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A NEW PRINCIPLE OF SOUND FREQUENCY ANALYSIS

By THEODORETIDIODOESEN

SUMMARY

In connection w“ih a .Wdy oj aircrajl and propeller
noises, the National Adtiory Committeefor Aeronautics
hm deceloped an instrument jor iwund--equemy ana.ly-
ei~ which differ8fmo?amenta@jmm prem”ow%types, and
which, owing to ifs eirnplioity of principle, eimtruoti.on,
and operatih, has PTm-d io be of-value% ;his inceetiga-
tin. l%e meihod is based on ihe welLknown fact that
the ohmic low in an elmtrical resistance i-s equal to the
sum oj the lo88eeof the hurmonic components oj a com-
plex warn, eaceptfor the ca80 in which any two compo-
n+mt8approach or attain vectorial identity, in which case
the ohmic to88b in-crea8edby a dq$nite amount. l%i.e
fact ha8 been uiilizedfor the purpo8e of frequency analy-
& by applying the unknown complex dtage and a
known uoltageof pure tine form to a common resistance.
By oarying thefrqmmoy oj the ldter throughoutthe range
in gyestian, the imdiviilualmmponeni8 of thejormer wit?
manifed thern8ehx8,both with reepect to intensity ae well
a8>eguency, by changee in the temperatureof the rmist-
ana. Thi3 principle of frequenq analyei.e ha8 been

preeented muth.mnuticallyand a number of distinct ad-
uantagm relatice to preoious methods hare been pointed
oti. Among theee i.e t)wfact that thefrequency di.mrim-
ination or re801rnn.gpower is inherently large and remain8
mnatant foT the entire working range. No di@ultie8
exist as to di8tortion8 oj any kind. The jidelity of
operation depends 8olely on the quality of the associated
wmuum-tubeegwipment.

An automatic recording inetrunumt embodying this
principle is deecrihd in detail It employ8 a beat-
freguivwy oscillator as a murce of oariabbfwguemy. A
large number of experimeni8 hare wriied the predicted
superiority of the method. A nmmberof repre8Ma#itx
recivde are pmented.

INTRODUCTION

Almost au ana@rs depend on some mofication
of the principle of resonmce or selective response.
Site HelniboLz, it has been customary ta employ a
series of fixed resonators of Imown frequencies for the
sdysis of acaustio waves, the ear be@g depended on as
a detector. Of a more recent date are analyzers em-
ploying electrical rescnwme. A condenser 0 arranged

m series with an inductance L shows resonance at a

dT By changing the value of L orfrequency n=; ji-C.

C, or both, the desired range of frequencies may be
investigated.

This method has, however, 8 number of obvious
difEcuIties. If the sdf-inductance be kept constant
and it is desired to cover the ordinary voice range be-
tween, say, 20 and 10,000 cyckx per second, a change
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in capacity in a ratio * or 260,000 is required,

which is highIy impracticable. It then becomes neces-
sary to vary the inductances also, and thus to employ
a battery of inductances and condensers in connection
with a complicated switching system (Refertmce 1.)
The condensers in particular are subject to Iarge tem-
perature variations. This fact makes it impossible,
or at Ieast very diflicndt, to pre~ent overlapping or
gaps between the various steps. The operation of
the necessary switching eqtipqent is en undesirable
feature, and, furthermore, the response characteristic
of such a simpIe electric resonator is inherently poor.
To obtain any sat-tiaction in this respect a multiple
system of tuning must be resorted to. This direct
method has never proved to be of much practical
vaIue.

h order to avoid such difbuhiee, attempts have
been made to transfer the sound spectrum to a higher
frequency Ievel—that is, to use a so-called modulated
spectrum.

If a current is ampliikd through a nonlinear ampli-
fier, the output contains a number of new components.

—

The frequency and intmsi~ of time components bear
a cextain relationship to the original constants. This
new distorted spectrum offers some possibfitiies for the
measurem&t of frequencies indirectly, that is, at

.

higher or lower Ievels. The new speotrum, however,
is crowded with a confusion of undesired frequencies.

The Bell Telephone Laboratories have rematly pub-
lished two reporte relating ta analyzms of dris @e.
In one of these mslyzem, dwcribed in a paper by
Moore and Curtis (reference 2), the auxilimy current
is changed in frequency throughout a rangefaextending
fim 11,000 to 16,000 cycles, while the receltig unit
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is tuned to 11,000 cycles. In a second analyzer by A.
G. Landeen (reference 3), the auxiliary current has a
frequency around 40,000 and the receiver element is
tuned to about 800 cycles. This instrument is adapted
only to a frequency range in the neighborhood of
40,000 cycles per second. Since the Bell analyzers,
employing the method of heterodyning the current to
be analyzed with the current from a -rariabiefrequency
source, are properly representative of such instrument,
we shall devote the following section to a discussion
of this method. We shall thfi present the theory of the
hot-wire method of frequency analysis, give a descrip-
tion of the instrument, ahd also discuss the operating
characteristics of the new recorder.

THEORETICALCONSIDERATIONSREGARDING PRE-
VIOUSMETHODSFOR THE ANALYSISOF COMPLEX
CURRENTS

h approximate idea of the energy distribution in
the moduIated spectrum may be obtained from the
following analysis,

Let the distortion be given by the relation

1, =Ao+A, (V+X) +A, (V+ A7’+A, (V+x)a + - (1)

where 11is the plats current of a vacuum tube, X and
V are voltages impressed on the grid, and .&, Al, etc.,
are constante of the circuit, Let X represent some
unknown voltage of any wave form and V a kiown
voltage. If the unknowo vo~tage X is impressed on
another tube with its representative vectur turned
180°, the resulting plate current in this tube circuit
equals

I,=&+ A,. (V–X)+A,m (V-X)’+ ._(l’)

With the two tubes working in a “push-pull” arrange-
ment, the output is proportional to the difference of
these two current8.

ThN diilerence equals

11–12 = (&–&m) + (Al –A,m) T7+(Al +AIJX
-t (A2–A,=) (P+ X?) +2(AS+A*JVX+ -.(2)

This difference current, or, rather, some proportional
quantity, is now usually fed into a resonant circuit for
detection.

With careful matching of the circuit elements

(.% =AOm,A,=A1n etc.) the expression (2) reduces to

l,–I, =2A,X+4A, VA”+ --------- (2’)

This distorted spectrum contains the original fre-
quencies as indicated by the term 2AIX.

The next term 4A*VX exhibits a spectrum which is
concentrated around the wave length corresponding
to the known current V.

Let the frequency of the knom current be n and let
the frequencies of the complex current X be nl, %, %,

&to. The spectrum of the term 4AZVX may then be
shown to contain the frequencies

~+~1, 7L+T12,~+~a,etc., ~d E&O

n–nl, n–na, n–%, etc.

Let us assume thatithe original current represents a
sound with a frequency range extending from O to
10,000 cycles per second. If the frequency n be kept
constant, say, equal to 40,000 cycles per second, a dis-
placed spectrum is obtained extending from 40,000 to
50,000, wide a remmed issue extends from 40,000
down to 30,000. The situation is shown schematically
in Figure 1.

Theoreticall~, we might analyze the displaced
spectra B or C instead of @e original spectrum A in
Mgure 1. DifYicuItiesexist; however, with respect to
the sharpnessof the tuning, The internal rwistance of
“ther~onator circuit can not be made sufficiently small
sad the frequency discrimination is therefore poor.
It is clii3icult to detect a small component at say,
n =39,000, if a large component is prwent at n = 40,000.

~IOUIE L-Ori&’tnd and diaPhcd s-

& improved method has been devised by Moore
and Curtis (reference 2), in which the known frequency
Vkmmied while the receiving elemmt remah tuned to
a single fixed frequency. This scheme permits the em-
ployment of muItiple-tuned circuits for better response.
Moore and Curtis have employed a mechanical reso-
nating element tuned to a frequency of 11,000. The
original paper should be consulted to appreciate the
difficulties inherent in this method.

The main objection to the method of employing a
modulated spectrum for frequency analfis is the fact
that the entire spectrum is crowded by unwanted
frequencies. Equation (2’) represents the ideal condi-
tion only if terms of higher order than the second are
negligible in equations (1) and (l’). A very limited
range of the tube characteristic will satisfy this require
ment. It is,however, alsonecessary thatfu = & etc.,
which fact is obvious from (2). Anyone who has
attempted to accomplish this matching will know that
the dasign of an instrument of practical value on this
basis is out of question.

PRINCIPLESOF THE HOT-WIRE FREQUENCY
INDICATOR

We shall describe in the following pages a new type
of instrument based on an entirely different phenonle-
non and shall also attempt to give ite complete theory.
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A remarkable property of the sine and cosine func-
tions is that of orthogonslity. If ~ and B me two such
functions, the integd of their product equals zero if
the integd is extended ovar a certain range, provided
that A and 13are of differat order. If A and B artiof
the same order the integral is no longer zero, but haa
a detita mdue.

Applied to electrical phenomena, it is known that the
resistance loss of an electric current is very dependmt
on the wave form. In particular it is recognized that
several alternating currents may be, tmns~tted over
the same distribution syska independently of each
other as far as the resistance 10ss is concerned, pro-
vided their frequencies are all different. Let us -Ume
that a number of frequencies are preseit and that one
more current be added. If the new component happens
to coincide vectmiilly with one of the original curremti,
an unexpectedly great resistmce 10SSwill rwdt. It
occurred to the author that this ~henomenon could be
employed as a bssis for a new instrumental method of
frequency analysis.

We wiII mention at orLcethe peculiar fact that the
very slowness of the response of a resistmce wire,
which usually is an undesirable feature, in the present
case is even of value in certain r-pects. Only fre-
quencies close ta zero wiU appear in the temperature
response, a property which may be compared to that
of a low-pass falter,and tie greater the thermal capacity
the greater is the resoltig power of the system.

Let two currents I and i be supplied simultaneously
from two independent sources to a common resistance
1?. Let the current 1 be of any form whatsoever and

let it be written in the form ~ Is where In refers to the

instantaneous values of the harmonic components.
Let i be a sine curnmt of lmown frequency. The heat
developed at any time in the resistance depend$ on
the square of the instantaneous value of the current
passing through it,

~=(.L+12+Ia+. . . +-i)’ R.”

Integrated over a certain time t, we obtain

sH=lt @+LZ+I/+2 11Ia+2 L 13+2 Iz IS+P
0

+2i 11+2i 12+2i Is+ . . .)dt,

where His expressed in calories or watt hours.
This integral may be simpLhied. We will not go

into any mathematical detail, but just refer ta current
textbooks on trigonometric functions. ,The products
LIZ, Us, etc., in the integrand may all be omittd,
since they do not contribute anything to the value of
the integral. Furthermore, if i happens to diRer in
frequency from any of the component parts of I, the
products {11, ii,, etc., are also of no effect in the
integrand.

The amount of heat developed in the rwistance is
then simply

E, however, i is idenficui in frequency and phase
udh one of the component parts of the unlmown cur-
rent, say the ni~ component 1s, the quanti~ of heat
deveIopecI is increased by

J2R ‘i I.&.
o

If the currents i and 1%happen to be opposite in
phase, the heat developed is de-creaeedby

By adopting the symboIa i and Ix as representing
the effectiw values of the currents and~assuming the
currents to be in phase at f = O, we may write

J
t

AE=4 RiIa Sinqisinultdt
-t

or also

r
AH=2 RiIx ~ [COS(al–co,) t–COS (a,+co,) t] df.

—,

-—

-T

..
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—

If this integd is extended over a sufficiently long
time the average value of the integrand approaches
zero. We are primarily interested in the particular
ease in which the two frequencies are nearly alike. The
resistance wire will then eibibit a rather sloy periodic
temperature wwiation. The masimum quantity of
“-c-” heat developed at one time is obtained by
extending the Iast integral from the tie when

---
(u,- U,)t=–~ to tie time when (cq-uJt=+~; that

is,over the positive half period of the first term
EOS(al– 4 t of tie ~tegr~d. The sec~d term
cos (Wi- %) t contribu~ nothing and maybe omitted.

The mhum value of M is then equaI to

2R’iI.
J

6
Cos ptdt =

#“–;

where p is equal to w—%.

By introducing T=; whcweT equals the hdf period,

we obtain further

rbk value iS SCIUaI

doped during t-he
>xactly in phase.

-.

.

AE=Z.LR;T.
,

to
2
~ times the “excess” heat de-

same time if both currents were
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Figure 2 indicates the effect. In (2A) both currente
are in phase; in (2B) they are exactly out of phase.
The former condition causes a permanent increase in
the temperature of the resistance, the latter a de-
crease. In (2C) there exists a dtierence between the
two imposed frequencies. The result is that th~ tem-
perature of the resistance increasw when the two cur-
rents are in phase and decreases when they are out of
phase. In other words, the temperature shows a peri-

odic change with a frequency equal to ~= vibrations

per second.
This fact is of practical value. ● A resistance responds

easiIy to ‘fSIOW”changes, while the higher frequencies
do not have any measurable effect, The actmd re-
sponse characteristic will be worked out in the foLlow-
ing.

It is convenient to employ vacuum resistances of
9malI thermaI capacity, The filament of a vacuum
tube is particuhmly suitabIe for our purpose. The rate

B’ ‘ : !
1

t 8

!

ij{’~“

Gb-renfs 1. anti zOJ of #zase?,
Illlil; l

1. ’.’”, ’.-:11 ‘1
c ~ d

Ihsfraflm of ‘beaf effecf’: ‘ 8 , Jo
currents Ii and i tiffer in frequency

FIGURE 2.—Heating &feds of the wMuct M

of energy supplied at temperature equilibrium is equaI
ta E, =cuUP, where a is the radiation conatrmt, A the
surface area of the resistance, and T the absolute
temperature.

The assumption that all the heat iE dissipated as
radiation is neady correct because the heat loss which
is due to convection is negligible; furthermore, the
temperature of the surroundings is small compared
with the filament temperature T. In this eqll~tion

E, may be considered to express the constant (aver-
age) ebctric input to the vacuum resistance.

We know from the preceding analysis that

where IN and i are the effective vaIues of the currents.
Any instantaneous increase in the electi”c input will

have two effeete-it wiII increase the heat energy
stored in the wire and it will increase the radiation loss.

The rati of “excess” heat developed may be ex-
pressed by a vector. The magnitude of this veetor
equaLae= zRiI~ and its anguhw veIocity is til- ~h= p.

Assume further that the -wire shows an “excess”
temperature of AT.

The excess radiation is consequently
CYA(T+AT)4-CZAT4 or

It is seen that AT may be as much as 10 per cent of
the value of T without causing apprcciablo inaccuracy

AT
by neglecting all but the first order term of ~ ●

The excess radiation may than be esprcsscd as
.

4cY&P AT.

The rate of heat absorbed by the wire is simply

VW--$ AT where c is the speci6c heat of the rosistnnco,

-y the density, and V the volume.
We may then mite for the instantaneous vahwa

...
d

e=4c.APAT+ Vycxi AT or with iiT=AT~ sin p t,

E=4aAPATm sin p t+ VYCAT~p cos p-i,

v

FIGGEX3.—vector dfCWWUrePv2zl3nt-
tng the rate of %xeeas” enofgy Input
4a9tll!z,9111nofthGlnteof %caia~~
md18tion Sand tha ratE of “ems”
heat+torfng c

The vector diagram in I?igure 3 indicates the situ-
ation. The vector e representing the “excess” energy
input is ahead of the vector 8 representing the radi-
ation. The angle of Iag of the temperature is given--
by tan h=~=tix&~ where C represents tho C(excess”

heat absorbed by the heatzapac.ity of the wire.
We obtain from the diagram:

or (VIJCATmp)2+ (4CL4PATJ9= (2RiI.)Z

This expression can be brought into a
venient form by introducing the relation

.-~

-. —..—

more con-
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The energy Iiberated by tha equilibrium due of
the current is equal to a2Y (A= 1).

F’or the time inter-ml dt we may then write

The equation expresses the fact that the percentage
increase in the temperature is equal to onequarter
times the percentage increase in the energy multiplied
by a certain factor (1+ tad A)-iP, or cos L

It is beyond our powers to influence the constants
of this relation vriththe ezception of the last-mentioned
factar involving the phase angle h.

The phase @e k- detl.nedby

‘m ~=kl%p”

Introducing the hydradic radius r =~, the expression

becomes
1

‘m ~=4z&p=zKf”
‘yCr

where K=—sLAP
The due of tan ~ is dh-ectly proportional to the heat
capacity per unit of vohnne ~c, to the hydrauIic
radius r, and to the frequency p. It is irmerdy
proportional to the radiatio~ constant a, and to the
third power of the absolute temperature T.

At this point attention is called to the peculiar
condition, mentioned edier m this report, that the
heat capacity of the wire, uauaIIy an unde&able
property, is responsible for the great SeIectitity
attainable by the hohzire method. It is seen that
tan his zero when p= O and that full “ampli&ation”
always is obtained in this case. The “width” of the
response depends on K. It maybe of interest to men-
tion the fact that a vacuum mistance a tenth of a
millimeter in diametw is entirely too selective for all
practicaI purposes.

There is not much choice as to the values of ~, c,
and a. It was found that to decrease the constant K
in order b broaden the response SufEcientlyl it is
desirable to employ a high temperature and to use a
resistance of a hydrmdic radius not more than about
on~thousandth of a centimeter.

It may be noted that the constant Kin the above
expression for tm h corresponds to the time needed
in heating the wire from absolute zero to the temperat-
ure T, assuming that all the energy liberated by the
equilibrium value of the current is absorbed by the
thermal capacity alone.

The initial rate of temperature rise at room tem-

(7
perature $- , wiJl actually ftih a quantitative

indication of the constmt K.

dl’
()

a~=~cr —
dt ,

or
()

dT aT’ T.—. .
-iii , Tcr K

where T is the final temperature.

l%mm 4.–FiIament temperature_ Mm

ti Figure 4 the temperature has been plotted against
time. The thne needed to bring the temperature of
the resistance up to near its equihbrium vahm -id not
diff~ ~ea~y fiOm the magnitude Kindicated & the
figure. It is possible to obtain a fair estimate of this
time by means of a stop watch. For the 301–A tube
it is found to be about onequsrter of a second. A

directestimate by means of the forrmda K=~P yields

approximately the same value.
It was found convenient to employ vacuum tubes

h produce the effect. &rot only is the fi.kunent of
about the proper dimensions, but what is more impor-
tant is the fact that the temperature fluctuations of
the filament will produce corresponding changes in the

flow of the plate current. The currents ~ lZ and i

are supplied to the iilament, tmd beats occurring
between the variable frequency current { and any of
the unknown components I- wll mmifest themselves
as slow fluctuations in the plate cm”imt.

A low impedance mdliarometer was selected as the
most suitable indicator of the pIate current. It is then
advantageous to employ a step-down tmmsformer as a
coupling unit between tube and indicator.

Let us consider how this transformer affects the
amplification. The current in the secondary of the trans-
former when working into a pure resistance equals

““%J(5Y (4)

where AV is the equivalent voltage variation of the
tube caused by the temperature variation AT= of its

—

—

—
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filament, E is the total resistance of the primary circuit
including the plata resistance of the tube, RSis the
secondary circuit resistance, n equals the turns ratio
(n> 1), and L equals the primary self-inductance of
the transformer.

The above relation is correct only for R,= co. The
dependency of AI. on p is, however, expressed with
sufficient accuracy near p = O, and the simple form is
retained mainly for the sake of simplicity in the
following discussion.

For smttllfluctuations of the filament temperature it
is also sufficiently accurate for the present purpose to
assumeproportional changes in the plate voltage. The
factor of proportionality depends, of course, on the
temperature level or operating range as shown in

~GuER S.-plate onrrentofmultipliertukes M s function d fflamantcurrantfor
dflloront Ydu09 of @d hiaa

Figure 5. Let us write AV=m AT. in equation (4),
where m is a tube constant, and we get, hy means of
equations (3) and (4), the ilnal result:

or .

where

co=
2mT

nR~ @I~*+ is)”

This equation exprssse~ the fact-that the output
current A 1, is proportional to the product of the un-
known component 1. and the known current i. The
equation shows further that% 1, is a function of p,

the difference of the frequencies of the two currents.
The relation is of the form

A1, =C, @@)i Im,

The great convenience of an instrument based on this
principle is immediately apparent to anyone familiar
with the great complexity of difficulties aucountered in
the problem of sound analysis.

The most obvious advantage is the identical response
at au frequencies, The equation shows that the re-
sponse is dependent solely on the difference of &c two
frequencies and not on their absolute values. The
“width” of the response pattern is, for instance, not
greater at n =8,000 than it is at n= 80.

The form of the function @ (p) shows further that---
the response is rather critical, This is true whether a
coupkg transformer is employed or not. There is,

FIOURE 6.—AmpUdmtion of mnMPIIor tubed and output transfw.ner

however, a marked difference in the appearance of the
two response patterns; in the latter case the function

—<“h@(p) isoftheform — I ~ (see &, 6, curve” a)
4

with the maximum response occurring at p =0, The
sharpnessof the response depends on K,and in order to
attain the greatest resolving power of the instrument,
the r&stance element should be made heavy, Thco-
reticalfy, there k no limit ta the amount of sepmation
obtainable with such an arrangement,

‘Wth a coupling transformer the single respons~ at
p = O is replaced by a pattern which has two peaks
close to zero, one being an image of the other with
respect to the zero point.

The response. function @ .(p) is indicated by curvo
c in Figure 6 and by the records in Figures 16 and 17.
In thse figures the response intensity is plotted or
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recorded as ordinates against the frequency as ab-
scissas. The maximum response occurs at a vahe of
p equal to a few vibrations per second. By differ-
entiation of@ (p), this value is found to be

.

With K=~ second and the resist.ante-inductance ratio

equal to about 20, the greatest response occurs at
p =18 radians per second, or *3 vibrations per
second. The maximum response % (y) equals about
45 per cent.

This apparent loss of response intensity is more
than offset by the gain due to the more correct match-
ing of the measuring device (increase in the value of
~, in equation (5)).

There is, however, mother consideration to be takem
into account in this connection. The Iow-hquency
current A I is most properIy indicated by an iJMtru-
ment working on the tiration principle. II the
period is too close to zero, the time required to attain
maximum indication becomes too great for practical
purpllsm. It was found most satisfactory ta employ
an ordinary commercial miIIiammeterhawing a natud
period of about three firations per second. The
greatest response of the entire combination was thus
expected at about this frequency. The distance be-
tween the two peaks of the response pattern, charac-
teristic of this type of response, is actuaIIy chse to
six vibrations per second. (See figs. 16 and 17.)

DESCRIP!HON OF INSTRUMENT FOR SOUND FItE-
QUENCY ANALYSIS

A schematic diagra of the arrangemmt is shown
in F~e 7. A commercial type beat-frequency oscil-
lator is employed as a source of variable frequency
current. It is noted that both the emphtled sound
current and the oscillator current are fed into a cen-
tral unit termed “multiplier,” the wiring diagr- of
which is shown in detail in Figure 8. This unit is
the vital element of the instrument.

The sound is impressed across the primary of the
transformer T*. The secondary of this transformer is
connected to the neutral point of the secondary
winding of the beat-frequency-oscillator transformer Ts.

The combined output of the secondaries of these
transformers is supplied to the filaments of the two
audions MI and MI. It is noted that the angle be-
tween the two -roltages supplied to one of the audions
ditke. by 180° horn the angle between the voltages
supplied to the other tube. In other words, if the
phase angle dif&ence for one tube ia a then the phase
angle difference for the other tubes is r+ a. The
function of the high resistance potentiometers P2and
PSis ta permit a certain adjustment of the character-
istics of the audions by means of their grid -roltages.

The tokd plate voltage vtiation of the audions MI

and M2 is supplied to the grid of a power tube V con-
..—

stituting a I+t age ampIifier. The output of this tube
is matched to a low impedance milliammetw empIoyed ‘—
as a recorder by means of the step”down transformer
T4.

A close-up of the completi sound recorder is shown
in the photograph, Figure 9.

B-F
4KLn%ER a.m.#4-

t

FIGGBS 7.-&hematie dfsgmm of ~m=Y =fJY=

C is a condenser microphone.
A is the 4-stage microphone amplitler.
B is the beat-frequency oscillator with two stages

additional ampWmation at AB.
M is the muItipIier, and
R a photographic recortig device.
Figure 10 shows the recording detice in more detail.

lNote that the ti drum F and the dial D of the beat-
frequency recorder are mechanically interconnect.
The recorder contains, in addition to the cylindrical

—

FIGCM S.—wiring dlagmm of4ha makiphc

ti &u&, a driving motor and the milliammet~
which carries a small mirror. Light from a pornt
source is reflected by this mirror onto the flhn drum. -
The fi drum is thus trading in step with the beat-
frequency dial. A given point on the record wilI thus
shra~ correspond to the same frequency.

The original analyzer is shown in Figure 11. This
instrument emp~oyed no output transformer aft-w the
multiplier; the recorder was connected in bridge ar-
rangement across the tubes.

In the representative records reproduced in Figures
13 to 20 the ordinates indicate the intensity which is
recorded against the frequency as abscissas. The time

—-—
..—
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used for a complete record was 5 minutes. The op-
eration is entidy automatic.

APPLICATIONS

Up to this time the frequency amdyzer has been used
largely for the recording of engine and propeller noises.
These records will be published in a subsequent report.
To show the variety of probleme in @ich the analyzer
is a convenient and very powerful means of investiga-
tion, a few representative records (figs. 13 to 20, in-
chsive) are included and will be discussed. The

iLhmtratethe first step in the evolution of the prescn~
analyzer.

In contrast to this first record, Figure 14 shows a
later record of the sound from a telephone receiver
excited by a 60-cycle currenh. Tho sound output is
distorted by an intentional overloading of the receiver.
Tl@ record illustrates strikingly the great resolving
power of the instrument. The record extonde from
O to 3;000 cycdes per second. The harmonics appear
over.~the entire range, and the frequency discrimina-
tion is just as good at 3,000 cyckIs per mcond as it is

ROUP.E9,–The wmpleti sound rworder in experimental form

records are pr~ented also for the purpose of indicating
the properties of the analyzer.

The first record obtained with the original analyzer
based on this new principle is shown in Figure 13.
This record was obtained simply by letting the ampli-
fier pick up ,tho magnetic iield from a 60-cycle toy
transformer placed at some distance, with the field
acting on the grid circuit of the first tube of the sound
ampIifier. It is noted that all harmonics up to about
the twenty-fifth are recorded. This record and the
diagram of the circuit in Figure 11 are shown only to

near O. The slight crowding of the scale at the upper
range is due to the fact that the beat-frequency oscil-
lator employed did not have a straightAine frequency
characteristic.

Figure 15 shows the record obtained when the.
analymr is connected to a 60-cycle source of voltage.
Note the large 60-oycle cumponent and the absence 01
harmonics.

Figqres 16 and 17 show records similar to Figure 14
of the sound from an overloaded telephone receiver
driven by a 60-cycle current. This record is taken over
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the lower frequenoy range to show the response pattern Figure 12. The basic frequency is present as expected.
in more detaiI. Rather surprising, howevw, is the fact that the fourth

F~es 18 and 19 show the resolved sound issuing and the tith harmoni~ are predominant, whereas the
from a small 6-bladed propeller driven by a motor. The sixth is much smaIIer. By applying Fourier analysis to
sound was picked up by a carbon button suspended the probIem it can be shown that the spacing was such
close to the ‘tip of th~ blad~. The speed of the motor I as to favor the fourth and the Hth harmonics. .

.

F

1 D

FIGUEE10.—The photcgmphk recordtng device mecbanlmlly Merwnne&ed with the beat-frwuew -t-

was in the fit case 5,400 revolutions per minute EUId
in the second case 3,000. NTotethat the fundamental
frequencies appear at 540 and 300 cycles per second,
respectively, corresponding to one impluse for each of
the blades, or to a frequency six times greater than the
number of revolutions per second. several harmonics
of this frequency are present. It is of particular

DISCUSSION REGARDING THE OPERATING CHARAC-
TERISTICS OF THE NEW ANALYZER

The current zI. representing the unknown comples
current supplies a certain energy Z1m2Rto the flament
of the multiplier. The Imown current i from the
beat-frequency source contributes the amount PR.
The operating point on the characteristic curve ob-

-A +~ -4X +-B To reca-der +B ToOS ulloh

-—
—

FIIX’BB11.—D@am ti the arf$nal N. A. C. A. sound andyzar

interest to notice that no basic frequency corresponding tained by plotting plate. current against flament cur-
to the number of revolutions of the propeller appears rent (fig. 5) is thus dependent on the total energy Ievel.
in these records. The energy from the beat-&equency source drops off – -””

By the simple expedient of placing the six blades at as zero frequency is approached, which would ordi-
irregular intervals the basic frequency could be made nariIy result in a great decrease of sensitivity.
to appear. The record shown in F@re 20 was ob- It is for this reason necessmy, or at least desirable,
tained from a propeIler with the blades spaced as in to keep the filament temperature at approximately .—
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the same level by means of a direct-current source as
indicated by DCZ in Figure 8. The ordinary oper-
ating range employed is shown in Figure 5.

Furthermore, the indication is directly proportional
to the product Ini, It is thus quite desirable to employ
auxiliaries with straight-line charactaristica. Most
am’p~ers possess this property between 50 and 5,OOO
cycles, even though tha amplification falls off at very
high and very low frequencies.

A

I

FIGUFU$12.+LMU Wadad Pro@IIx with hwukr swing

It is evident that the response intensity of the an-
alyzer depends on the response of the auxiliaries and
that this response can be made constant over the
ordinary voim range.

The value of the new instrument depends, however,
on the fact that no hurmomk ddortion takes place.
The possibility of harmonic distortion is excluded by
the very principles of this instrument. For q study of
the serious diflicultiea encountered with the usual

analyzers emplo~ modulation the reader ie referred
to reference 2, pages 9 to 13. The present instrument
is in a true sense a “multiplier.” This term has been
adopted because it properly reminds us of tho fact
that the response is proportional to the product 1.{ of
the two currents. Tha fact that this product may be
written

Ati,#BS@t=~ABCOS (a–@)t-~A13cos (a+@) t,

together with the faot that the hot wire can respond
only to the low frequency (a-P) t,where &@, is in itself
sufficient evidence that no harmonic distortion can be
introduced by the hot wire. An experimental vetica-
tion of the freedom from harmonic distortion is further
given by the record (fig. 16) of a 60-cycle current,

In “this connection, we are, of course, not referring
to the distortion aIready present in the output of the
microphone and the sound amplifier or in the variable
frequmcy source. Modern equipment is, however,
quite dose to perfection in this respect.

LANG~EY 31EMORIAL AERONAUTICAL LABORATOR~,

NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS,

LANGLET l’IELD, 17A., Jlarch %?, 1931.
,
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FIGUBm 10 and 17.—SormIl from a telephone remiver overemited by a @l.c@e current, taken over a lower [requencyrangeto show reapome pattern In more datall
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PREFACE .-

Dur@ the last few years there has been a decided
increase in the number of organizations working on the
development of the compression-jgnition engine for
aircraft service. The advantages of the compression-
ignition engine are threefold: It operates at a high-
compression ratio, from 11:1 to 16:1, which results
in a higher cycle efficiency and consequently a lower
fueI consumption than the carburetor engine with a
compression radio of 5:1 to 7: 1; radio interference
caused by an electrical ignition system is eliminated
without shielding; the fire, hazard is considerably
lessened, because of the low ~olatility of the fuel.
There are two disadvantages to the compression-
ignition engine: Because of the high cylinder pres-
sures the parts of the engine are more highly stressed
than in the carburetor engine; the allowable time for
the injection and its mixture with the air in the com-
bustion chamber is extremely short, so that it is
difficuh to obtain a high combustion efficiency.

One of the important problems in the design of a
high-speed compression-ignition engine suitable for
aircraft service is the ckign of the fueI injection
system. There has been considerable vrork done both
here and abroad to determine the operathg char-
acteristics of several types of systems. Until the

latter part of 1929, however, there was IittIe materia
available on the theory of fuel tijection systems.
Since then Doctor Sass has published materird on the
adaptation of the Allievi theory of water hammer to
fuel injection pumps for compression-ignition engines.
Before the publication of D ‘ tor %ss’s work, a series of

l!?wts had been made at the ‘angley Memorial Aeron&u-
timd Laboratory in which the inattmtaneous discharge .
pr%ures from a fuel injection pump were measured.
With the data obtained in these trots and the theory
presented by Doctor %ss, as well as additional analy-
ses, it W= thought advisable i% wfite a report incor-
porating this matariaI for use in the design of injection
systems for high-speed compression-ignition engines.

k presenting this material in such a manner that it
can be used in actual design, the author has atte.mpt.ed
to give the mathematical analyses in such a way that
they wiIl be readily understood. NumericaI examples
are presented in considerable detail and emphasis is
laid on the necessity of having all equations satistled
dimensionally. Although at times it may seem as
though too much detaiI is incIuded, the author felt
that it was better to present some material that may
seem obvious than to shorten the work so that the
derivations couId not be easily followed.
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