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SUMMARY

kn electronic circuit for instantaneously indicsting anpular
velocity and acceleration, both positive and negative, of rotating
masses 1s -escribed; roadings are taken on electrical indicating
netera. The circail may be ased in applications where sud-en
changes in acceleration are not encountered. The instrument has
the. advantars of putling almost no drax on the rotatinges meahsr.

The: incicatnr is Jdeszribed in {erns of yeneral applicntion.
A circuit diayran, calibration curves, aud 2 matham-tical analysis
of the differzntiatin: circuit arc included. An exam;lc showing
use of the indicator with the four-ball wear tor is included to
illusirate a specific application. In thie application, che error
In the reproduicibility of the indications wac l:ss than 5 percent.

INTROTCT O

A prorran lnvolvin, a crzat nuwber of labrication tists vith
a nodified Shell levelopment Comprny fonr-ball amear top sujrested
tiic need for a simpler anl guicker metncd of obtnining data from
the machine thar that provided by the mamifacturer. In the four-
ball wear top the lubrirnant is tetted Wy obsarving the angular
velocity and deceleration of a loading welipnt slowed down by fric-
tiunal forcee betwean four balls luoricated by the oll under test.
References 1 and 2 zive descriphtions ol tasts with the four-ball
wear top. (Sze [ig. 1 for scctional view of the machine.) In the
manufacturar's method the nglar v=locity andl acceleration wurc
determined by countine the: cyeles of a dircet inkine osecillograph
ann by plottini; a curve of anmlar velocliy as a fanction of time,
From this curve the slopes wers measir.s to give the anmalar acesl-
eration.

An el:ctronic indicator was developed al Lhe Aircraft Engine
Research Laboratory of the KACA from February to Seplember 1243
that greatly reoduces ths tire and eifort required to obtaln these
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data. It can be used to show the average freguency of a series of
nearly evenly spaced electricel impulses, the mean frequency of
which does not exceed 150 cycles per second. The circuit is so
designed that it is not affected by moderate changes in the magni-
tude and shape of the pulses. If the frequency approximates a
predescribed function of time, the indicator will also show the:
magnitude of the time derivative of frequency.

Because the indicator is not restricted in its use, it is
herein descrihed in terms of general application. /n example
showing operation of the indicator with the four-ball wear top is
also given to 1llustrate its adaptability. Callbration curves
and a mathematical analysis of the differentiating circult are
included.

DECCRIPTION AWD APPLICATION OF THT INDICATOR

Description and Cperation

The electronic indicater for angular velocity and acceleration,
a circuit diesgrem of which is shown in figure 2, derives its power
from the 117-volt a-c. line and uses gas-filled and vacuum tubes
of a common variety. In operation a series of positive voltage
pulses, proportiofial to the sneed eof the rotating member under
observation, is applied Lo the grid of the thyratron V, across
the resistor R;. Tach positive pulse trips the thyratrons ¥V,
and V3. The average current flowing tirough V; is measured by
the velocity meter Uy. The voltage developed across Rg by
this current is directly proportional to the nmumber of thyratron
trips per unit time and ie therefore a measure of ihe angular
velocity of the rotating memhasr. After the voltage has been
filtered by Ry, Cg, M0, and Cg, it is applied to the differ-
entiating circuit Cg and Rjp. The voltage appearing across Ry,
within the limits to be discussed in the section Mathematical
Analysis, is the time derivative of the voltage across Rg. The
differentiated voltage is-amplified by V), and measured as a change
in the plate current of the amplifying tube by the acceleration
meter Mp. A reading less than zero on My dindicates that the
rotating member 1s dececlerating. In figure 2 the meter Mp is
connected to give positive readings of deceleration.

The voltage developed across Rg mrst be a lincar function

of the anrular velocity in order that the same meter reading on
My be obtained for the same acceleration independent of the
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magnitude of the velocity, as will be shown in the following sec-
tion. If the ¥oltage across the plate-load resistor of a thyratron
is to be a linear function of the number of impulses applied to the
grid, three conditions must be fulfilled:

1. The number of grid impulses and the number of plate-current
pulses must be in a one-to-one correspondence.

2. The thyratron must bs self-quenching.

3. All plate-current pulses must be of equal magnitude regard-
less of the nature or frequency of the grid impulses.

In order that these three conditions be fulfilled over thc range
of speerds that the indicator was called upon to measure (0 to
150 ,mlses per sec), two thyratrons were necessary. The first
thyratron V, 1is self-quenching for nearly any shaped pulse and
transmite a positive voltage of 2lmost constant magnitude to the
second thyratron Vz even though the initinting pulses may vary
somewhat in size and shapa. The second thyratron V3 provides a

plate current linear with the frequency of the impulses applied to
its grid.

The two voltapge-repvlator tut~s V; and Vg provide constant
voltage for the second thyratron Vz =2nd the amplifying tube 7).

These tubes ald materially in rendsring the velocity scale linear
and in wm2king the acceleration reading independent of the velocity.

Application

From the preceding discission it can be seen that the source
of the positive pulses provortional to the velocity of the rotating
member and applied across Ry is immaterial. The pulses may be

obtained, for example, from a baltery in series with a contactor
attached to the rotating member, from a magnets, or from an
alternating-current generator driven by the rotating member.

Another means of generating positive pulses can be obtained
by subjecting a photoelectric cell to light pulses from a mirror
rotating with the member under consideration. (See fig. 3.) This
method, which is the one used in the application described herein,
has the distinctive advantage of placing almost no additional drag
on the member in order to secure the desired voltage pulses.
Another Iinteresting application of this same method is used with
the Dornier Air Log described in refzrence 3.



L .NACA RB No. E4H21

MATHEMATICAL ANALYSIS

In the circuit used for the instrument the mechanical inertia
of ihe velocity meter is the only factor that limits the indication
of rapid changes in angular velocity. However, the differentiasting
circuit was designed to give the time rate of change st a voltage
varying in a manner descrited by the following equation:

e = kr=k (&o + ab + btz) (1)
where
e instantaneous voltage across RU
v instantaneous velocity
v, initial vclocity
t tine

a, b, k constants

The voltage 2 can be differentinted by a serics resistor-
condenser combination (sce vefarence L) ac showm by the following
analysis:

Let

H series recistor across which the differontinted voltage
will appear

C series cond:znscr

i current througn R and C

Then

we 1L, ] g
e=111+-é-jld+,=k6°+at+bt) (2)

When + = 0, the velocity is constant and the woltagn on the
condenser is equal to kv,. The solition of agnation (2) is

1 = kG [; +2b (4 = BG) - (a - 2RCh) e"t/RC] (3)

and
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ai _ a _ -t/RC
EEkG%+G029e _ (L)

The voltage iR and hence the current 1 should be propor-
tional to the time derivative of the applied voltage. Any departure
from this proportionality must be considered an error in the differ-
entisting circuit. This error may be computed as follows:

From equation (2)

1 4
¢ & m ()
Dividing by de/dt
FT T ©
dt dt

di/dt
de/dt
rents the fractioral error in assuming that 1 1is proportional to
de/dt. But from equation (5)

From equation (6) it is clear that the expression R

repre—

= (7)
de ., 1
dt rok
dt

Substituting the expressions of equations (3) and (L) into the
right-hand member of eqation (7)

2bRC + (3 - 2bRC) c"t/Rc

Percentage error =
a + 2bt

X 100 (8)

In the circuit used the time constant RC was 1 second. In
order that the percentage error be sarll, b must be small in
comparinon with a, and t+ mst be about five times RC. If the
velocity is in the form given in equation (1), if the acceleration
changes slowly with time, and if acceleration readings are not
taken until after the accelerstion has been in progress-for at
least 5 seconds, accurate acceleration readings can be obtained.
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By a2 simllar analysis 1t can be shown that the clroult i1s
suitable for indicating acceleration if the veloclty can be rep-
resented by the following equation:

v = Za, costpt (9)

provided RCy, 1s small in comparison with 1, In this particular

circuit RC 1s equal to 1 end W, must therefore be small in
comparison with 1.

In order that the measurement of the derivative of the voltage
developed across Rg be indicetlve of the deceleration, a linear

relation must exist between the veloclty and the voltage. To

11lustrate:
ki
v = £(e)
then
dv df de
Acceleration = i = ('d._e) (EE) (10)

In order that de/dt, the quantity measured, be proportional to
dv/dt, df/de must be a constant. A linear relation between the
voltage and the velocity must exist for df/de to be a constant.

OPERATION WITH FOUR-BALL WEAR TOP

The operation of the Indlicator with the modlifled four-ball
wear top 1s relatively simple, The double-pole, single-throw
switch S; (shown in fig. 2 as Sla and Slb) is open and the

three-pole, two-position switch S, (shown in fig. 2 as Sza’
Szb, and Sp; ) 1s closed when the unit is plugged into the

c
117-volt a-c, line. The light system 1s then so adJusted that
the photocell ls flooded with light when the mirror is in a favor-

ableo position. After the optical adJjustiment has been made, the
light source 1s temporarily shut off. Switch S; is then closed.

After the indicator has had several minutes to warm up, switch S,
is opened and the meter My 1s adJusted to zero by means of the
variable resistor R;4. Switch Sy 1s then closed, the 1light
source 1s turned on, and the rotating member is brought up to
gpeed.
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The sensitlvity control R; is advanced from an extreme
negative position only sufficiently to give a steady reading on
the velocity meter M;. The driving torque is next removed from
the rotating member and switch So is opened. (Switch Sy had
been left closed so that the condenser Cg migat charge more
quickly through R,;; than through the sum of s Rjp, and
Rys.) After the short initial time period, when the error is

high, the anmuler velocity and deceleration of the rotastlng member
are given by meters M; and My, respectively. .

During the series of lubrication tests that followed the
development of this instrument, its rejroducibllity was frequently
checked. The veloclty indications could be reproduced to the *.
limit of the meter scale, that is, about O.L percent of full scale.
The accelaeration meter was not so reproducible. The readings
varied as much g8 5 percent between different runs at the same
deceleration.

Use of the indicator preatly reduced the time required to
obtain dsta with the four-ball wear top. By means of the electronic
indicator,d2ta for 2 sinrle run conld be prepared and nlotted in
20 minutes; whereas 8 hours were raqulred previously.

CALIBRETSF(H OF YETERS

The instrument can be calibrated by connecting a variable-
frequency oscillator to Rj +%hrough 3 small couplins condenser,
At this time MR, -ounted inside the chascis, should be so adjusted
for ,.roper blac on thyratromn V3 that 1t trips each time the thy-
ratron Vo 1is fired by the oscillator. The variable resistor Rg '?
need not be readjusted until new tubes are installed. The velocity
meter i# calibrated when a plot of meter reading as a function of
frequency has heen madza, as shown in figure L. This relationship
mst btz a stralgzht line.

The acceleration meter ¥» may be calibrated by making a
typical test run. As the rotating msmber changes its specd, reads”-
ings of the two meters are taken at definite time intervals. By .,
maans of figure L} the readings of Y47 are converted into angular:
velocity values and a curve of velocity as a function of time is .
plotted, Figure I shows three curves taken with the four-ball “n‘
wear top with three different loading weights. The negative accel~-
erations were praphically determined for each time an acceleration-
mster reading was recorded., These Mp readings were then plotted |
against the graphically computed accelsrations. A calibration of. . ..
the accelsration meter is shown in fipure 6. -
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CONCLUDING REMARKS

The electronic indicator obtains angular velocity and accel~
eration data without adding appreciable drag to the revolving
member. The time required for preparing and plotting the data for
a single rmmn is about 20 minutss. ITn a number of test runs with
the four~ball wear top the instrument readings were reproducible
to 0.4 psrcent of full scale on the veiocity indicator and to
i5 percent on the acceleratinn meter.

Aircraft Engine research Laboratory,
National Advisory Comriiltee for Aercnaulics,
Cleveland, Ohio.
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Flgure 2. ~ Circuit diogrom of the ‘electronic indicator for
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£% ¥y 2051

Vs 6J5-GT

Ve YR105-30

Ve YR150-30

P 504-6

R, 5,000, 000 ohms

R > R 5 2 50. 000 ohms

R; . 15 ohms
R4 R 2,000 ohms

Ry 2,000 ohms

Rs . 3,000 ohms

Rg. R 10 50, 000 ohss

R 11 65,000 ohms

R, 200, 000 ohms

Ri3 Rys 100 ohms
9% 14 100 ohms

Oygrioble resistors.

¢ P 6‘2 4. alcroforods

C3 .005 mlcrofarods

Cy . 0005 microfarods

Cs .5 microforods

Cs C7 6. microforads

Cg 5. microforods

I, . Power traonsformer

RFC 7-m1111henry choke

S,‘. S,b Double-pole, single-throw switch
Sz', Szb. Szc 3-pole, 2-position switch
8 1, 5-volt battery

P 6. 3-volt pilot Iight

M, 0 to 15 silliomperes

N, 0 to 500 microomperes
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Figure 3. - Block diagram showing no-draog system for generoting uolrage
pulses for electronic indicator.
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