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AERONAUTIC SYMBOLS
1. FUNDAMENTAL AND DERIVED UNITS

Metric English
Symbol 1
: bbrevia- i Abbrevia-
Unit A Unit o
Length______ l rieter- ol tea SRl o ek m foot (or mile)_.__.___¢C ft. (or mi.)
T e Javt t gecond S L ovRNa U g S second (or hour)_ ____ _ sec. (or hr.)
Foree.o oo - F weight of 1 kilogram_____ kg weight of 1 pound_____ 1b.
Power___.___ P horsepower (metrie) . __ __[._._______ horsepower___-___.___ hp.
SHood Vv {kilometers per hour______ k.p.h miles per hour________ m.p.h.
peet = meters per second_______ m.p.s feet per second________ f.p.s.
2. GENERAL SYMBOLS

Weight=mg
Standard acceleration of
m/s? or 32.1740 ft./sec.?
T

Mass=—

gravity =9.80665

Moment of inertia=mk*. (Indicate axis of
radius of gyration k by proper subseript.)
Coefficient of viscosity

vy
P

Kinematic viscosity
Density (mass per unit volume)

Standard density of dry air, 0.12497 ke-m*s? at
15° C. and 760 mm; or 0.002378 lb.-ft.~* sec.?

Specific weight of ‘‘standard” air, 1.2255 kg/m?® or
0.07651 b./cu. ft.

3. AERODYNAMIC SYMBOLS

Area Yy
Area of wing
Gap Ty,
Span
Chord Q7
Q
Aspect ratio ,Vl
True air speed nl
Dynamic pressure=-;—pV2
Lift, absolute coefficient C’L=—q‘%
Drag, absolute coefficient Cp= g_% .,
Profile drag, absolute coefficient 0"0:;—)80 a,
)
Induced drag, absolute coefficient 0D1=QQS1 g,
(e 27)
Parasite drag, absolute coefficient ODP:q—ﬁSp’ O,
Cross-wind force, absolute coefficient C’c=g—05—, v,

Resultant force

Angle of setting of wings (relative to thrust
line)

Angle of stabilizer setting (relative to thrust
line)

Resultant moment

Resultant angular velocity

Reynolds Number, where [ is a linear dimension
(e.g., for a model airfoil 3 in. chord, 100
m.p.h. normal pressure at 15° C., the cor-

responding number is 234,000; or for a model
of 10 e¢m chord, 40 m.p.s., the corresponding
number is 274,000)

Center-of-pressure coefficient (ratio of distance
of ¢.p. from leading edge to chord length)

Angle of attack

Angle of downwash

Angle of attack, infinite aspect ratio

Angle of attack, induced

Angle of attack, absolute (measured from zero-
lift position)

Flight-path angle
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ALTERNATING-CURRENT EQUIPMENT FOR THE MEASUREMENT OF
FLUCTUATIONS OF AIR SPEED IN TURBULENT FLOW

By W. C. Mock, Jr.

SUMMARY

Recent electrical and mechanical improvements have
been made in the equipment developed at the National
Bureaw of Standards for the measurement of fluctuations
of air speed in turbulent flow. Data useful in the design
of similar equipment are presented. The design of recti-
Jied alternating-current power supplies for such apparatus
is treated briefly, and the effect of the power supplics on
the performance of the equipment is discussed.

INTRODUCTION

The demand for experimental data on fluctuations of
air speed in turbulent air flow still continues, and the
hot-wire anemometer remains the tool most frequently
used in the attempt to meet this demand. In three
earlier papers (references 1, 2, and 3) the development
of the equipment used at the National Bureau of Stand-
ards has been described in some detail as has also its
application to various turbulent-flow investigations.
Since the publication of reference 3 further investiga-
tions have been conducted (references 4, 5, 6, and 7).

The apparatus described in reference 3 has been exten-
sively changed so that its use is simplified and its per-
formance improved. It was therefore felt desirable to
publish a description of the revised equipment and to
provide certain design data that might be of use to
designers of similar apparatus. The paper first de-
scribes the improved equipment now in use at the
National Bureau of Standards, gives a brief treatment
of the design of power supplies for such apparatus, and
discusses the effect of the power supply on the per-
formance of the amplifier.

Recapitulation of the information contained in refer-
ence 3 has been avoided as much as possible, so that the
entire paper may be considered a continuation of the
earlier one. The work was carried out at the National
Bureau ot Standards with the cooperation and financial
support of the National Advisory Committee for
Aeronautics.

The author wishes to acknowledge the valuable as-
sistance and advice received from the other members
of the staff of the Aerodynamical Physies Section during
the design and construction of the apparatus and in the
preparation of this paper.

I. THE NEW NATIONAL BUREAU OF
STANDARDS EQUIPMENT

As stated in reference 3, the assembly of equipment
used for measurement of air-speed fluctuations consists
of five parts: (1) the wire itself; (2) a Wheatstone
bridge for measurement of the wire resistance at room
temperature; (3) an apparatus with suitable switching
arrangements for supplying the wire with heating cur-
rent, measuring the voltage drop across the wire at
rarious air speeds for calibration purposes, and, finally,
transferring the fluctuating voltage drop across the
wire to the amplifier input; (4) a suitable amplifying
system, including the requisite compensation for the
amplitude reduction and phase lag of the hot-wire; and
(5) a final measuring instrument.

Improvement of this equipment has been effected
through simplification of operation and maintenance
rather than by modification of the basic principle.
The major change has been the substitution of rectified
alternating-current power supplies for the battery
supplies previously used. This and other changes that
have been made will be considered separately for each
component of the assembly.

Figure 1 is a photograph of the present apparatus;
ficure 2 is an outline drawing with the various compo-
nents identified.

HOT WIRES

The hot-wire remains as nearly as possible pure
platinum 0.015 mm in diameter and 4 to 8 mm long.
Recent investigations (reference 7) indicate the advis-
ability of using short wires; therefore the present hot
wires are usually 5 mm or less in length, whereas for-
merly 8 mm was the usual length. Welding still proves
to be the most satisfactory method of attaching the hot-
wire to its supporting prongs although, when the wire
is used in a slack condition, ordinary soft soldering
has been fairly satisfactory.

WHEATSTONE BRIDGE

The Wheatstone bridge used for measuring the resist-
ance of the hot-wire at room temperature remains
It is a standard laboratory appliance.

1

unchanged.
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FIGURE 1.—General view of the alternating-current apparatus.
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CONTROL EQUIPMENT

The apparatus for supplying and measuring the heat-
ing current, measuring the mean voltage drop across
the hot-wire, and transferring the fluctuating voltage
drop across the hot-wire to the amplifier remains essen-
tially the same as described in references 1, 2, and 3 as
far as the electrical circuit is concerned, although its
mechanical arrangement has been modified in the
interests of ease of manipulation. The only electrical
change is the substitution of a two-circuit nonlocking
push button for the single-circuit galvanometer key
formerly used. This substitution allows the reference
battery circuit, as well as the galvanometer circuit, to
remain open except when a reading of the galvanometer
is to be taken and greatly reduces the drain on the
reference battery, making possible the use of standard
no. 6 dry cells instead of a storage battery.

lowest noise in the first stage and highest amplification
in the second and third stages were obtained with the
combination shown. It was not determined whether
this result was due to inherent differences between the
tube types or merely to individual differences between
the particular tubes available for trial. In another
amplifier a different combination might prove superior.
An incidental advantage of the new tubes is that in the
first two stages, where the voltage to be amplified is
quite low, a satisfactory grid bias may be obtained
from a 1.5-volt flashlicht-type dry cell inserted in
series with the cathode. This arrangement allows the
grid resistors to be connected directly to ground, which
in turn makes it possible to place the amplification
control directly in the grid circuit where it acts also as
the grid resistor. The grid bias of the third stage was
made adjustable because of the larger input voltages
encountered by this tube.
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FiGURE 2.—Outline drawing of the alternating-current apparatus.
AMPLIFIER AMPLIFICATION CONTROL

The fourth unit of the apparatus, the amplifier, has
been completely redesigned electrically, as may be
seen from the schematic circuit diagram of the entire
equipment (fig. 3).

TUBES AND GRID BIAS

For the previously used type 224 tetrode tubes, a
type 77 pentode has been substituted in the first stage
and type 6C6 pentodes in the second and third stages.
These tubes have somewhat superior characteristies to
the ones that they replace. The improved characteris-
tics result in considerably increased gain per stage and,
because of the pentode construction of the tubes, they
are much less critical in regard to screen grid voltage.

Although these pentodes supposedly have nearly
identical electrical characteristics, it was found that

The use of an amplification control is necessary be-
cause of the wide range of voltages to be measured.
The location of this control in the circuit is dictated by
considerations of protection of the tubes from overload
and the maintenance of a high ratio of amplified voltage
to noise. The noise is an important factor because its
magnitude determines the smallest voltage that may be
measured, while overloading sets the limit for the
largest.

The most important source of noise in an amplifier is
the first tube and the circuits associated with it. Noise
originating in the tube is caused by irregularities in
electron emission from the cathode, which pro-
duce fluctuations in the plate current. Associated
circuit noise may be due to thermal agitation in the
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input circuit or fluctuations in the power-supply volt-
ages. Of these, input circuit noise will be negligible
because of the comparatively low input resistance (usu-
ally less than 10 ohms), and power-supply voltage
fluctuations may be made negligible by proper design,
leaving only the tube noise as effective.

Since this noise originates in the plate cireuit of the
first tube, it is important that full use be made of the
amplification of that tube in order that the voltage to be
measured may arrive at this point as large as possible
relative to the noise originating there. This require-
ment means that the amplification control must not be

INPUT CIRCUITS

$S =1 %

5,0000

Aa.c.

To A. F. oscillator

from one tap to the next the amplification is changed
by a factor of 2, the total range of control being 64:1.
In the previous equipment this amplification control
acted also as the load resistance of the first tube and
therefore had in series with it the internal resistance of
the plate-voltage source. This source was a bank of
lead-acid storage cells, and their very low internal
resistance did not greatly affect the calibration of the
amplification control. In the case of the present ap-
paratus, however, it was desired to use rectified alter-
nating current for the plate-voltage supply and, be-
cause of the much greater internal resistance of this
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Ficurrk 3.—Schematic circuit diagram ot the apparatus.

placed ahead of the first tube. On the other hand, if the
amplification control is not placed in the circuit ahead
of the second tube, the large amplification of the first
stage may cause overloading of the second or following
stages when large values of turbulence are measured.
The amplification control is therefore located between
the first and second stages of the amplifier, as in the
previous equipment. The present amplifier, however, is
different in that this control is in the grid circuit of the
second stage rather than in the plate circuit of the first
stage. It consists of a resistor of 1,600,000 ohms. The
total resistance has taps so located that by switching

supply, the amplification control was moved to the
grid circuit of the second tube.

Another advantage of this arrangement is that the
possibility of a change in calibration due to unequal
heating of the resistors is reduced because no direct
plate current flows through the control. Furthermore,
as now arranged, the coupling condenser is now always
at the lowest possible voltage, which reduces the chance
of condenser leakage with its attendant change in grid
bias and amplification. As a result of this alteration,
the present control changes the gain by a factor of
exactly 2 per step.
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COMPENSATION CIRCUIT

The only electrical change in the compensation cir-
cuit is the return of one terminal to ground rather than
to the high-potential end of the plate resistor. This
change reduces the direct-current voltage drop across
the circuit, with consequent reduction in direct current
through the circuit, and the possibility of leakage
through the capacitor coupling the circuit to the follow-
ing tube. It also allows one terminal of the resistor
controlling the compensation to be grounded, which
somewhat simplifies the mechanical construction.

In the foregoing discussion of the compensation eir-
cuit, as well as in the discussion of the amplification
control circuit, the importance of reducing coupling
capacitor leakage has been stressed. With the large
capacitances required, space limitations dictate the use
of paper dielectric capacitors that have insulation prop-
erties inferior to the more bulky mica dielectrie capaci-
tors. Undesirable effects, such as noise and variable
amplification that may result from the use of paper
coupling condensers, may be reduced by lowering the
voltage across them. Any circuit changes, therefore,
that will reduce the potential difference across the coup-
ling capacitors will be an improvement.

OUTPUT STAGES

Reference to figure 3 will show that the output stage
of the present amplifier differs markedly from the ar-
rangements used in previous equipment. Since it is
desired to measure only the alternating-current output
from the amplifier, it is necessary to provide some
means for keeping the direct plate current of the output
tubes from flowing through the measuring instrument.

Three general means to this end exist: first, the
use of a transformer to couple the meter to the output
tube or tubes; second, the use of a ‘“bucking-out”
battery so connected that it supplies across the meter
a direct voltage drop equal and opposite to that caused
by the direct plate current of the output tube; third,
the use of some balanced system, such as that emploved
in the present equipment, so arranged that the meter
is connected across points of equal direct voltage but
unequal alternating voltage.

A transformer has the advantages of simplicity and
complete elimination of direct current through the
meter, but unfortunately it is not possible, at present,
to obtain a transformer that will give uniform output
over the range of desired frequencies—mnamely, from
less than 5 to over 5,000 cycles per second.

The second system, the use of a bucking potential,
has been used in the previous equipment with success.
However, it generally requires a battery of some sort,
and one of the reasons for construction of the apparatus
described herein was to eliminate, as far as possible, all
batteries. In addition to the nuisance of battery
maintenance, a battery system has the disadvantage

of requiring careful adjustment of the operating voltages
and currents of the output tube to such values that
the direct-current voltage drop across the meter is
equal to some voltage that may be conveniently ob-
tained from a dry-cell battery; that is, some multiple
of 1.5 volts. Otherwise some form of variable resistance
must be incorporated in the circuit so that the bucking
voltage may be made equal to the voltage drop across
the meter. The use of a resistance for this purpose un-
avoidably inserts resistance in series with the measuring
instrument, with resultant loss in sensitivity and a
change in sensitivity with change in “bucking-battery”’
voltage during the life of the battery.

The third system, the use of a balanced or ‘“‘push-pull”’
stage as in the present equipment, eliminates the “buck-
ing-battery” troubles. It also offers the advantages
of greater alternating-current output and independence
of balance on tube operating voltages and currents as
long as both tubes operate under the same conditions
of input voltage and supply voltage. In practice
this system is balanced for no direct-current through
the meter as follows: The load resistors in the tube
plate circuits are first adjusted to the same resistance,
and the contact arm of the balance adjusting resistor
between them (fig. 3) is set on the midpoint. The
plate currents of the two tubes are then made equal to
each other, and to the desired value, by means of the
independent grid voltage controls. These operations
having been performed, the output meter circuit is
attached, and the direct-current balance meter observed.
If this meter then shows no current, the balance is
correct. If some current is indicated, a slight readjust-
ment of the grid biases should be made. Small un-
balances may be corrected by means of the balance
adjusting resistor between the plate resistors. A final
check on the balance is made by applying an alternating
voltage of magnitude just less than that causing over-
load of the amplifier. If the balance remains correct
under this condition, the output stage is in proper
adjustment. If the stage becomes unbalanced, dissimi-
larity of the tubes is indicated, and other tubes must
be tried until a matched pair is found. Practically no
trouble of this nature has been experienced.

Experiments have shown that the most suitable
operating conditions for the output stage of the balanced
type differ somewhat from those of the single-tube
type. In the instance of the single-tube output ampli-
fier used in the previous amplifier (reference 3), the
erid voltage was adjusted so that the tube operated
on the straight portion of its curve of grid voltage-plate
current characteristic, the “class A”” mode of operation,
in which the average plate current is constant. With
the balanced or “push-pull” type, however, it has been
found that best operation is obtained when the adjust-
ment is more nearly that of the “class B” mede, the
erid biases being adjusted so that the tubes operate
near plate current cut-off. (See fig. 4 (a).)
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When so operated, the average plate current is not
constant but varies with the applied alternating voltage.
The distortion that would result if a single tube were
used under these conditionsisavoided by the “push-pull”’
connection. Attempts to operate the tubes with less
grid bias and higher plate current lead to a higher am-
plification but to a reduced range of input voltages for
which a linear relation exists between input voltage
and output current. (See fig. 4 (b).) The best bias,
depending as it does on the type of tubes used, the
plate voltage available, and the load conditions exist-
ing, should be determined by trial for each particular
installation. For preliminary design purposes the bias
may be approximated quite closely by extending the
straight portion of the curve of dynamic grid bias-plate
current characteristic until it intersects the axis of zero
plate current. The grid bias at which this intersection
takes place is then that bias which will give the bal-
anced amplifier a linear characteristic over the greatest
range of input voltage. This is the adjustment illus-
trated by figure 4 (a).
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FiGURE 4.—Mode of operation of output amplifier.

In the instance of the balanced output amplifier stage
now in use at the National Bureau of Standards, type
2A3 tubes are used because of their very high mutual
conductance. This characteristic gives a large change
in plate current for a given change in grid voltage.
Furthermore, their low plate impedance allows a rea-
sonable match between meter-circuit impedance and
tube impedance without the necessity of insertion of
excessive resistance in series with the meter in order to
avoid distortion.  With these tubes and a plate voltage
of 400 volts the best operation is obtained when the
grid bias is o adjusted that the plate current of each
tube is about 5 milliamperes without input voltage.
When input voltage is applied the plate current in-
creases, becoming approximately 25 milliamperes per
tube at maximum allowable input.

PHASE INVERTER

The use of a balanced output stage introduces an
additional problem not encountered in the previous
equipment. Because of the manner in which they are
connected, the tubes of the balanced amplifier require

input voltages exactly equal in magnitude and wave
shape, but 180° apart in phase. In an ordinary am-
plifier these voltages would be obtained by using a
coupling transformer having a center-tapped secondary,
the grids of the balanced amplifier being connected to
the opposite ends of this secondary winding. Since
transformers are not usable at the lower frequencies
under consideration, recourse must be had to some
other method.

One such method that has proved very satisfactory is
the use of a phase-inverting tube. This system takes
advantage of the fact that the amplified alternating
voltage appearing across a resistance load in the plate
circuit of a vacuum tube differs 180° in phase from the
applied alternating grid voltage that causes it. The
circuit 1s so arranged that the alternating voltage ap-
plied to the grid of one of the balanced amplifier tubes
is passed through one more stage than that applied to
the grid of the other, this additional stage having an
amplification of 1:1. Thus the grids of the two bal-
anced amplifier tubes receive voltages 180° apart in
phase but equal in magnitude.

A practical circuit of this type is that incorporated
in the present amplifier and illustrated by figure 3.
For economy of space a type 53 twin-triode tube is
used instead of two separate similar tubes. This type
53 tube consists, in effect, of two identical triodes, each
having a voltage amplification of about 20. The first
of these triodes is inserted directly between the high-
gain amplifier and the grid of the upper of the two bal-
anced amplifier tubes. The second receives its input
from a voltage-reducing tap on the plate resistor of the
first, amplifies this voltage, and applies it to the grid
of the lower balanced amplifier tube. The two bal-
anced amplifier tubes thus receive grid voltages that
are 180° apart in phase and, when the voltage-reducing
tap feeding the second half of the type 53 tube is
properly adjusted, are equal in magnitude.

A similar result might be obtained by eliminating the
type 53 tube and feeding the grid of one of the balanced
amplifiers from a suitably located tap on the plate
resistor of the other. This arrangement would, of
course, sacrifice the voltage gain of approximately 20
that occurs in the type 53 tube as now used. The
choice of method employed thus depends somewhat on
the amplification necessary in a given installation.

ouTPUT METER

One of the greatest sources of annoyance in the oper-
ation of the older equipment was the frequency with
which the highly delicate 0 to 5 millilampere thermo-
element alternating-current milliammeter was burned
out by momentary overload. The output meter used in
the new equipment was designed to overcome this
trouble and consists of a 0 to 500 microampere direct-
current microammeter operated by a separate heater-
type thermoelement. This combination gives a full-
scale reading with a current of 25 milliamperes through
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the heater of the thermoelement and has a maximum
safe current carrying capacity of 40 milliamperes. In
series with the heater, which has a resistance of 10 ohms,
is placed a fixed resistance of 300 ohms. The purpose
of this resistance is to prevent distortion by making the
total resistance of the meter circuit large enough to
act as a reasonable load for the output tubes of the
amplifier. The exact value of the resistance used is
not critical. No difference in performance of the am-
plifier except a slight loss in over-all sensitivity could
be detected when the 300 ohms used was increased to
1,000 ohms. Resistances less than 300 ohms were not
tried, as no great increase in sensitivity, or any other
benefit, could be expected from their use.

Although the present meter is only one-fifth as sensi-
tive as that employed in the previous equipment and
the sensitivity is still further reduced a slight amount
by the addition of the series resistance, the amplification
of the new amplifier is sufficiently greater than the
older one that the actual sensitivity of the equipment
from hot wire to meter reading is not decreased.
Furthermore, the ruggedness of the meter is so much
greater that no trouble whatever from meter burn-out
has been experienced in service.

POWER SUPPLY

The apparatus of reference 3 was entirely battery
powered, requiring a total of three 6-volt storage bat-
teries, 1,200 small storage cells, three 45-volt dry bat-
teries, and four 4.5-volt dry batteries. The great bulk of
this voltage supply equipment, together with its weight,
its comparatively short life, and the almost constant
effort required to keep it in good working condition
made it highly desirable to use an alternating-current
power supply, rectifying and filtering wherever neces-
sary. The new equipment occupies approximately
one-tenth the volume of the old plate voltage supply
battery alone, weighs somewhat less, has almost un-
limited life, and requires little or no attention.

HIGH VOLTAGE

Two separate transformers, rectifiers, and filters are
used to supply the high direct-current voltage for
plates and screens. One of these sets takes care of the
requirements of the high-gain stages and the phase-
inverter stage; the other furnishes only plate voltage
for the output stage. Both supplies have the same
output voltage, namely, 400 volts direct current, but
differ in other respects.

The power supply for the high-gain and phase-
inverter stages is provided with taps giving 50 volts
direct current and 250 volts direct current for screens
and high-gain amplifier plates, respectively, as well
as the full output of 400 volts for the phase-inverter
plates. The filter for this supply consists of three
40-henry 60-milliampere chokes and a total of 180
microfarads of filter capacitance, arranged as shown
in figure 3. The rectifier tube used is a type 80 high-
vacuum full-wave rectifier.

142285—37——2

The power supply for the output stage differs from
the above-described supply mainly in the amount of
filtering provided. Since the output stage has in itself
very little amplification, and particularly because it
is not followed by any other amplifier, the filtering
necessary to keep the hum at the desired low level is
much less than in the case of the high-gain stages.
Two 20-henry chokes capable of carrying 200 milli-
amperes are used in conjunction with 31 microfarads
of capacitance arranged as shown in figure 3.

It will be noted that series resonant circuits are
employed in this filter as well as the usual pi type
low-pass sections. These series circuits are resonant
at 120 cycles per second, the main ripple frequency
of the rectifier’s output wave; and their purpose is to
increase the filtering efficiency without the use of large
values of capacitance and inductance, particularly the
latter.

LOW VOLTAGE

The low voltages necessary for cathode heating in the
new equipment are supplied from the 110-volt alter-
nating current power lines by step-down transformers
or windings on the high-voltage transformers, instead
of by storage batteries. This change results in a con-
siderable reduction in weight and bulk.

It was thought that excessive hum might be intro-
duced by this change, but tests of the completed ampli-
fier have shown that the total hum, both from this
source and from the high-voltage supplies, is too low
in magnitude to be measured by the output meter
even when maximum amplification is used.

Low voltage, of the order of 50 volts, for the screen
grids of the high-gain tubes is obtained from the high-
voltage power supply. The method of obtaining screen-
arid voltage for the first stage differs from that used in
the second and third. The reason for this difference is
discussed in the section of this paper dealing with the
effect of the power supply on the amplifier character-
istics.

The last portion of the power supply proper is the
grid bias system. Here dry cells or dry-cell batteries
are used as in the previous equipment. The retention
of batteries for this purpose is justified because of their
long life in such service, their compactness, and their
low internal resistance compared to any practical sub-
stitute. In almost all cases the drain on the bias bat-
teries in the new equipment has been either completely
eliminated or substantially reduced so that greater
battery life may be expected than before.

VOLTAGE REGULATION

The use of rectified alternating-current power sup-
plies with amplifiers capable of amplifying very low
frequencies leads to unexpected difficulties when the
power supply is operated from commercial power lines.
In addition to gradual changes of voltage, which are
annoying in that they cause corresponding changes in
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amplifier sensitivity, such lines usually carry quite
rapid voltage fluctuations, caused by switching tran-
sients and other load irregularities, which have fre-
quencies high enough to be amplified by the amplifier.
Such fluctuations of the line voltage may produce an
excessively high and variable noise level, or dangerously
large transients in the amplifier. For this reason it has
been found necessary to provide voltage regulators
between the nominally 115-volt alternating-current line
and the power supplies of the amplifier.

Two types of regulation are used. First, a commer-
cial automatic voltage regulator entirely removes the
slow changes in line voltage and reduces the transient
changes to a low magnitude. Second, a manual con-
trol of voltage, in the form of an autotransformer having
a practically continuously variable voltage ratio, in-
serted in the line between the automatic voltage regu-
lator and the power supplies, takes care of voltage
changes due to line and power-supply heating and
malkes possible intentional voltage changes. These
two types of voltage regulation almost completely elimi-
nate all line voltage troubles, making the amplifier inde-
pendent of line conditions as long as the line voltage
remains between the limits of 90 to 130 volts.

MECHANICAL ARRANGEMENT

[n the design of the apparatus considerable attention
was given to mechanical lay-out. It was desired to
have in the completed equipment a tool that might
be used with maximum convenience by one operator.
At the same time it was necessary to observe certain
precautions in the matter of electrical shielding and
power-supply location. KEase of repair and main-
tenance also entered into the problem to a considerable
extent. The result of compromise between these some-
times conflicting factors is the apparatus illustrated by
figures 1 and 2. Figure 1 is a photograph of the entire
equipment as used, including a small cathode-ray
oscillograph not properly a part of the assembly.
Figure 2 is an outline drawing showing the panel lay-
out of the equipment.

Two separate units are used. That on the left in
both figures consists of the amplifier and all controls
directly associated with it, as well as calibrating and
testing equipment. That on the right contains the
power-supply equipment and controls.

Both units are assembled on standard steel relay
racks taking panels 19 inches in width and multiples
of 1% inches in height, with a horizontal clearance of
17Y% inches between vertical rack members. All
apparatus is mounted from its panel, and each indi-
vidual panel, with its associated apparatus, may be
removed as a unit for inspection or repair. The
apparatus behind each panel, in the case of the amplifier
rack, is fitted with a metal case or dust cover, which
also acts as a shield against stray electrical fields in the
room. The apparatus on the power-supply rack is

covered by one large dust cover supported from the
rack itself and removable as a unit. This general
method of construction is one that has been widely
used in the telephone and other communication fields.
It gives compactness with a maximum of accessibility
and requires a minimum of floor space.

The amplifier panel carries three direct-current
milliammeters, the amplification control switch, and
the fine adjustment for balance of the output stage.
By means of a plug-and-jack arrangement it is possible
to measure the plate current of the various tubes using
the three meters provided. Input and output con-
nections to the amplifier are likewise made by means of
plugs and jacks.

The arrangement of the amplifier behind the panel
is such that all grid and plate leads are very short and
each stage is separated from the others by aluminum
shields. All grid and plate leads are kept as far as
possible from the metal shielding to reduce the loss of
amplification at high frequencies. All power-supply
leads are run in shielded cables with the shields grounded
to the amplifier framework at frequent intervals and
are kept well away from the grid and plate leads of
the tubes to reduce the possibility of hum pick-up.
The input lead to the amplifier is also shielded, and the
shielding is grounded, both to reduce pick-up of stray
fields in the room and to prevent coupling between input
and output circuits of the amplifier. The possibility
of such coupling is still further reduced by taking input
and output leads from opposite ends of the amplifier.

The compensation-circuit panel carries a four-dial
0-10,000-ohm decade resistance for compensation ad-
justment, as well as a double-pole, double-throw, locking
push-button switeh arranged to connect either the
compensation circuit or a 5,000-ohm resistor to the
amplifier, the resistor being used for amplifier calibra-
tion. Behind this panel, supported by a bakelite shelf
in a large aluminum box, is the compensating coil. As
much space as possible was allowed around the coil in
order to prevent excessive reduction ot its effective
inductance by the metal shield. Attempts to operate
with no shielding were unsuccessful because of the stray
field pick-up of the large compensation coil. This
trouble was experienced in the previous amplifiers also,
but to a much lesser extent because of the smaller
amplification of that equipment.

Below the compensating-coil panel is that of the
potentiometer and control apparatus. Here, conveni-
ently grouped in one spot, are all the controls and meters
necessary for routine operation of the equipment with
the exception of the compensation adjustment, which
is within easy reach on the panel above. The use of an
arrangement such as this effects a worth-while saving
in time and effort.

The apparatus on the panel is as follows: From left
to right in the top row, the alternating-current micro-
ammeter indicating the current input from the calibrat-
ing oscillator; the three-dial decade 0-1,000-ohm
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resistance of the potentiometer for setting the heating
current and measuring the mean voltage drop across
the wire; and the direct-current microammeter used,
in conjunction with a thermoelement, as the output
meter. In the next row are the galvanometer for
indicating balance in the potentiometer circuit; the
coarse adjustment of heating current; a direct-current
milliammeter for rough indication of heating current;
the fine adjustment of heating current; and the direct-
current milliammeter used to indicate balance in the
output stage of the amplifier. The bottom row consists
of the combined galvanometer and reference-battery
key; a five-position, four-gang switch to be described
later; and the jack for the output-meter key, which for
convenieace is attached to a short, two-wire flexible cord.

The above-mentioned five-position, four-gang switch
replaces the cumbersome plug-and-jack system em-
ployed in the earlier apparatus to control the potenti-
ometer and amplifier input circuits. In the first of the
five switch positions the potentiometer and standard
cell are so connected that the voltage of the reference
battery may be measured. In the second position the
potentiometer is connected across a Lknown fixed
resistance in the heating-battery circuit so that the
current through the hot-wire may either be measured
or set to some predetermined value. In the third
position of the switch the potentiometer is connected
across the hot-wire so that the mean voltage drop may
be measured. In the fourth position the hot-wire is
connected across the input of the amplifier so that the
fluctuating voltage drop may be amplified and measured.
Finally, in the fifth position, the amplifier input is
connected across a 20-ohm resistor in the oscillator
output eircuit for calibration and testing purposes.
Thus the switch with five settings performs the same
functions as the six jacks and three plugs formerly used.

Behind the control panel are mounted the standard
cell, the reference battery, and the various fixed and
variable resistors associated with the potentiometer
circuit and oscillator output circuit, as well as the
thermoelement and resistor used in the amplifier out-
put circuit. Shielding between input and output
circuits is provided, and all apparatus is contained in
an aluminum outer shield with a removable back.

The unit below the control panel is the General Radio
type 377B audio-frequency oscillator used for calibra-
tion and testing. This oscillator is the one used with
the earlier equipment, adapted for rack mounting.

The last unit on the amplifier rack is a blank panel
covering space reserved for future expansion.

The power-supply rack carries all power supplies and
voltage controls, with the exception of the automatic
voltage regulator, which is mounted some distance
away so that the amplifier will be less affected by the
external field it produces. Starting at the top the first
two panels are blanks reserved for future use. The
third unit is the power supply for the high-gain and
phase-inverter stages of the amplifier. On this panel

are mounted an on-off switch controlling the input to
the power supply, a red pilot lamp to indicate when the
power supply is in operation, and a set of small jacks
connected to the various high voltages available at the
power-supply output. The main panel of the power
supply is Y-inch cold-rolled steel; this heavy material
is used because of the very considerable weight of the
power-supply equipment. The component parts, which
are of the “bottom connection” type, are mounted on
a vertical subpanel about 2 inches behind the main
panel and of the same material. The space between
main and subpanels is used for the wiring, which is
thus protected and hidden.

In order to reduce the external alternating-current
field of the power supply, all chokes and transformers
are enclosed in very heavy cast cases of high perme-
ability iron alloy and as much of the wiring as possible
is confined to the space between main and subpanels or,
in the instance of output and input leads, to the in-
terior of the channels forming the vertical members of
the rack.

The fourth unit is the power supply for the output
stage. This unit differs from the third unit only in
the electrical details that have been discussed previ-
ously. The mechanical arrangement is identical to
that of the other power supply. The fifth unit is the
input-voltage control panel, and carries the main
alternating-current power switch, a pilot lamp, the
manual voltage control autotransformer, and an alter-
nating-current voltmeter that indicates the input
voltage to the power supplies. The sixth unit is a
service panel carrying several outlets for alternating
and direct current, and a battery-charging outlet. The
last panel carries a 2.5-volt transformer which supplies
heating current for the output stage filaments. On the
face of the panel are mounted a switch, a pilot lamp,
and an outlet that allows the 2.5 volts alternating
current to be used for any purpose.

As mentioned previously, a sheet-iron dust cover
encloses the rear of all apparatus on the power-supply
rack. This cover also provides some shielding in ad-
dition to the iron cases of the individual components
of the power supplies. Further shielding is obtained
by enclosing all leads connecting the two racks in
grounded lead-foil coverings.

PERFORMANCE

The important features of the performance of the
complete equipment are summarized by the two curves
of figure 5.

In comparison with the performance of the previous
equipment (figs. 9 and 11 of reference 3), it is seen that
some improvement has been effected in the frequency
characteristic of the uncompensated amplifier. The
new apparatus maintains its amplification constant to
3,000 cycles per second, whereas the older amplifier
started to lose amplification at about 1,600 cycles per
second.
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FiGUre 5.—Frequency characteristic of apparatus.

The comparison between the compensated frequency
characteristics of the two sets of apparatus is not
quite so favorable. Because of the unavoidable de-
crease in the effective inductance of the compensa-
tion coil, caused by proximity to its shielding box, the
resonant frequency has been lowered from 4,000 to
3,500 cycles per second.  This fact, together with other
effects probably due to the use of a power supply
having high internal impedance compared with the
storage cells formerly used, causes the frequency charac-
teristic to depart from the ideal at a somewhat lower
frequency than before. The height of the resonant
peak, however, has been reduced and it is felt that the
slight sacrifice in frequency characteristic performance
is offset by the increased reliability and usability of the
apparatus.

Other features of the performance, not evident from
the curves shown, are a sixfold increase in sensitivity,
which allows the use of a more rugged meter without
loss in effective sensitivity, and an improvement in the
constancy of amplification control setting ratios.

II. POWER-SUPPLY DESIGN

In the selection of a power-supply system for an
amplifier there is no doubt, from the standpoint of
electrical design, that batteries, particularly storage
batteries, offer the best results. The cost, the bulk,
and the problem of maintaining a battery power supply
make it desirable, however, to design an alternating-
current operated power supply that will give satisfac-
tory electrical performance.

For cathode heating, alternating current of the proper
voltage may be directly applied to the heaters of the
indirectly heated cathode type tubes and successful
performance obtained even in high amplification am-
plifiers. In the output stage of the amplifier, directly

heated cathode tubes are generally satisfactory. The
only precautions necessary are: grounding of the zero
potential point of the heater supply circuit, shielding
of the supply wires to the tube sockets, the use of some
discretion in the placement of these supply wires relative
to grid and plate wiring in the amplifier, and the use of
magnetically well shielded transformers located some
distance from the amplifier and of ample capacity for
the load to which they are connected.

The design of the high-voltage supply is a more com-
plicated matter. It divides itself more or less naturally
into two phases. First, the treatment of the problems
peculiar to the power supply itself, namely, the provision
of sufficient filtering and power capacity. Second, the
consideration of the effect that the power supply will
have on the characteristics of the amplifier, entirely
apart from the possible introduction of hum and noise.
These phases will be discussed separately.

FILTER DESIGN

A rectified alternating-current power supply consists,
in general, of a transformer to raise the commercial line
voltage to the required high voltage, rectifiers to change
this high voltage from alternating current to pulsating
direct current, and a filter system to remove, as nearly
as possible, all these pulsations, leaving only a pure
direct current of the desired high voltage.

INDUCTANCE INPUT FILTER

Many types of transformers, rectifiers, and filters may
be used in various combinations, but certain combina-
tions are more common than others. Of these the most

slransformertiRectifier¥—— Filiter—

(b)
(b) Voltage relations.

Ficurs 6.—The inductance input filter.

common is the single-phase full-wave transformer and
rectifier working in conjunction with an inductance
input filter. This type is shown in figure 6 (a). The
output from the system consists of a series of voltage
pulses having twice the frequency of the alternating
current supplied to the transformer. Neglecting the
minor effects of voltage drop in the rectifiers and
transformer leakage reactance, these voltage pulses
approximate the shape of arches of sine waves, as shown
in figure 6 (b).
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If the input inductance of the filter L, is made
sufficiently large to satisfy the inequality

Wl ea
Ry, = eq,
where wl, is the reactance of L, to lowest frequency in
rectifier output;
I, load resistance into which the filter works;
¢qc, amplitude of the lowest frequency component
in the rectifier output voltage;
and ¢4, direct-current voltage in rectifier output;
a fairly constant input current to the filter will be
maintained. Under this condition the voltage across
Cy will fluctuate only slightly about a value equal to the
average voltage of the rectifier output pulses (fig. 6 (b)).
The action of L, and (), is to reduce still further the
magnitude of the fluctuation. It is possible to reduce
the fluctuation components to as small a portion of the
total output voltage as may be desired by making
Ly, L,, C, and C, sufficiently large, or by adding similar
sections.

Assuming that the input inductance is large enough
to satisfy relation (1), the residual fluctuation compo-
nents in the filter output may be computed with suffi-
cient accuracy by considering that the output voltage
wave, ¢; from the rectifier has the form given by the
Fourier series !

(1)

: 9 :
e;=£§(l — = c0s 2wt —— cos 4wt
T\ 3 15
— = Ao o S ok i 9
35 COS Bt 12 COos nwt), (2)

where ¢ is the peak value of alternating-current voltage
applied to rectifier,
w=2f,
and  fis the supply-voltage frequency.

The output wave of the form shown in equation (2)
may be applied to the filter under consideration, and the
network solved for the value of the components in the
filter output by the usual methods for complex networks.
This procedure is somewhat laborious, however, and
sufficient accuracy may be obtained by means of a
simplified computation.

Assuming that the reactance of each series inductance
is large compared with the reactance of the preceding
and following shunt capacitances and that the reactance
of the output capacitance is small compared with the
load resistance, the following expression is approxi-
mately true,

1 €,

L - - LG C) s, @

where ¢, is the magnitude of a given alternating-current
component applied to filter;
¢,, magnitude of the same component at the out-
put of the filter;
n, number of sections in the filter;

! This is the Fourier expansion of the half-sine wave shown in fig. 6 (b).

L, to L,, series inductances;
C, to C,, shunt capacitances;
and 7 is the frequency of the component under con-
sideration.
For the two-section filter of figure 6 (a) equation (3)
becomes
e, 1

IR 5 1 4]

In the application of the preceding approximate
equations the magnitude and frequency of each com-
ponent of the rectifier output may be substituted in
turn, and the resultant magnitude of this component
in the output from the filter obtained. In order to
simplify this procedure, equation (2), giving the magni-
tude of the components of the rectifier output, may be
written in tabular form as follows, by giving the direct-
current output voltage the value 1.00.

TABLE I

VorTAGE RELATIONS IN SINGLE-PHASE FULL-WAVE
RECTIFIERS

Root mean square a. ¢. voltage applied to each rectifier____ 1. 11
The d. ¢. output voltage at rectifier terminals____________ 1. 00
Peak value of lowest frequency a. ¢. component__________ 0. 667
Peak value of second harmonic of lowest frequency a. c.
COINPOT 1)1 RS SR I = 07133
Peak value of third harmonic of lowest frequency a. c.
COMPONEnT s e e B 03 0577,
Frequency of lowest frequency a. ¢. component_ _ _ _ 2f
Frequency of supply voltage__________________ e e F

In table I it will be noted that the lowest frequency
component has a frequency twice that of the supply

IR

FIGURE 7.—Schematic circuit diagram of capacitance input filter

voltage. Since in most cases the supply will be from
the usual 60 cycles per second lines, this lowest fre-
quency component will have a frequency of 120 cycles
per second and the next two higher frequency com-
ponents will have frequencies of 240 and 360 cycles per
second. In view of the fact that the amplitude of the
higher frequency components decreases rapidly with
increase in order, while the smoothing action of the
filter increases as the 2n power of the frequency, it is
generally sufficient to consider only the lowest frequency
component of the rectifier output in computing the
filter performance.

CAPACITANCE INPUT FILTER

Another type of rectifier and filter combination often
used is the single-phase full-wave rectifier and capaci-
tance input filter, for which a typical schematic circuit
diagram is given in figure 7. The advantages of this
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arrangement, in comparison with the inductance input
system, are an approximately 25-percent increase in
filtering action from a given amount of inductance and
capacitance and a considerably higher direct-current
output voltage for equal alternating-current inputs to
the rectifiers. The disadvantages are the poor voltage
regulation of the system under a varying load, and the
increased Joad on the rectifier tubes. Neither of these
disadvantages is serious when the rectifier and filter
are to be used to supply high voltage to a light and
constant load, such as that offered by the high-gain
stages of a turbulence measuring amplifier.

The action of a capacitance input filter is somewhat
different from that of the inductance input type in
respect to the wave form of the voltage applied to the
first inductance. In the inductance input filter this
voltage depends only on the rectifier, whereas in the
capacitance input filter it also depends on the capaci-
tance of the input condenser.

Rach time the alternating-current voltage applied to
a rectifier anode reaches its peak value, the input con-
denser ('; charges to this same value. Then, as the
alternating-current voltage at the rectifier falls, the
condenser discharges into L, until the other rectifier
anode reaches its peak potential and the condenser is
charged again. Since during most of the cycle the
condenser is more positive than either rectifier anode,
the rectifier current flows for only a short time. Dur-
ing the discharge period of the condenser its voltage
drops at a nearly uniform rate because the inductance
L, tends to draw a constant current. The result of
this action is that an approximately saw-tooth voltage
wave form is applied to the inductance L.

In order to compute the action of the filter under the
above-outlined conditions, it is necessary to assume
that the impressed wave form has a true saw-tooth
shape with a peak amplitude equal to the peak ampli-
tude of the alternating-current voltage applied to the
rectifier. This voltage, ¢;, can then be considered to be
represented by the Fourier series
€= € /{1 + e (sin wt—2 sin 2wl‘—}—1 sin 3wt —

wC R, 2 3

- . e
SESoR:
+% sin nwi)}, (5)

where ¢ is the peak value of alternating-current voltage
applied to rectifier;
(', input capacitance;
R;, load resistance;
and  f, supply voltage frequency.

The accuracy of the assumptions on which equation
(5) is based increases as the voltage variation across (';
decreases, for instance, as C'; and/or I, are increased,
but in the worst cases likely to be encountered in
practice the equation will still give results of sufficient
accuracy for most purposes.

Tt is possible to compute the magnitude of the residual
fluctuations in the output voltage from the filter by
solving equation (5) for the magnitude of the fluctua-
tion components in the voltage applied to I and then
using equation (3) exactly as in the case of the induct-
ance input filter. The fact that the direct-current
output from the rectifier and the ratio of the fluctuation
components to this direct-current voltage both depend
on the magnitudes of C'; and R, complicates the pro-
cedure somewhat by making it impossible to reduce
equation (5) to a simple table, as equation (2) was
reduced to table I. Equation (5) must be solved using
the values of O; and R, that apply to the particular

problem.
RESONANCE FILTER

A third type of filter to be considered is that in which
resonant elements are used. Filters of this type find
their greatest application where economy of weight is
important, or where considerations of voltage regulation
make it desirable to use low-resistance series induc-
tances in the filter circuit. Very low resistance in the
series inductance is generally accompanied by low
inductance, unless unusually large reactors wound with
large wire are used. If the series elements are made
parallel resonant at the lowest {requency present in the
rectifier output, it is possible to obtain high attenuation
to this frequency from comparatively small values of
inductance. Alternatively the shunt elements of the
filter may be made series resonant to the main fluctu-
ation frequency and a similar effect obtained.

The principal disadvantage of such resonant filter
arrangements is that the large attenuation is obtained
only at the resonant frequency. The higher frequency
fluctuation components are attenuated comparatively
little and may reach the output of the filter with large
amplitude. A further disadvantage is the fact that the
inductance of an iron-core coil, such as a filter reactor,
depends on the direct current through the coil. Since
this direct current is likely to be variable the inductance
may also vary, making it impossible to keep the resonant
element resonant at the proper {requency.

For these reasons it is generally best to employ
resonant filter elements in conjunction with ordinary
series and shunt filter elements so that they do not bear
all the burden of filter action. Tt is also advisable to
use series resonant circuits shunted across the filter
network, because such circuits carry no direct current
and are thus free from the detuning effects of load cur-
rent changes. The filter used in power supply 2 for
the output stage of the amplifier of figure 3 is an ex-
ample of the combination of series resonant and ordinary
filter elements.

If resonant filter elements are combined with ordinary
filter elements so that an inductance or capacitance
input filter is formed, the resultant network may be
solved for the magnitude of the fluctuation com-
ponents in its output voltage by assuming the input
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voltage to have the form given by either equation (2)
or equation (5).

If a resonant element forms the filter input the com-
putation becomes more difficult. In general, it will be
necessary to determine the shape of the input wave
form from an oscillograph record.

CAPACITANCE RESISTANCE FILTER

A fourth type of filter that is occasionally used is one
composed of resistance and capacitance elements, in-
stead of inductances and capacitances. The chief appli-
cation of this type is to power supplies to give fairly high
voltage and small current. Its advantages are economy,
compactness, and small external field, all of which are
due to the fact that no filter inductances are used. Its
disadvantages are the need for higher transformer volt-
ages for a given direct-current output voltage and its
poor voltage regulation under variable load. Since
such filters are not ordinarily used with a variable load,
the voltage regulation is not of great importance and it
is usually best to use a capacitance input to the filter,
thus increasing the direct-current voltage obtainable at

FiGURE 8.—Schematic circuit diagram of capacitance input resistance— capacitance
filter.

the filter input from a given transformer alternating-

current voltage. Figure 8 shows such an arrangement.

The computation of the smoothing action of this

arrangement may be carried out by assuming the input

voltage to have the form given by equation (5) and

solving the network, consisting of R, R, . . . R, and
C, 0, ... C, for the fluctuation components of the

output voltage by the usual methods.

Assuming the resistances of R, I, etc., to be large
compared with the reactance of ) (, ete., it is pos-
sible to derive a simplified formula, similar to equation
(3), the general form of which will be

e, 1

B o RE .. B GG (6)

In the instance of the two-section filter of figure 8 this
equation becomes
Gy 1 ) _
e PRR,CiC @)

FILTER PERFORMANCE

Regardless of the type of filter involved, its suitability
for a given purpose depends on the magnitude of fluctua-
tion voltage allowable, which in turn is controlled by the
magnitude of the lowest useful amplifier input voltage.

In the case of turbulence measuring equipment, 0.001
volt might be set as the lower limit of the range of
voltages to be measured, and it would be desirable to
keep the effect of power-supply hum, at the amplifier
output, less than %, the reading produced by this
minimum input voltage 7£,,;,.

The most important point of introduction of hum in
the amplifier is in the plate circuit of the first tube, and
the voltage introduced here is equal to the hum com-
ponent of the plate current multiplied by the coupling
resistance of the first tube. That is,

7 4 IL‘(I“
]ﬂ,,:IR(-Fdﬂy (8)

where £, is the hum voltage across R, due to plate
power supply;
I, plate current of first tube;
R, coupling resistor of first tube;
E,., magnitude of principal fluctuation com-
ponent in plate voltage;
and [, the direct-current plate voltage.

Making allowance for possible hum from other sources
by the use of the factor 100 instead of 50, and for the
fact that the input voltage is amplified by the first tube
before it reaches the point where the hum is introduced,
the relation between minimum input and maximum
allowable hum may be written as

X A B,
E,, S men
hmaz = 10() (9)

where £, is the maximum allowable hum voltage
across I,
E,i,, minimum input voltage,
and A,, amplification of first stage.
By the use of equations (2) or (5) with (3), (8), and
(9) it is possible to determine whether or not an existing
rectifier and filter, or a proposed design, will give
satisfactory results. As an example of such a deter-
mination, consider the power supply for the high am-
plification stages of the amplifier described in this
report.
This power supply has a three-section inductance
input filter with an output of 400 volts direct current
at 0.016 ampere, working from a full-wave single-phase
rectifier. First, the values
L;=40 henries,
R;,=25,000 (0.016 ampere at 400 volts),
w =27 (120),

and % — 0.667 (from table I),

de
are found to satisfy relation (1). This result indicates
that equation (2) and table I may be safely used to
represent the input wave to the filter. From these
it is determined that the principal fluctuation frequency
of 120 cycles per second (for 60 cycles per second power
supply) will have an input peak magnitude of 267 volts.
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The ratio of the magnitude of this fluctuation in the
filter output to its magnitude in the input will be given
from equation (3) by substituting the values L,, L.,
and L;=40 henries, ¢, and (,=0.00002 farad, C;=
0.00004 farad, and w=2x (120), and 1is 21’:5.35>< 105

i
From this the value 1.43 X 107° volts peak is obtained as
the magnitude of the principal hum component in the
output from the filter. The ratio of this component

to the direct-current output is then

Lo a5 10
Cac

Since a resistance voltage divider is used to reduce
the 400-volt direct-current output from the filter to
the 250-volt plate voltage for the first tube, the hum
component will be reduced by the same ratio as the

direct current and the foregoing ratio will remain the

same. That is, i‘:E'”' Substituting this ratio in
Cac dc

equation (8), with 7=0.001 and R,=200,000, gives

E,=7.15X1077 volts peak, or 5.06 X107 volts r. m. s.,

which is the hum voltage at the output of the first
tube.

Substituting this value in equation (9) using A;=100
as the amplification of the first stage, and 0.001 volt as
the minimum voltage to be measured, the relation is
satisfied and no measurable hum should be expected in
the amplifier output. Tests of the completed amplifier
verify this conclusion.

In the design of a transformer, rectifier, and filter
combination, various factors influence the choice of
the components used. In this discussion of the prob-
lem, only the full-wave single-phase rectifier will be
considered, because this is the most common type.

In connection with the filter, little need be said except
that the condensers should be of ample voltage rating
for the voltage to be used and that the filter reactors
should be capable of maintaining the desired inductance
when carrying the direct current required from the
filter. Generally, if the direct-current voltage does not
exceed 400 volts, electrolytic condensers will be satis-
factory and have the advantage of compactness.
If the peak voltage encountered by the condenser
exceeds 400 volts, as might be the case of an input
condenser in a capacitance input filter, it is best to use
paper dielectric condensers with continuous service
direct-current voltage ratings at least 1.5 times the
peak voltage.

The filter reactors chosen should preferably be
magnetically shielded by heavy cases of cast-iron alloy.
In the selection of the reactors due regard should be
given to their resistance, as well as inductance, espe-
cially if the filter works into a variable load. Further-
more, it is well to minimize the effect of load variation
as much as possible by the use of a fairly low-resistance
voltage divider on the filter output, and it is necessary

to consider the current drawn by this resistor, as well
as the load current to the amplifier, when determining
the required current carrying capacity of the reactor.

There is little choice available in the matter of
rectifiers. Two general types may be had in the sizes
suitable for use in power supplies of the type under
discussion, namely, hot cathode mercury vapor recti-
fiers and high vacuum thermionic rectifiers. Of these
types, the first should be avoided, unless its large current
capacity and low voltage drop are necessary, because
of its tendency to produce high-frequency disturbances.
Tubes such as the type 80, 83V, or 5Z3 will prove satis-
factory and the choice between them depends only on
the voltage and current required from the rectifier
filter system.

These high vacuum rectifiers have a large and
variable voltage drop, the magnitude of which must be
determined from the characteristics published by the
manufacturer. It is of importance in the determina-
tion of the transformer voltage necessary to produce
the required output voltage from the system.

The choice of a transformer for use in a given power
supply is based on the direct-current output voltage
desired, the power required, and the type of filter to be
used. Assuming that an inductance input filter is to
be used, the transformer voltage and power capacity
can be determined as follows. From table I it is found
that the required alternating-current voltage from
each end of the secondary winding to the center tap is
1.11 times the direct-current voltage desired, neglecting
the voltage drop in the transformer, filter, and rectifier.
Therefore, to compute the actual alternating-current
voltage required to give the desired direct-current
output voltage, it is necessary to determine these
neglected voltage drops, add them to the desired
direct-current voltage, and multiply by 1.11. In this
computation it is usual to neglect the voltage drop in
the transformer secondary and the effect of transformer
leakage reactance. Both of these factors are small
in any good transformer.

If a capacitance input filter is to be used, the required
alternating-current voltage may be determined in the
same manner as for the inductance input filter case
except that the ratio of alternating-current secondary
voltage to direct-current output voltage must be deter-
mined from equation (5). Once this ratio is known for
a given filter and load, the rectifier and filter voltage
drop may be added to the desired direct-current output
voltage and the required alternating-current voltage on
each side of the secondary center tap, computed.

The mechanical lay-out of the power supply is not
important. The components, with the exception of the
rectifier tube, may be arranged in any manner that is
convenient. Provision must be made for ventilation
in placing the rectifier tube, and the tube should pref-
erably be mounted vertically. If the tube must be
mounted horizontally, it should be so oriented that the
filaments do not tend to sag toward the plates.
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IIIl. THE EFFECT OF THE POWER SUPPLY ON
THE AMPLIFIER

In any multistage amplifying system there is a great
difference between the energy levels of the first and
last stages and, if even a very small portion of the
output energy is allowed to return to the input circuits,
the amplification characteristics of the system will be
greatly affected. The most frequent medium for such
back coupling is the internal resistance of a common
power supply, such as illustrated by figure 9. THere it
will be noted that the internal impedance Z, of the
power supply is common to all plate circuits, hence any
voltage drop e, across Z,, caused by the plate current
of one tube, will transfer energy to all the other stages
in the amplifier. Since the plate current of each stage
contributes to the voltage drop e., and because energy
is transferred to each stage by e, the exact mechanism
of the action of Z, on the amplifier is a very complex one.
However, Terman has shown (reference 8) that quite
accurate results may be obtained by neglecting the
interaction between all stages but the first and the last.
This procedure is justifiable because the difference in
energy level between any other two stages is much
smaller than that between the first and last. An analysis
of the action of Z, may be made quite easily on this
simplified basis.

Power- ‘
supp/y Co

Ficure 9.—Schematic circuit diagram of multistage amplifier with common plate
voltage supply.

If the schematic circuit of figure 9 is redrawn in the
form of the approximate equivalent circuit of figure 10,
it is seen that the voltage drop across the power supply
impedance, caused by the amplified alternating currents
in the last tube is

Z,
e T
—eA.—e A1A,

where p, 1is the amplification factor of last tube;

e;, a.c.input voltage to second stage;

¢y, a.c.input voltage to last tube;

Ry, load resistance of last tube;
internal impedance of last tube;

(10)

7'02)
Ay, amplification between output of first tube
and input to last tube;
L
'uZZc‘f‘Rz‘*‘sz

and
Ac: 35/62: —

Since the impedance Z, is generally very small com-
pared with 7, and R, the voltage ¢, may be represented
as a source of negligible internal impedance in series
with the plate circuit of the first tube.

Hence
+ + rR
—€A—} elA AFR—}‘ 7 (11)
where ¢ is the alternating-current input voltage to the

amplifier;
, amplification factor of the first tube;
R, load resistance of the first tube;
7y, internal impedance of the first tube;

and A, amplification of first stage, neglecting the
effect of Z..

First stage /ntermediote stages Lost stage

||

il

grp %‘T () Ay e; Ii’é Iy, §
i

“5‘/16’ Power : i 22 (
( suply Z % M €A,

FIGURE 10.—Approximate equivalent circuit of multistage amplifier with common
plate voltage supply.

Rearranging equation (11) in the form

eA:e,( —A A‘R—!—I,,)
or
Q_ A
AIACR+ 4

; e , o
an expression for —;:Ae, the effective amplification of

the first stage, is obtained. For convenience of analysis
this expression may be further rearranged by multi-
plying the right-hand term of the denominator by A,

and by ’,”_*—R; which is 1/4. That is,
YoouR

A

1 €1
Akl
e L7 Btr,
l—Addp =
or
Asbe B4 L 3 (12)
l—AA,A,—jz

The final result is an expression for A4,, the effective
amplification of the first stage, in terms of known or
readily measured characteristics of the amplifier.
These characteristics, with the exception of u, R, and
rp are vectors and must be treated accordingly.
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In this connection it should be noted that A4, and A
will either be very nearly in phase or very nearly 180°
out of phase over most of the frequency range of the
amplifier. If an odd number of stages is used in the
amplifier, the plate currents of the first and last stages
will be approximately in phase, and the general effect
of Z. will be an increase in amplification. If the total
number of stages is even, a decrease in amplification
will occur. In either case the modification of amplifi-
cation is not likely to be uniform over the frequency
range of the amplifier because Z, will generally be
reactive in character and hence will change in magni-
tude and phase angle as the frequency changes, thus
changing A, and, through A, the effective amplifica-
tion A, of the first stage.

Three general methods may be employed to eliminate
or reduce the effect of Z, on the amplification. First,
Z. may be entirely eliminated by the use of separate
power supplies. Second, its effect may be reduced by
making Z, unimportantly small over the frequency
range of the amplifier. Third, filters may be inserted
in each plate circuit to reduce the common coupling
effect of Z..

The first method is, of course, the most satisfactory
as far as ease of obtaining the desired result is concerned
but has the disadvantage of requiring several power
supplies. However, the stages most likely to give
trouble are those of the high-gain amplifier, and these
stages generally have very modest power requirements.
If advantage is taken of this fact and individual power
supplies with small low-current high-voltage trans-
formers and resistance capacitance filters are used, it
may be possible to provide the required number of
power supplies in the available space and without ex-
cessive cost. Sometimes it will be found that the
desired result may be obtained by providing a separate
power supply for only the first stage.

The second method depends for its practicability on
the fact that Z, in most rectified alternating-current
power supplies has a predominantly capacitive react-
ance. It is possible to make the alternating-current
voltage drop across Z, negligible throughout the high-
and medium-frequency ranges and well into the low-
frequency range of the amplifier by shunting the output
terminals of the power supply with suitably large values
of capacitance. However, as the frequency is lowered,
the effect of Z, will eventually become very evident,
usually as a violent low-frequency oscillation of the
amplifier if an odd number of stages is used or, as a
marked lack of low-frequency amplification, if the
number of stages is even. Because of this difference in
the effect with odd and even numbers of stages, slightly
different remedies are usually employed in its elimina-
tion.

If the number of stages is odd, the usual method of
attack is to add enough capacitance across Z, to cause
the frequency at which its effect becomes troublesome
to be lower than the lowest frequency that it is desired

to amplify. The amplifier is then so arranged, for
instance, by reduction of coupling capacitance, that its
amplification decreases rapidly for frequencies less than
the desired lower limit; that is, in the frequency range
where Z, begins to have an important effect. By a
suitable balance of the increase in amplification due to
the effect of Z, against the decrease in amplification
introduced into the amplifier to counteract the effect
of Z,, it is often possible to extend the lower limit of
useful amplification to a considerably lower frequency
than the constants of the amplifier circuit alone would
indicate.

If the number of stages is even, the only solution is
to add sufficient capacitance to the power-supply output
terminals to make Z, so small that its amplification
reducing effect does not become important at the lowest
frequency it is desired to amplify. In the case of
turbulence-measuring equipment, or any amplifier to be
used at very low frequencies, this method requires very
large values of capacitance. However, since the output
voltage of the power supply is usually not over 400

A
Cr
H
Ay
- J
Power
supply

FIGURE 11.—Schematic circuit diagram of multistage amplifier with common plate
voltage supply and “decoupling” filters.

volts, it is generally possible to use electrolytic capaci-
tors and thus obtain large values of capacitance without
undue bulk or expense.

Generally, it will be found necessary to provide a
separate power supply for the final stage of the system
because of the comparatively large drop across Z; pro-
duced by the large alternating-current component in
the plate current of this stage. Power supplies for the
remaining stages may be provided as convenience or
necessity dictate. Usually if an excess of amplification
exists in the system, as was the case in the amplifier of
figure 3, the desired performance may be obtained most
easily by connecting even numbers of stages to the same
power supply. If no amplification may be sacrificed, it
may be necessary to arrange the circuit so that each
power supply serves an odd number of stages.

The third method for eliminating the effect of Z,, the
use of “decoupling filters” is illustrated by figure 11
and by the approximately equivalent circuit of figure
12. This method depends for its operation on the
insertion of a resistance Ry in series with each plate
circuit, and the use of capacitances Cp connected be-
tween the junction of the load resistors R, R, R, etc.,
with R, and the zero potential side of the circuit.
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The function of the capacitors Oy is to provide a low-
impedance path to ground for the alternating-current
components of the plate current of each tube. The
function of the resistors I is to insert a high impedance
between the bypass circuits and Z,, the common cou-
pling element of the circuit, thus helping to confine the
alternating-current components to the bypasses and to
keep them out of Z..

e

A

IUQXcQZc

The performance of the amplifier power supply com-
bination, when such filters are used, may be estimated
by use of equation (12). It is necessary, however, to
solve the circuit of figure 12 for an appropriate ex-
pression for A, If this solution is accomplished,
using the same resistance for both resistors Ry and the
same capacitance for both capacitors Cr, it is found
that

(13)

where Rp is the resistance of ‘“decoupling filter”

resistors,
1

and X, is the reactance of Cp= 5f Oy

The other symbols have the same significance as in
equation (12). If dissimilar resistances are used for
the resistors Ry or dissimilar capacitances for capacitors
Cr, an equivalent, but more complicated, expression
may be derived.

A, Ty,

g\z sHe

- ‘4494
gé

—10; pA
=—u,e A,
TF TCF o

FIGURE 12,—Approximate equivalent circuit of multistage amplifier with common

plate voltage supply and **decoupling” filters

Because the decoupling filter action depends on the
maintenance of a high ratio of Ry to X,, this system
also becomes ineffective at very low frequencies, unless
large values of capacitance are used at C». The system
is one that is widely used, however, and, if the output
voltage of the power supply is great enough so that
high voltage drops in Rr can be tolerated, the filters
can be made effective at any reasonable desired low
frequency. The usual procedure is first to make the
output voltage from the power supply as high as is
is economically possible, then to drop this high voltage
to that needed for proper operation of the amplifier by
making R, large, and finally to add capacitance at
Cr until the desired low-frequency performance is
obtained.

If an even number of stages is used in the amplifier,
the decoupling filters tend to give somewhat better
results than might be indicated by equations (12) and
(13), because as the frequency is decreased, X, increases,
and its bypassing action decreases. This result allows
Ry to become increasingly a part of the load resistance
of the stage concerned, which in turn increases the
amplification of that stage, thus tending to offset the

"¢ (rptRy) Brt X'+ Z 2y, Ry)

(RF+ Xc) —f_ -(Ye (ZRF+ IYC) +RF)(C (R + AL)]

decrease in amplification which would normally occur
due to the action of Z.. If an odd number of stages
are used, this effect becomes a detriment rather than
an advantage because the effect of Z, is then to increase,
rather than to decrease, the amplification.

Of the three described methods for eliminating the
common coupling effect of the power supply on a
multistage amplifier, the first is undoubtedly the surest
and most satisfactory, especially if extremely low
frequencies must be amplified. The second method
is the simplest, where practicable, and should always
be attempted before resort to more complicated systems.
The third method is a very useful one, especially where
amplification at only moderately low frequencies is
necessary.

In the description and analysis of the action of the
power supply on the amplifier, as outlined here, it
has been assumed that the tubes used were triodes.
The results may be extended to multigrid tubes
because, in general, the extra elements are at zero
potential to the alternating-current components of the
voltages being amplified, and the tubes became equiva-
lent triodes.

When the extra element, for example, the screen grid
of a pentode or tetrode, must be maintained at some
positive direct voltage, it may be connected either to
a tap on the plate voltage power supply or to a separate
power supply. In either case the point of connection
will have some impedance to the zero potential side of
the circuit, and if several tubes are connected to the same
supply, a state very similar to that discussed in connec-
tion with the plate power supply will exist. Each tube
will then act as a triode composed of the regular control
erid, the cathode, and the screen grid acting as an
anode and will have a load impedance consisting of the
impedance of the screen voltage power supply, which
also acts as a common coupling link between tubes.

Fortunately, the conditions will usually be such that
the amplification of these accidental triodes will be
quite low, and their effect on the main amplifying action
of the amplifier will be still lower. The effect may
become troublesome, however, and provision for its
elimination should always be incorporated in either the
amplifier or the power supply. Since the screen voltage
required is usually of the order of only 50 volts, condi-
tions are ideal for the application of the decoupling
filter method. KExcellent decoupling action may be
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obtained by dropping the full power supply output
voltage down to the required sereen voltage through a
very high resistance and by using a large bypass capac-
itance between the sereen and the zero potential part
of the amplifier circuit. Quite often it will be necessary
to use this method only in the first stage of the ampli-
fier, as is the case in the amplifier of figure 3. The
remaining stages may usually be supplied with screen
voltage from a tap at the proper point on the power
supply voltage divider. This tap should be bypassed
to the negative terminal of the power supply by a very
large capacitance. Because of the low voltage involved,
electrolytic condensers are especially suitable for this
service.

PRACTICAL DESIGN PROCEDURE

In the design of an amplifier and power-supply com-
bination, due consideration should be given to the
factors discussed and every effort be made to arrive at
a suitable design before construction. It should not,
however, be expected that the completed system will
prove to be free from trouble. So many unknown and
undeterminable factors are involved in such a highly
complex problem as a three or more stage amplifier with
two. or more power supplies, that the approximations
necessary usually fall short of complete validity. In
general, the best that may be hoped for is an amplifier
that may be made satisfactory by minor changes of
circuit constants, rather than by complete recon-
struction.

Such an amplifier having been obtained, the proced-
ure to be used in the adjustment of its characteristics is
one of the cut-and-try type. Each amplifier is a unique
problem and must be treated as such. As an example,
the procedure in the case of the amplifier and power,
supply system of figure 3 will be considered.

This apparatus was originally intended to consist of
three high-amplification stages operating from one
power supply and a phase inverter-output stage com-
bination on a separate power supply. Upon comple-
tion it was found that the three-stage amplifier had
excessive low-frequency amplification and that the
phase inverter-output stage combination was unstable.
By trial it was found that the instability could be cured
by using separate power supplies. With this end in
view, the phase inverter was attached to the same
power supply as the first three stages and, in addition
to curing the trouble in the phase inverter-output
stage combination, this change greatly reduced the low-
frecquency distortion of the first three stages.

Further reduction of the frequency distortion in the
first four stages was obtained by changing the screen
voltage supply circuit so that the first tube received
its screen voltage through a 1-megohm dropping
resistor from the 250-volt plate voltage supply, instead
of from the 50-volt tap on the power supply voltage

divider. It was found necessary to use a paper dielec-
tric condenser for the bypass at the sereen grid of the
first tube because of the large voltage fluctuations that
resulted when an electrolytic condenser, with its more
variable leakage resistance, was used. For the 100-
microfarad bypass condenser across the 50-volt tap
for the screen voltage of the other tubes, electrolytic
condensers proved satisfactory.

Tests now indicated that the frequency character-
istic of the complete amplifier system was satisfactory,
except for a slight loss of amplification at the lower
frequencies, but that the over-all amplification was
excessive. By a reduction of the amplification at the
arid of the fourth stage, thus at the same time producing
a reduction of the current through Z,, it was possible
to bring the over-all amplification to the desired level
and to improve the frequency characteristic. The final
result is illustrated by figure 5.

CONCLUDING REMARKS

It is hoped that the material presented will prove
useful to others faced with the problem of designing
similar apparatus. No attempt has been made at an
exhaustive treatment. The aim, rather, has been to
present, under one cover, sufficient data so that a person
not particularly familiar with the design of such
apparatus may proceed on a sound basis. For addi-
tional information the reader should refer to any of the
standard works on communication engineering, for
instance, reference 8.
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D, Diameter

, Geometric pitch
»/D, Pitch ratio

V', Inflow velocity

Vs, ~ Slipstream velocity

4 A° Thrust, absolute coefficient 0T=p

Q, Torque, absolute coefficient C,—

1 hp.=76.04 kg-m/s=550 ft-1b./sec.
1 metric horsepower=1.0132 hp.

1 m.p.h.=0.4470 m.p.s.
1 m.p.s.=2.2369 m.p.h.

4. PROPELLER SYMBOLS

£ ehi
n2D*
Q

pn*DP

P,

: ; P
) o P
Power, absolute coefficient Ci—pTgDs
. 5 /pV?
Speed-power coefficient= %;&—

Efficiency
Revolutions per second, r.p.s.

Effective helix angle:tan“(o F )
ZTrn

5. NUMERICAL RELATIONS

1 1b.=0.4536 kg.

1 kg=2.2046 Ib.

1 mi.=1,609.35 m=5,280 ft.
1 m=3.2808 ft.



