figure 8.
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Variation of the Resonance
and its Tange with Thickness
~F Diaphragm.
“« Figure 8 »
L o .

If this diaphram be split-in half so that

&

its thxckness is t‘l "L 1ts mass will

AN

¢ w
i

R

4,::«.-&_‘,3;‘.&,:.

then be

and its elastic' constavnt. will be 4 C

8= K(L) =% ‘%'

The new natural frequency will be
(R EOFIN
m

gm-_2 27
corresponding to a tone one octave below
that of the original diaphram; and the new
range of iesonance will be

m= 20

by —(ya 2r
—_— =ng)=2L
™z i (02 ni)..m
* which is twice as large as the range of
resonance of the original diaphram.if r
is assumed to be constant, r is largely due
to air friction but not entirely, therefore
a slight decrease in this quantity is prob-
able as the diaphram is made thinner. An
interesting research would be to ascertain
the preportion of air friction and internal
friction ‘making up the mechanical frict-
ion, r. Some idea -of this might be gained
by noting the resonant velocity of the dia-
.. phram as it -is made thinner and thinner.
If r is due entirely to air, this velocity will
remain the same in every case when the
vibrating pull on the diaphram has a con-
‘stant maximum, as.seen from equation (8).
The resonance curves of Figure 8 are plot-

. o

ted for constant r and for the thickness
of . the diaphram reduced one-half twice
and doubled once. . It is readily seen that
for a fairly good response. over a wide
range of frequencies, that is, for broad: tun-
ing, a very thin diaphram 18 requlredg b
if highly selective ‘tuning igirequired; &
- diaphram should ‘be made ‘l;lncker
location of the natural pe;pod .may ¥
be adjusted by means of other, anable
properties of the diaphram.
If the diaphram is not held umformly
around the boundary, parasitical vibrations
(Bibliography 4, pp 434-438.) may -occur.
which are Superimposed upon the vibration
of the diaphram and derive_their energy
from it. These parasitical vibrations re-
duce the amplitude in the frequency re-
gion where they occur, and if this frequen-
%y should be very near the natural fre-
quency of the diaphram, the single maxi-
mum amplitude would be replaced by two
maxima of lesser values. The possibility
:of this occuring should be borne in mind
¥ when ‘computing the motional constants of
thé diaphram without having found the’
motlonal—lmpedance clrcle of the telephone
receiver.
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