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ABSTRACT

Asone step toward determining the weights of the various
electrical system components for an over-all system weight
study, empirical equations were developed to express the
relation between total generator weight and the power output
for minimum rotor speed. The ranges over which these
three variables were investigated were: terminal voltage
from 30 to 120 volts, load current from 100 to 400 amperes,
and minimum rotor speed from 3000 to 8000 rpm. The em-
pirical equaticns are limited by the assumptions made to de-
rive them; but the method of derivation can be used to obtain
substitute equations if different assumptions are required.

PROBLEM STATUS

This report is a final report on one phase of NRL Prob-
lem No. E01-C8R and concludes the weight study on d-c air-
craftgenerators. Threeseparate phases of this problem are
continuing; (1) an investigation of the factors affecting the
weight of aircraft transformers, (2) an investigation of the
relations between current and temperature rise in bundled
cables, and (3) simulation of electrical loads for aircraft
electrical systems.

AUTHORIZATION
NRL Problem No. E01-08R-
NR 421-080
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EFFECTS OF TERMINAL VOLTAGE, LOAD CURRENT AND MINIMUM
ROTOR SPEED ON THE WEIGHT OF D-C AIRCRAFT GENERATORS

INTRODUCTION

The weight of aircraft electrical power systems is of major importance because un-
necessary weight carried in an airplane reduces the pay load.

In order to make a weight study of aircraft electrical power systems it is necessary
to obtain the weight of the electrical components. The generators which furnish the pri-
mary electrical power are often the heaviest single units in the system.

Many factors affect the weight of d-c generators, among them environmental condi-
tions encountered, type of cooling used, duty requirements expected, length of life required,
and method of mounting. The above factors have such a profound influence that the term-
inal output ratings of these generators do not necessarily establish their weight. For this
reason, the authors in the technical literature usually restrict their discussion on the sub-
ject of weight of d-c generators to the active portion of the armature, which does not have
all of the above limitations. i

However, for aircraft use the operéting conditions are sufficiently defined so that
assumptions can be made and approximate weight curves obtained. '

The methods used for obtaining the final weight curves are included. The range of
investigation included in this report was limited to existing generators so that experimen-
tal evidence could be obtained to check the assumptions. However, the investigation can
be extended to include higher values of speed and terminal voltage. The curves given in-
‘clude larger power output ratings than have been built, but have an upper limit of arma-
ture current cwing to commutation limitations.

GENERAL DESCRIPTION AND OPERATING CONDITIONS
OF D-C AIRCRAFT GENERATORS

" The operating requirements for aircraft generators are more severe than those for
most conventional generators. The generators are normally driven by the aircraft engine
through a suitable gear box, and thus must operate over a wide speed range as the engine

'speed is changed. This range is frequently a three to one speed change.

In order to reduce their weight the generators are ventilated by forced convection.
Openings are designed into the leading edge of the wing or in the forward surface of the
airplane in such a manner-that air can be admitted to the generator through special cool-
ing tubes. Specifications govern the location of the openings and the design of the cooling
tubes in order to provide the required pressure difference between the opening and the
generator compartment, as well as to provide for the proper flow of cooling air.
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Since the smaller generators are attached rigidly to the gear box or gear pad which
is built into the aircraft engine, extreme vibration is encountered, especially on recipro-
cating type of engines.

FACTORS AFFECTING GENERATOR WEIGHT
Performance Requirements

The weight of d-c generators depends on the performance requirements. It is notpos
sible for the designer to arrive at a generator design of minimum weight until the perfor:
ance of the generator is specified. Thus, it is logical to begin a weight study by the appli
cation of basic performance eguations.

The generated voltage of a d-c generator is expressed as

'Eg = Kén : . (1)

where Eg is the generated voltage, ¢ is the total air-gap flux in lines, n is the rotor speed
in rpm and K is a constant depending on the particular generator. The constant K is fur-
ther defined as

z

= p(60) (10°) 2)
where Z is the total number of conductors in the armature, and p is the number of curren
- paths through the armature. By defining ¢ as the number of poles, P, times the flux per
pole, ¢p; and substituting (2) in (1),

P¢p Zn

s ~ 360,609 =

The power developed in the rotor is obtained by multiplying both sides of (3) by the total

armature current, Iy.
7 P¢ ZnIa
Wa = Egla =— I — (4)
p(60) (10°)

By defining the average flux density' over the armature surface as

By =t ¥
ave ~— Dol (5)
where : Dy = diameter of the active armature (air-gap diameter in inches)

Lz = length of armature stack in inches,

and by defining the ampere conductors per inch of armature periphery as g,
a= prDy '

the value of Da°La canbe solved by substituting (5) and (6) in (4),

DazLa - EB.M;_ . (7

nBavyeqm

* 4 complete list of symbols is Siven in Appendix I, pages 23 to26 .



NAVAL RESEARCH LABORATORY 3

~ Equation (7), therefore, is 2 measure of the volume of the active armature in terms of
the power developed in the armature, the rotor speed of rotation, the average flux density
of the air gap, and the ampere conductors of armature periphery. The ampere conductors
per inch of armature periphery, q, is sometimes called the specific loading.

Equatizons_similar to (7)3 appear in many d-c machine design textbooks such as Still,*
Kuhlmann,’ and Spreadbury.” Kuhlmann and Spreadbury have attempted to establish values
of Bave and q for typical machines.

A careful study of (7) clearly illustrates that the weight of at least the active armature
depends on the performance requirements. For example, the maximum speed will affect
the structural requirements, which, in turn, will affect the mass density. The type of ma-
terials selected for lamination will affect Byye- The type of cooling used will affect the
permissible value of q. The efficiency required will also affect Baye and g. The voltage
developed will affect the space factors of the windings and will, therefore, affect Baye and
q, even though Wa is not changed.

Terminal Voltage

In (7) no voltage term appears. Thus, for a given value of Wy it would appear that the
voltage of the generator will not affect the volume of the rotor. As voltage increases, how-
ever, the insulation thickness must increase. Also, the number of conductors per inch of
armature periphery will increase. Both of the above factors will reduce the ratio of cop-
per area to slot area, thereby decreasing the value of q for a given current density in the
copper. Therefore, as the voltage is increased, the rotor volume will increase in sizefor
constant values of power developed, rotor speed and average air-gap flux density.

As the rated voltage of the generator is increased, there is a range of values over
which the commutator weight is essentially inversely proportional to voltage. The actual
commutator diameter, the speed of rotation, the reactance voltages, and the volts per com-
rautator bar are factors which impose limits on the inverse relation between commutator
weight and terminal voltage. If the actual dizmeter of the commutator becomes too large
the centrifugal forces will be such as to require a more rigid design. An increase inspeed
of rotation will give the same result. Improper brush setting or lack of commutating wind-
ings will increase the reactance voltage, and there is a definite maximum allowable voltage
between commutator bars. Consider a specific generator which has commutating and com-
pensating windings, and a commutator relatively small in diameter. Also assume 2 30-
volt terminal rating and a 9-KW output. The above unit falls in the range of values described
in which commutator weight is inversely proportional to voltage. Therefore, as the voltage
is increased above 30 volts it is expected that the increased armature weight will tend to
be compensated for by a decreased commutator weight until structural limitations or re-
actance voltages impose 2 limit.

- Alfred Still, Elements of Electrical Design (¥ew York and London, HcGraw-Hill Book Co.,
Inc., 1932, 2nd Edition) 3

< John H. Kuhlmann, Design of Elecirical Apparatus (New York, John Wiley & Sone, Inc., London:
Chapman & Hall, Limited, 1840, 2nd Edition)

* B, 6. Spreadbury, Aircraft Electrical Endineering (London, Sir rsacc Pitman § Sons, Limited,
1943)
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Type of Cooling

Equation (7) does not furnish a complete means of predicting the total generator weigl
The type of cooling employed will determine the necessary surface area for ventilation
and the openings through the generator for the coolant. It will also influence some of the
values of equation (7), since the magnitudes of Bave and q can be influenced by the rate at
which heat is carried away. The use of forced-convection cooling will permit smaller
openings and smaller surfaces. Thus, the type of cooling has a direct influence on the
total generator weight.

Structural Requirements

Aircraft generators are frequently flange-mounted directly on the engine drive-pad
in a cantilever fashion. Thus, the size of the yoke may be dictated by structural require-
ments rather than by flux-density requirements, and one end bell may also be heavier be-
cause of the necessity of supporting the entire generator weight while subject to vibration
and to the gravitational changes encountered in aircraft operation.

Speed Range

Both the maximum speed and the minimum speed of the rotor will have a definite ef-
fect upon the generator weight. The maximum speed will determine certain structural re
quirements, The minimum speed will impose a limit on the magnetic circuit. The lower
the required minimum rated speed, the greater will be the flux requirement to maintain
rated terminal voitage and load current.

METHOD OF DETERMINING WEIGHT DATA
Possible Simplification of Factors

The miscellaneous factors discussed above tend to make a study of weight in d-c air-
craft generators very complex. However, some of the factors will be the same for all
aircraft generators. For example, if only blast-cooled generators are considered, the
type of cooling can be standardized for a study. Thus, one of the variables can be elimi-
nated. In like manner, all aircraft generators are expected to be subjected to vibration;
thus, the same general rules will need to be observed for all generators with respect to
the structural requirements which vibration imposes.

Design Study Proposed

One way to obtain realistic weight data for aircraft generators is to design generator
for specific ratings and at the same time carefully control the flux densities, current den
sities, temperatures, and the operational speed range. For example, in order to deter-
mine the effect of terminal voltage on the generator weight, several designs should be ma
each with a different terminal voltage, for the same power ouiput, rotor speed, flux den-
sities, current densities, and cooling-air temperature rise. Alsc, for a given voltage,
several designs should be made, each with a different power output, but with all other var
“iables held constant.
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Basic Generator Selected

In order to establish the flux densities, current densities, speed range, etc., a specific
aircraft generator was selected as a basic generator. The restrictions placed on the basic
generator were that it should be a 30-volt, 9-KW, high-speed generator which was being
used on Naval aircraft. Within the above limitations, the final choice of the basic genera-
tor was determined by availability. The determination of some of the constants resulted
in the destruction of a unit. Thus, a generator type was selected of which identical units
were available.

Design Method Explained

The design of d-c generators is somewhat empirical and the designer normally has
an extensive background of design data and design experience to draw from in order to
teel confident of his design values. It was necessary to design the suggested line of machines
with limited design experience and data. Therefore, an apprecach was sought which would
tend to minimize the errors due to the above limitations.

The design method used involved the determination of the constants of the basic gen-
erator. From the constants, the output of the basic generator was expressed in equation
form. For each new design the values of Bave, current densities, and temperature rise
of cooling air were retained. The dimensional changes to retain the above values were
then calculated, and the output equations determined for the designed generator. From
the calculated dimensions, the change in volume for each component part was computed.
The weight change for each part was then computed based on the mass density observea
on the basic generator combined with the calculated volume change, or a standard mass
density for the material combined with the calculated volume change, whichever was more
logical to use. The changes in weight were then tabulated and the net weight change was
combined with the weight of the basic generator to establish the weight of the designed
generator. In this manner, only the changes were considered and a large amount of de-
tail work was omitted. .

ANALYSIS OF BASIC GENERATOR
Performance Equations

Predicting the performance of a d-c generator from design constants suggests that it
should be possible to measure the constants of an existing generator and predict its per-
formance. Errors in the method of prediction can then be detected by experimental test,
and the method corrected prior to using it to predict the performance of a generator which

is being designed.

VanValkenburg® has developed an equation expressing the no-load zir-gap flux of a
d-¢ generator in terms of four constants, A, B,C,and D as '

6= Atanh(BNglf + C) + D (8)

where Nf If is the shunt-field ampere turns per pair of poles.

S yanValkenburs, K. S., "Steady-State Analysis of Aircraft D-C Generators” (NRL Repori
No. E-3130)
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VanValkenburg and Matthews® suggest that for approximate analysis (8) can be simpli-
fied to a'pure hyperbolic tangent functicn. However, it is desired to retain the constant
D which represents the residual flux. Therefore, (8) will be simplified by omitting only
the constant C, or

¢ = A tanh BNtIf + D. (9)
Substituting (9) in (1):
Eg = Kn (A tanh BNt + D). (10)

Equation (10) is the equation of the no-load terminal voltage of a separately excited
d-c generator in terms of the generator constants, the rotor speed and the shunt-field ex-
citation. Evaluation of the constants should permlt expressing the no- -load saturation curve
of the basic generator in mathematical form.

Although the rated speed range of the generator was 4550-8000 rpm, the lower limit
of speed, or the minimum speed when experimentally measured was found to be 4510 rom.

The minimum speed of a blast-cooled aircraft d-c generator is defined as the lowest
speed at which the generator will furnish rated load-current at rated terminal-voltage un-
der stabilized temperature conditions, with a definite resitance in series with the s‘lunt
{ield, and under definite conditions of flow of cooling air.

In Figure 1 is shown the measured value of the no-load saturation curve for the basic
generator at 4510 rpm. The measured value is the mean value of the increasing and de-
creasing voliage values obtained by plotting the increasing and decreasing excitation-read-
ings, calculating the mean value from the plotted curve, and replotting the mean value.
The calculated curve of Figure 1 was plotted from equation (11).

Eg = 40.5 tank 0.22% + 1.2, ' - (11)

Equation (11} was obtained by fitting (10) to the measured no-load saturation curve of Fig-
ure 1. The details are included in Appendix III as an example of the method.

Equation (11} is a direct application of (10) in which KnA = 40.5, KnD = 1.2, and BNt =
0.22. The shunt-field current, If, measured at full load during the determination of the
minimum speed, was 7.2 amperes. Thus, the value of If will not exceed 7.2 amperes cver
the load range. The calculated curve of Figure 1 over the load range is reasonably close
to the measured value.

It has been derconstrated that the no-load saturation curve can be expressed in mathe-
matical form. However, under conditions of load, equation (i1) may or may not describe
the relation between generated voltage and shunt-field current. The basic generator, as
indicated in Figure 2, has compensating windings, series-field windings, and commutating
poles.

VanValkenburg and Matthews® have also developedan equation which expresses the total
generator flux in terms of direct axis and quadrature axis excitation. The equation,

® Fanyelkerburg, Ernest, and Natthews, Whitney, "Steady-State inalysis of Aircraft D-i

Generators, Conclusion Secilon.” (AIEE papsr 48-250. AIFE Trfmsact on, ¥ol. 67, 1948)

= VanFalkenburg, Ernest, cend Natthews, Whitney, "Steady-State Analysis of dircruft D-C
Generators.® Equation (6). (AIEE paper s8-250. 4IEE PTransaciions, volume 67, 1948)
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modified only by omitting the same constant as was-deleted in proéeeding from (8) to (9)
in this report is,

A cosh B(N¢lf - Ngla + Nel
oge [ la a)'] (12

¢ = 3BNcla °8€ | cosh B(Nflf - Nala - Nela)

where Ncla is the number of effective ampere turns per pair of poles furnishing quadrati
axis armature reaction, and Ngla is the number of effective ampere turns per pair of pol
furnishing direct-axis armature reaction. The generated voltage under load may now be

expressed as |:cosh B(NgIf - Ngla + Nela) :I
Eg =Kn 2BNI, loge | cosh B(Ngk - Ngla - Nela) | ¥ D}

(1:

Thus, if N¢ and Nd can be measured, a means is available for expressing the generated
voltage under load conditions. Then, by subtracting the IR drop from equation (13) the
terminal voltage of the generator can be predicted for specified load conditions and the
method of prediction checked by performing a simple load-saturation test. The resuiting
equation for terminal voltage is

cosh B(Nit - Ngl N,
sh B(NgIf - Nela + cIa)] +D} R -

A
B —~pin {?B;Tﬁ loge [cosh B(Nlf - Nqla - Nela)

where Rg represents the entire resistance of the armature circuit, including the effectiv.
brush resistance. ]

The number of effective ampere turns per pa1r of field poles furnishing quadrature
axis armature reaction is defined in equation form as

Nela = Néla - N¢la (1¢

where Ne'is the number of turns per pair of field poles in the armature contributing to
quadrature axis armature reaction, and N¢” is the number of effective turns per pair of
field poles in the compensating field contributing to quadrature armature reaction.

By observation the value of N¢” was determined to be 3.50 turns for the basic genera

The value of N¢'la is commonly defined as

' 27213 . - 4
Np'lp = 2tz ' (1¢
€78 " 360 Pp

where 7 is the angle, measured in electricai degrees of the arc subtended by a field pole
The magnitude of ¥ can be measured from Figure 2. It is noted from Figure 2 that the
total angle is 57.5 mechanical degrees. However, the openings for compensating and ser
windings are to be subtracted, leaving 33.5 mechanical, or 67 electrical degrees since
the basic generator has four poles. Thus, 7 is equal to 67 degrees. The generator is wa
wound; thus p is equal to 2 and there are T4 ¢onductors. Inserting the above values in
equation (16) gives a value of 3.45 for N¢’. For a value of ¥ equal to 68 degrees, N¢'be-
comes 3.50, and N¢’ is equal to Ne”. The measurement of ¥ is no more accurate than plu
or minus one electrical degree. Thus, it can be assumed that N¢'Ia = Ne"Ia for the basic
generator, or Nelg = 0. :
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For either the case of the armature current equal to zero, or for perfect comper-
sation, equation (13) becomes indeterminate. The limits, however, as I3 or N¢ approach
zero are as follows:

d(A loge X)
limit Eg = limit Kn _?d,l_al___ +D|
la=00. By 8 Qg—Bd%f—a)
= Kn (A tanh BNl + D) = Eg (17)
where x . Ccosh B(Nflf - Ngla + Nela) |

= ‘cosh B(NfIf - Ngla - Nela)

Likewise, . (18)

limit Eg = Kn [A tanh B(Nfl - Ndla) + D] = Eg

Ne—> 0

Thus, these conditions are satisfied and equatioh (18) replaces equation (13) for the basic
generator. Likewise, for the basic generator, equation (14) becomes:

Et - Kn [A tanh B(NfIf - Ngla) + D] - IaRa. (19)

The direct axis armature reaction Nl is also made up of two terms and is de-
fired by

Ngly = Ng'l + Ng'T,- ' (20)

N@’' is the number of turns per pair of field poles in the armature contributing to direct
axis armature reaction, and Ng” is the effective series-field turns per pair of field poles
contributing to direct axis armature reaction. g’ In is a function of the angular brush
=hift, and is expressed as 1

407ZI '
Ny L, = 20ZI3 (21)
d"a = 360 pp

where « is the brush shift angles expressed in electrical degrees. For the basic genera-
tor the brushes are shifted backward approximately one-half a mechanical degree. Thus, .
ais equal to -1. The solution of equation (21) for the basic generator gives a value of
-0.103Ia for Nd’"[a. !

" There are series demagnetizing windings on the basic generator composed of one-half
turn on each pole which encloses only two-thirds of the pole. Therefore, Nd"Ia = [ et
1/2) (2/3) (1a/4) = 0.167 Iy ampere turns per pair of field poles. The value of one-fourth
£ the armature current is used because oniy one-fourth of the armature current flows in
2ach winding. . ;

For the basic generator, the solution of (20) becomes

Ngla = -0.193 I + 0.167 1, = 0.064 I .

There are 160 turns per pair of field poles in the shuht field, or Nf is equal to 160 turns.
The total armature resistance Ry was measured to be 00,0231 ohms at operating temperature.
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Referring to equation (11) it is noted that KnA is equal to 40.5, KnD is equal to 1.2, and
BN: is equal to 0.22. Therefore, for the basic generator (19) becomes

E¢ = 40.5 tanh 0.001375 (160 If - 0.064 ) + 1.2 - 0.0231 Iy. (22)

Figure 3 is a plot of the measured {ull-load saturation curve and the curve czlculated
from (22). The correlation is good. Thus, it has been demonstrated that it is possible to
express the full-load terminal voltage of the generator in mathematical form if the no-
ioad saturation curve and measurable constants are known.

35
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Figure 5 - Comparisor. of measured
and derived fuil-load saturation
curves for basic generator

Predicting Excitation

In the previous paragraph a knowledge of ibe no-load saturation curve was assumed.
in the design of a generator the no-load saturation curve must be predicted. The design
of another generator baving essentially the same magnetic circuit as ‘he basic generator
will result in a no-load saturation curve of very similar shape. It is necessary, however,
to be able to calculate the excitation required for some condition of load. From that sne
condition of load, and the determination of the constants discussed under the “Performance
Hquations,” the no-load and full-load saturation curves can be plotted.

An analysis of the magnetic circuit of the hasic generator was made {o determine if
the excitation required could be predicted from the physical dimensions of the generator
and a knowledge of the physical properties of the materials. The analysis iz included in
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Section IX, part A -1 of Appendix VI. The required excitation at full load and minimum
speed from Appendix VI was 1146 ampere turns per pair of field poles. The required ex-
citation at full load and minimum speed calculated irom equation (22) was 1132 ampere
turns per pair of field poles. The agreement is much better than was exzpected consider-
ing the assumptions made and mdlcates that the method of checking the division of exci-
tation 'is within reason.

The method for calculating the equivalent air gap for the basic generator based on
air-gap clearance, tooth dimensions, and slot dimensions is given in Appendix IV. The
method of calculating slot and tooth dimensions when it is desired to retain both the air-
gap clearance and the effective air-gap length is also included.

Temperature Rise of Cooling Air

As previously indicated, aircraft generators are cooled by forced convection. The
rate at which heat is carried away by the cooling air is given by

Woi = MKC, (T, - T)) (23)
where: Wy, is the power carried away by the cooling air

is the weight of air flowing per unit of time

is the specific heat of air

is the exit air temperature

is the entering-air temperature

is the constant depending on units

A HE B0 E

If Wo, is expressed in watts, M in pounds per minute 'Cl in British thermal units per
pound per degree F, and T, and T, are expressed in degrees C, then k becomes 32.4. C,
is 0.24 for air under all co*xd1t10ns studied. - Thus, .equation (23) becomes

Wy, =778 M (T, - T,) watts. (24)

For the basic generator, the mass rate of air flow, measured during the base-speed
test in accordance with Appendix II, was 5.1 pounds per minute. T, and T, were measured
during ihie same test and were 86 degrees C and 31 degrees C respectwe]y Inserting the
above values in equation (24) resuits in a value of Wq, equal to 2180 watts for the basic
- generator. The total losses of the generator were determined by performing an efficiency
test on the generator under the same conditions of load, speed, and mass rate of cooling
air. The total losses measured 2850 watts. The total losses may also he expressed as
the difference between the power developed, Wy, and the power output, Wy. Therefore,
for the basic generaior

2180 ; | i
(Wa - Wg) = 0.765 (Wy - Wo). (25)

0L 7 2850

Cooling air flows through several parallel paths in the basic generator. The major
-path is bounded on the inside by the armature‘surface, and on-the outside by the irregular
surface made up of the ycke, the shunt-field poles, the commutating poles, the shunt-field
winding, and the commutating winding. ; : :
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Additional Data on Basic Generator

Considerable additionzl data were obtained from the basic generater. A tabuiation
of the data was made and is given in Appendix V.

DISCUSSION OF DESIGN
DParameters Retained

The design method is illustrated in Appendix VI. Certain parameters were measured
on the basic generator and retained for each design. These parameters were: (1) current
densities, (2) average air-gap flux density, (3) maximum rotor speed, (4) minimum rotor
speed, and (5) temperature rise of cooling air.

Retaining the current densities insured that the insulation used would be adequate
from a thermal standpoint provided the heat was carried away at the same rate. Retain-
ing the flux densities permitted the use of the same type of magnetic materials. Retain-
ing the same maximum rotor speed permitted the same type of structural design. Retainin
*hn same minimum speed and flux densities furnished a constant core loss per unit of

rolume. Retaining the same temperature rise of cooling air msu"ed essentially constant
au"face temperature over which the cooling air passed.

Current Density - The method usad to retain current densities was to provide suf-
{icient copper area so that the amperes per square inch of copper was the same as that
measured on the basic generator. ;

Average Air-Cap Flux Density - The average air -gap flux density was retained by
determining the reguired generated voltage for the minimum-speed condition and pro-
viding the proper combination of conductors, armature surface, and excitation to retain
vhe value of Baye. An analysis was made of the excitation required for the armature,
armature teeth, air gap, shunt-field poles,and the yoke in order to provide the proper ex-
citation windings. Appendix IV gives the method used in determining the air-gap length
in terms of armature {eeth and siot dimensions and the clearance between the armature
and shunt-fisid pole shos. Appendix IV alsoc gives a method for adjusting the armature
slot and tooth widths in order to retain the same values of clearance between the arma-
ture and the shunt-field pole shoe and at the same time retain the equivalent length of
air gap. !

Temperature Rise of Cooling Air - Maintaining the same temperature rise of cooling
2ir required simplifying assumptions. The assumptions made, however, are.considered
vractical {or a theoratical design. One of the assumptions was that the percentage of the
tolal losses carried away by ihe cooling air was the same for each generator. Therefore,
{25} is applicable [or each generator designed. Substituting {25) in (24),

0.7€5 (Wy - W) = T.I8 M (T, - T,) (26)

Since it is desired to hold {T, - T,) constant it is necessary only to calculate the losses
tor each generator and salve for the mass rate of air flow, M, which will hold (T, - 'T;;
constani. By grouping all of the consiant terms of (28) together and setting them equal to k

(Wp - Wy) = MX,. (27)
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The mass rate of air flow can also be expressed as
M = k,pAyvave ; (28)

in which k, is a constant depending on units, p is the air density, Ay is the cross sectional
area for ventilation, and vaye is the average velocity of the cooling air.

The average velocity of air flowing through an orifice is related to the pressure head

across the orifice as follows:
h L"z
Vave =K; (_,0_) (29)

in which k; is a constant depending on units, the gravitational constant, and the discharge
coefficient, and h is the pressure drop across the orifice. The assumptions were made
that the air-flow paths through the armature can be treated as an orifice, and that each of
the armatures designed had the same discharge coefficient. The small friction loss along
the armature stack was assumed to be the same for each generator. It was further assumed
that pressure drops resulting from other impedances to air flow in the generator were the
same for each generator designed. Thus, the pressure head across each armature stack
designed was the same as that across the basic generator stack. Therefore, for a fixed
air density, the average velocity of the cooling air is constant, and (28) can be restated
as

M =ksAy {30)

where k, = k,k; vaye (9¥°. Also (27) becomes
(Wa - 0) —ksAV - - (31)

where k, = k,k,. Thus, it is noted that for the above assﬁmptions to hold true, the area
provided for forcad ventilation for each generator designed must satisfy the equation,

Ay :
% — = constant . i '
Wy - Wy = (32)

It was earlier stated that there were several parallel paths for cooling air through the
armature of the basic generator, but that the major path for cooling air was bounded on
the inside by the armature and on the outside by the yoke, the field poles, commutating
poles, and windings. The assumption was made that the péercentage of the total cooling
air flowing through the major path was the same for all of the generators designed as that
on the basic generator. Therefore, the major path for cooling air will be defined as Ay
and is the only area which need be calculated in order to account for all of the cooling air.

Substituting the predetermined value of Ay = 2.1 sq. in. and (Wy - W) 2850 watts for

the basic generator into (32), the constant ratio is found to be 7.37 x 10~* Solving for
A, for any generator in terms of its value of (W - W),

Ay = 7.3Tx107% (W, - W) sq.in. (33)

For each generator designed, the dimensions of the generator were adjusted until equation
(33) was satisfied. :
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Determining Shunt-Field Conductor Size

The method used to select the specific conducior size for the shunt-field winding is
given in Appendix VII. The method is quite general and permits an assumption for the
value of excitation in order that the relations may be drawn. Changes in excitation re-
quirements due to errors in assumptions may be later corrected by a fixed correction fa
tor, which does not require redrawing the curves. The limitations on the power require.
ments of the voltage regulator are readily derived from the curves.

Ferformance Equations

The no-load saturation curve can be drawn as soon as the shunt-field excitation is
established and the generator constant XK is known. (See Appendix VI, Section IV). The
full-load saturation curve requires that the excitation furnished by the commutating wind
ings, compensating windings, and series-field winding be established in addition to the
no-load saturation curve; also, that the armature circuit resistance R, be established.
Then, the full-load saturation curve can be expressed in the form of equation (14) or equs
tion (19), whichever is applicable. y

Crenerator Weight

The physical dimensions of the generator have been established in order to write
the performance equations. Therefore, based on the physical dimensions and the previou
determined weights of the component parts of the basic generator, the change in weight o
the component parts can be calculated. The resulis can then be tabulated and combined
with the weight of the basic generator to give the new generator weighi.

ESIGN RESULTS
(‘hange in Voltage with Power and Speed Constant

The basic generator was rated at 30 volts, 9 kilowatts. and had a minimum raied
aneed of 4510 rpm. The effect of changing the voltage with constant cutpu: power and
constant minimum speed was first obtained. Generators were designed for 60 volis and
120 volts. The weight of the 80-volt generator was identical to that of the 30-volt gener-
ator, but the 120-volt generator was approximately two pounds heavier. For the 60-volt
generator there was a reduction in commutator weight, but the poocrer space factor in the
armature caused increased armature volume. This, in turn, increased the over-all gen-
erator diameter. The increased volume caused a weight increase which compensated iocr
the weight reduction of the commutator. As a result the over-all weight did not change.
For the 120-voli generator, the commutator weight reduction was not achieved hecause ol
the increased number of commutator bars. Thus, the 120-volt generator was approxi-
snately two pounds heavier than the 30-volt or 60-volt generators. The 120-volt, 3-KW
senerator design details are included as Appendix VI, and 2 summary of the 120-voit,

#. KW, generator design resulis is given in Appendix VIIL.

Change ir Power with Voltage and Speed Constant

A 30-voli, 1Z2-kilowatt generator was designed and the results are given in Appendix
L%, Its weight for the base speed of 4510 rpm was 59.5 pounds. It should be kept in mind
that all of the generators designed had the same speed range. This means the same mari
mum speed, which requires greater mechanical strength, and therefore, greater weight, tha
would be necessary if only the base speed were considered.
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Two additional generaiors were designed, one at 120 volts, 20 KW, and 4510 rpm,and
the other at 120 volts, 30 KW, and 4510 rpm. The results of the 20-KW design are given
in Appendix X, and the results of the 30-KW' des:gn are given in Appendix XI. Their
weights were 82 pounds and 106 pounds respectively.

EXPERIMENTAL VERIFICATION OF DESIGN RESULTS

Method

The most certain method of checking a design is to have the unit built to the design
specifications, and then test to determine conformance with predicted performance. Such
a procedure was not practical in this case. Therefore, a substitute method was devised.
A number of 30-volt generators were available in the Laboratory (see Figure 4), but in
order to conform with design data, only those having a maximum speed rating of 8000 rpm
were selected. The minimum speed of each of the generators was obtained in accordance
with the method described in Appendix II.

T .

Figore ¢ . Typical 30-volt, for'ced-_a.fr.cocled,. d-c aircraft generators;
rated output of generators pictured ranges from 2.25 KW to 12 KW

From the minimum speed tests the watts omput pex minimum rpa Wo/n, was com-
puted. The total weight of each generater was then obtained. The plot of generator weight,
W, as a function of Wo/n1 is shown in Flgure 5.

The base or minimum speeds of the generators were obtained in order to furnish a
common basis of comparison. Some of the generators furnished rated power output at
speeds considerably below their nominally rated minimum; others would not furnish rated
power at their nominally rated minimum speeds.  Thus, a umiorm methed of obtaining the
minimum speed was used Which eliminated some variation in manufacturing and design.
The resulting experimental points plotted in Figure 5 furnish data which is more nearly
representative for comparison with theoretical design values. It is admitted that some
variation exists in the flux densities, current densities, and cooling-air flow. The fact
that several manufacturers’ generators are represented will automatically result in some
variation in the design parameters. However, attempis were made by the manufacturers
to design for minimum weight in all cases, and the consistency of the data shown over a
large weight range indicates that the method of comparison is valid.

Anaiysis of Experimental Weight Relations

The experimental data of Figure 5 is very ciose fo linear. Eqaaulon (34) is written
as an approximation of the relation m linear form. .
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70 . 5 e !
-y ] 3
g L W=18.7—2 +12 (34)
el o iy
- eﬁ,x e
A :  where W is the total generatcr weight
- / expressed in pounds. The linear re-
80 - E b i A
& y lation is not valid, however, for low
g values of Wo/n,, for it is reasonable
P - ~ to expect that some power output
= opf should be available at less than twelve
= ; pounds. It is also reasonable to ex-
* 20 = pect that as the value of Wy/n, is in-
g © creased, the ratio of weight to Wo/n
-4
= ] should decrease, rather than remain
& I ©  WEASURED 2 constant as (34) would require.
; s - e Therefore, a curve is suggested in
« ST hLeOLATED FROM 22%*]  which W is proportional to some frac
o 7 =+ #—X CALCULATED FROM EQ.35 t 8 prop sl QIREEEae
/ ® SASIC GENERATOR tional power of Wo/n,.
i I = .
I i ”
o : T L | DERIVATION INVOLVING
o '3 iJd i.5 L.C 2.8 0 35

DESIGN RESULTS
POWER OUTPUT PER MIMIRBUM SPEEZD (WATTS3 PER FRPM) 7 %
Weight Curve for 30-Volt Generators.
Power Output and Minimum Speed
‘Varied

figure 3 - Generator weight as a FRumction of power

cutput per minimusn speed. Compsrison of experimen-

tal resulis and derived results for 30-volt

genurators ,

From Appendix iX, the weight of

the 12~-KW, 30-volt generator is 59.5

sounds, and the value of Wo/n, is 2.66. Comparable values of W and We/n, are cbtained
from Appendix V for the bas1c generator. From the above two pomts and the origin, 2a

curve was derived and is given as :
W, ]
Sl (38)

S g

e
This equaiion represents the approximate weight curve for 30-volt, engine~mounted, air-
eralf genevators whose maximura rated speed is 8000 rpm, and whose flux densities, cur-
rent densities, and ismperature rise of cooling air are the same as those of the basic
generator. Equation (35) is plotied on Figure 5 and agrees with the experimental points
as well as (34), but is more realistic at small and large values of output per rpm. It is
generally conceded that 400 amperes is a practical upper limit of current which can be
commutzied successfuliy with no change in basic design. Therefore,; 12 KW is an upper
iimil of power for which Equation (35) will be accurate.

it is r‘_cormved that {35) was derived irom design values in Whlch only the load cur-
rent was varied. The terminal voitage was 30 voits and the minimum speed was 4510
rom in each case. However, the experimental results of Figure 5 were obiained over a
range of minimum speeds from 3300 to 4995 rpm. The agreement which exists between
{35) and the experimenial values piotted in Figure 5 is good It can be concluded, there-
fore, that (351 will be valic for vaives of minimum speed varying between 2000 and 8000y

Checking $6-VoliCurve for Conformance with Basic Relations

Equation (35) is expressed in terms of power output, Wo, and (7) in terms of the powe
developed, Wy, Bificiency teste were periormed on the experimental generators at the
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HE)

- TABLE 1.
Data Measured on Experimental 30-Volt Generators
Friction ! :
and | Shunt- i
Base | Power Total | Windage | Core Field | Ia*R, ) Generator
Generator | Speed | Output Loss Loss Loss Loss Loss Percent Wy | Weight
Number {(rpm) | (Watts) | (Watts) | (Watts) | (Watts) | (Watts) | (Watts) | Efficiency| 'n, |(Pounds}
1 4600 | 2000 2720 413 265 216 1826 76.8 1,96 49.2
2 4580 | 6000 2220 176 147 210 1687 76.0. |1.31 | 373
3 4280 | 6000 2480 439 137 204 1700 70.8 1.40 37.0
4 4600 | 9000 . 2380 236 .265 201 | 1678 79.2 1.96 48.5
5% 4510 | 9000 2850 231 231 215 2173 76.0 2.00 49.2
6 4480 | 9000 2330 €03 . 143 219 1365 79.3 2.1 47.8
7 4770 | 9000 2920 948 244 203 1525 75.5 1.89 47.8
8 4995 |12000 3550 255 224 200.. | 2870 7.2 2.40 60.4
9 4670 ;12000 3710 568 300 189 2652 763 2.57 59.8
10 3300 | 3000 1400 106 148" 257 889 €8.2 0.91 271
11 3760 | 2250 810 72 218 - 105 415 735 0.60 22.8
12 4825 | 6000 2000 217 186 210 1387 75.0 1.24 375

* gosic fenerator

previously determined minimum speeds The results are given in Table 1. The losses
are separated into components so as to better compare the units. The I.? Ry loss includes
all losses other than core loss, friction and windage, and shunt-field losses. The output
values are included in Table 1 to illustrate the range in power output. '

Figure 6, a plot of output as a function of input (Wo/n, as a function of Wa/n,) for the
experimental generators illustrates that efficiency is very nearly constant. An average
equation for Figare 6 is . .

W,

i (36)

1.

The armature diameter, Da, and the stack length, Lz, were obtamed from a number

of the experimental generators. The values of Da? La thus obtained are shown in Figure
7 plotted as a function of Wo/n, . The relation is essentially linear and an average equa-
tion for the relation is = 5 b il
Wo

n,

30 (37)

D ?Ly

Substituting (38) in (37),

DZ L, =22.8 (38)

“hy

Thus, for the experimental 30-volt generators, (38) is an’ emmple of (7) with the produci
of Bave and q remaining constant. Substituting (37)-in (35),

2/3 i ;
W= 3.22 _D_a""La:I | (39)
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It has been shown that the data for the experimental generators conforms with the
basic relations of (7). i) 5

Experimental values of W as a function of D2 L, are shown in Figure 8. Equation (39)
is also plotted in Figure 8. Equation (39) agrees with the experimental points. Thus, ad-
ditional strength is added to the previous conclusion that equation (35) represents the av-
erage relation between weight and power output per minimum speed for 30-volt d-c aircraft
generators. :

Ithas been demonstrated that it is pos- 70 ¢ 5
sible to determine an empirical curve of p /7
the weight of aircraft 30-volt d-c genera- %
tors as a function of power output per min- 80 g/
imum rotor speed. The empirical curve _ . : /
was determined by the use of basic gener- . X
ator and the design of a second generator, 50 /
holding certain parameters fixed. Exper- - ef
imental data on a series of 30-volt d-c
aircraft generators check the empirical
curve, and additional experimental infor-
mation shows that the series of experimen-
tal generators and the designed generators:
conform with the basic performance re-
lation expressed in (7). The empirical
weight curveas a function of Wo/n, for 30-
veltd-c aircraft generators having a max-
imum rated speed of 8000 rpm is given as
(35) and is plotted in Figure 5. :

»
V4
|74
Al
x 4
30 i

© MEASURED VALUES|
i @ BASIC GENERATOR

20 / w--— % FEQUATION 39

WEIGHT (POUNDS)
8

GENERATOR

10
Weight Curve ror 120-Volt : N /
Generaters — Fower Qutput and ; oX
Minimum Speed Varied _ kBRI ¥ 29 a¢ €0 80 100

Appendix X gives the results of a 20-KW,
120-volt generator design holding the av- Figure 8 - Generator weight as a function
erage air -gap flux density, the current den- ~  of armature volume. Comparison of experi-
sities, the cooling-air temperature rise, ~ mental values with derived equation
and the minimum rated speed the same as - i 93 :
for the basic generator. The number of poles was increased to 6 in order to reduce weight.
Very little weight difference will occur at the 9- or 12-KW level, but the 6-pole generator
will be lighter than the 4-pole generator. at the 20-KW level. -

Appendix XI gives the results of a 30-KW, 120-vclt generator design, holding the same
valiues constant as for the 20-KW generator design. ;

Appendix VIII gives the results of a 9-KW, 120-volt generator design, and the design
details are included in Appendix VI as an illustration of the design method.

The weights of the 9-KW, 20-KW, and 30-KW generators were 51, 82 and 106 pounds
respectively. The values of Wy/n, were 2.00, 4.43 and 6.65 watts cutput per minimurm
rpm respectively. The above points and the origin were used fo derive an equation in the
same manner as for the 30-volt genérators. The resulting equation is

0.51 30
W = 33.4 [-“iﬂ. :I (40)
n, .
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figure 9 - Derived resulis of de':crator me;ght as a function of power
output per minimum specd for 30-volt and 120- Voit gener ators

Bguation {40} is shown graphically in Figure § and represents the approximate re-
:ation between weight and watts output per minimum rpm for 120-volt, d-c aircraft gen-
wraters which have the same average air-gap flux density, current densities, and cooling-
air temperature rise as the basic generator. Equahon (35) is also shown graphically in
Pigure 8§ for comparison.

Ag in the 30-volt designs, the minimum speed wes 4510 rpwm for aii of the 120-volt
generators designed. The range of minimum speeds expected is the same as for the 30-

it generators. It was shown experimentally for the 30-volt generators that the effect
orf varymg the speed was also included in (33). Thernfore apeed appears in (40) as avari
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Verification of 120-Velt Weight Curve

No generators were available to check (40) experimentally. However, the weight and
minimum speed were obtained for one 30-KW generator, which was tested by the Air Force
at Wright Field The weight was 140 pounds and the minimum spzed was 2900 rpm. Thus
Wo/n, was 10.33. From Figure 9, the weight of a 30-KW, 120-volt generator whose watts
output per minimum rpm is 10.33 should be between 138 and 139 pounds. Therefore, in
this particular case, the variation in the predicted weight and the actual weight was less
‘than 2 pounds, or a variation of less than 1.5 percent. The one test point may not be con-
clusive evidence. The same method of design, however, was used for both the 30-volt and
120-volt generators. The experimental verification of the 30-volt curve established the
method. Therefore, less experimental evidence is required to prove the validity of the
120-volt curve. { g 45 :

CONCLUSIONS

IL has been demonstrated that the effects of changes in terminal voltage, minimum
rotor speed, and load current on the weight of d-c aircraft generators-can be expressed
in mathematical form. Equations (35) and (40) express these mathematical relations, which
are alsc shown graphically in Figure 9.

For any fixed power output, the effect of minimum rotor speed can be determined by
reading the values from the proper curve of Figure 9.

For low ratings of power output per minimum speed, the 30-volt generators will weigh
less than the 120-volt units. %

For higher ratings of power output per minimum speed, 4 weight saving will result
from the use of 12(0-volt generators. e

The effect of varying only the terminal voltage is ava:ilab.l.é from Figure 9 by inter-
polating between the limits of 30 and 120 volts.

The relations of Figure 9 are approximate, and are limited to the type of design used
in the basic generator, but it is believed that they are sufficiently representative to fur-
nish practical valuesfor use in aircraft electrical system weight studies. Such values have
not heretofore been available. 2 - : : .

* The following Pimitaiions should be noted in the use of the curves of Fiture §:
in vpper limit of 400 amperes ioad current should not be excesded.

in upper limit of 8000 rpm is the maximum rale speed; thersfore, the minimum speed
irtg an upper limit of 8000 rom. 4. correction factor must be applied to, the curves if i1 Is
desired to know the weisht of fenerators whose maximum speed is greater than 8000 rpm.

¥o definite lower Limit has been set on the minimum speed; in seneral, however, the

interest is in minimum speeds [n excess of 2000 rpm. S
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APPENDIX I

List of Symbols

- Arbitrary performance constant

- Equivalent area of armature for one flux path

- Area of one brush

- Average area of shunt-field-pole iron

- Equivalent area for air-gap flux under one pole
- Ventilation area

- Equivalent area of yoke per fiux path

- Arbitrary performance constant

- Armature flux density

- Average flux density over the armature surface
- Shunt-field-pole flux density '

- Air -gap flux density

- Flux density at Dat

- Flux density at tooth crest

- Flux density at tooth root

- Flux density in yoke

- Arbitrary performance constant

- Specific heat of air '

- Area of one armature conductor

- Area of one shunt-field conductor

- Area of one commutating-winding conductor
- Denth of one armature conductor

- Depth of cummutating-winding conductor

- Width of one armature conductor

- Width of commutating-winding conductcr

- Arbitrary performance constant
- Diameter of armature at surface
- Diameter of armature at the tooth root
- Armature diameter at average tooth widih
- Commutator diameter at brush surface
.. Commutator -riser diameter
- Inside diameter of yoke
- Outside diameter of yoke
-dg +0-0,
- Slot depth

- Total generated vol tage
- Generator terminal-voliage

23
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Hy - Magnetic-field intensity in armature
Hg - Magnetic-field intensity in shunt-field pole
H, ~ Magnetic-field intensity in armature teeth
Hia - Magnetic -field intensity in afmature teeth ai cresi
H, . - Magnetic-field in itensity in armature teeth at average tooth widih
‘I&. - Magnetic-field intensity in armature teeth at root
“Y - Magnetic-field intensity in voke
In - Armature current
I - Current in one brush
i ~ Shunt-field current
K ~ Generator constant
k - Arbitrary constant
X - Arbitrary constant
Kg ~ Arbitrary constant
Ks - Arbitrary constant
ke - Arbitrary constant
Ke - Arbitrary constant
in - Peripheral space factcr for commutatmg -wiading conductors
Kk~ - Radial space factor for commmutating-winding conductors
La - Armature-stack length, gross

Ma,;t - Average length cf the end turn of one armature conductor
ligp - Length of armature conductor per path
] - Me:-,\ngtl'i of armature conductor per turn
.~ Axial length of active commutator surface
Lingy ~ Average length of the end turq of one compensatmg or
series winding conductor

ch - Length of compensating winding per path

L., - Amial iength of commutator viser

L.: - Length of compensating or series wmdmﬂ' conduc»or per turn
fag - Axial length of shunt-field pole

~ Axial length of cornmutating pole for calculating volume
bigy - Length pér end turn of commutating winding

L - Length of commutating winding per path

Uia - Magnetic length of armature per flux path .

Lips  ~ Magnetic length of shunt-field poles per flux path

ng ~ Magnetic length of air-gap per flux path

Ly - Magnetic length of yoke per flux path

Lgn+ - Net armature stack length

; [..engfh of series winding per path

€

8D

'}"”:F - Azial length of yoke

4 - Weight of air flowing per unit of time

ﬂap - Turns per path in 9rmature

N, - Number of effective turns per pair of poles furnishmg
quadrature axis armature reaction

as - Number of tarns per pair of poles in the armatare con-
fributing o quadrature axis ariature reaction

L ps ~ Effective turns per pair of field poies in the ccmpen.aat ng

field coutribuiing {o geadrature axis armature rea ction
Compensating winding turas per path

]
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Nd - Number of effective turns per pair of poles furnishing
direct axis armature reaction i
Ny’ - The number of turns per pair of poles in the arraature

contributing to direct axis armature reaction

Ny~ =~ Effective series-field turns per pair of poles contribu-
ting to direct axis armature reaction

N; - Number of turns in shunt field per pair of poles

ks - Turns per path of commutating winding

B Series-field winding turns per path

- Speed of generator rotor

- Base speed or minimum rated speed of generator rotor

2 Z

- Number of shunt-field poles
- Number of current paths in- generator armature

Q@ Ty BB

- Ampere conductors per inch of armature_ periphery

Ra - Totai resistance of armature circuit including brush drop
and resistances of series field, commutating windings,
and compensating windings

- R, minus effective resistance due to brush drop

R,, - Resistance of armature only

Raap - Resistance of armature per path

- Resistance of compensating- plus series field

Rycp - Resistance of compensating- plus series field per path

R.; -~ Resistance of commutating winding

Ra*p - Resastanee of commutating winding per path

Rep - Resistance in series with shunt field

R¢ -- Resistance of shunt'fiel(_i

S - Numher of armature slots

s - Slol width :

T. - Entering-air temperature

T. - Exit-air temperature

Tg - Average temperature of windings durmg base-speed test
t - Average tooth width :

- Average insulation thi ckness between armature conductors .

and ccnductors to frame

Vaye - Average velocity of cooling air

W - Generator weight -
Wy - Power developed in armature rotar
Wo - Power output of generator

Woi -~ Losses carried away by cooling air

Z - Number of armature conductors
Z. - Numker of commutator segments

25
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GHEEK SYMBOLS

- The brush =hift angle expressad in electrical degrees

.- Angle in electrical degrees of the arc subtended by a
shunt-field pole

-- Change in slot width referred io slot width or basic
generator

- Change in average tooth width referrea to average
tooth width of basic generator

- As + At

- Clearance between armature .;urface &nd shunt-field
pole shoe

- Effective air gap distance between armature surface
and shunt-field pole shoe. Slightly greater +b9r1 b to
include effect of armature slots

- Clearance between armature surface and comrrutaimg

- pole shos

-8+t

- Relative permezability of non under dm.ir!.te cor\dmms
of flux density

- Density of zir :

~ Armature mass density

- Commutator mass density

- Shunt-field pole mass dengity

- Shunt-field winding mass density

- Commutating pole mass density :

- Average mass density of brush uagmg brushes, and
outboard end bell :

- Total armature suriace _{h.x

- Armature flux per {lux path

- Flux in shunt-field pole

- Air-gap flux per pole :

.- Total armature c=1:1x-i:a.-':¢'e 'lu, divided by ihe number of

-7 lu:& per path in yoke

* &k ¥



M APPENDIX II

Minimum Rotor Speed

The minimum speed was defined in the report as the iowest specd at which the gen-
erator will furnish rated load current at rated terminal voltage under stabilized temper-
ature conditions; with a definite resistance in series with the shunt field, and under definite

conditions of flow of cooling air.

The resistance to be inserted in series with the shunt field has been set at 1.25 ohms
for 30-volt generators, and 3.0 ohms for 120-volt generators. During operation, the ter-
minal voltage of the generator is controlled by an automatic voltage regulator. The value
of 1.25 chms for the 30-volt generators or 3.0 ohms for the 120-volt generators is used
to simulate the series combination of voltage-regulator minimum resistance and leadre-
sistance between the generator field and the positive generator terminal.

The conditions of flow of cocling air are determined from several factors:

(1) A chart relating the basié -volume rate of air flow in cubic feet
per minute to the kilowatt rating of the generator The chartis

given as Figure 10.

(2) The impedance to air flow of the generator blast-tube through
which the cooling air passes before reaching the generator.

{3) The impedance to air flow of the generator itself.

(4) The assumption that at minimum rotor spee.d the minimum
pressure difference between the blast-tube inlet and the gen-
erator compartment will be 7 i_nches of water.

Figure 10 is the curve for determining
basic efm air flow at standard atmospheric
conditions (29.92 inches of mercury and 15
centigrade) and is taken from AN-G-1a, the Air
Force-Navy Aeronautical Specification for 30-
volt Aircraft, Engine-Driven, D-C Generators.
Specification AN-G-ia also imposes certain
limitations on the blast cooling tube. During
conditions of basic cfm air flow obtained from
Figure 10 for the particular generator, the
pressure drop from the blast-tube air inlet to
the generator air entrance shall not exceed one
inch of water; and under the conditions in which
130 percent of basic cfm is passing through the
blast tube, the pressure drop from the blast-
tube air inlet to the generater air entrance shali
not exceed 1.89 inches of water. Thus, speci-
fication AN-G-1a does not say that all aircrait
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Figure 10 - Curve for determination of
basic cfm for designed kilowatt output
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gerarators at minimum flight speed will have the same value of pressure differ ence actus
the generator, such as 6 inches of water. The specification does suggest that for labora-
tory duplication of flight conditions a test setup similar to that {llustrated in Figure 11

is reguired. |

INNER PITOT —GONTROL - OUTER PITOT TUBE
VALVE -
\T”“ K {-BLOWER

MANOMETER MANOMETER <-CALIBRATED MAMOMETER
MO NDL2 CRIFICE NO3

Figure 11 . Test setup for determining.
generator base speecd

To determh.e the miniroum speed of 30-volt aircraft d-c generators using the test
setup of Figure 11 the procedure was as follows:

(1) The generator speed was adjusted to a value below the expected min-
imium speed. (A value of 1.25 chms fixed resiciance had been pre-
viously inserted in the shunt field, and the generator was operating
self-excited.)

{Z) The blower was staried and the air f}.aw d;usted until approximately
basic cfm 2 determined from Figure 10 was ohserved on the air-
flow meter (calibrated orifice).

{3) The centrollable restriction {control valve) and the air ﬂow were
adjusted until water manometer No. 1 read 1inch of water, and at
the same time basic efm of air was passing through the system.

No further adjustreent of the control valve was made.

4} The air flow was adjusted with no change in the setting of the con-
trollable restriction until water manometer No. 2 read 7 inches.

{5) The generator speed and load were adjusted until rated load cur-
rent was being delivered at 30 volts terminal voltdge.

{€) The temperature was allowed tc stabilize while constantly adjust-
ing the speed, icad, and air {low in crder o continuously satisfy
the conditions of {4} and (5} sbove. . :

{7} After the femperaturz had siabililized, the minlinum speed was
observed.

Belore using a setup such as the one indicated in Figure 11 for the measurement of
base speed, it is necessary to check the combination of blast tube and controllable re-
striction for conformance with specification AN-G-la. The requirement is that, after the
final setting accomplished in item {%}, the pressure drop across the controllable restric-
ticn should be proportional to the square of the volume rate of air flow for at least the
range of flow raie from basic ¢fia t¢ the valne finally used.

S
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APPENDIX I
Method of Fitting Equation (10) to Experimental Curve of Figure 1

The value of KnD in equaticn (10) represents the residual voltage. From Figure 1,
KnD = 1.2 volts.

The value of KnA is obtained when the value of the hyperbolic tangent is equal to unity
or: ;

n

KnA = Eg - KnD

Eg - 1.2 : (41)

1}

it is recognized that (10) cannot be made to fit the experimental curve of Figure 1
much above the full-load excitation value. Thus, an initial approximation of a value for
Eg equal to 2 or 3 volts more than Eg at full-load excitation will be a reasonable value.

A value of BNf equal to approxlmately 0 2is a good f1rst approximation for 30-volt
d-c -aircraft generators.

The above values should be inserted in (10) and spot checked. The computation is not
complicated; if the first approximation is not sufficiently accurate, slightly different values
of BNt and KnA are assumed until the curve is approximated. In some generators it may
be necessary to use the more complicated equatlon given by VanValkenburg and Matthews”
which was suggested in (8}

* ¥ %

3 VanvValkenburs, Ernest, and ¥atthews, Whitney; "Steady—sza_te Analysis of Aircraft D-C Genera-
tors.™ Equation (4) (AIEE paper 48-250. AIEE Transactions, Vol. 67, 1948.)



APPENDIX TV
Equivalent Air-Gap Equations
The following equaticn taken from Still® was used {o calculate the equivalent air gap

for the basic generator in order to determine the excitation required to maintain the de-
sired flux density in the air gap.

L L e %l 2
ST R (58)
9 56 + s

8, = the equivalent air gap

?, = the clearance between the armature surface and
shunt-field poie shoe -

5 = the slot width

t = the average tooth width

A =85 + 1

The esth weve tapered on the basic generator, and the average tooth width was c¢b-
tiined by measuring the tooth width at 2 point four -tenths of the distance from the rcot to
ihe erest of the tooth.

It was desirabie o retain the same clesrance between e armature and pole face as
well as the same equivalent air gap for the generators which were designed for the same
sower raling as the basic generator Therefcre, equation (4%} was rewritten as

i}

a

L]

(584 4 18 + 56s) = A(68° + bs) {42}
Conzider now a small change in 2, 5 and {, but with 0p and & constant:

be {55 (t + &0 + (& +At)(s +A$) = 56 (s + ﬁs)} =

- E - . i a5 a2 3 - s gl : v
A ; E& + 8ls + c:..s}} + ;3')._{56 + 0(s + As) }» (44)
Zabtracting {4 rom {44}, and neglecting bigher order differ=zanlials:

.-"};‘ 1‘55.&{ = mAt 4 tAs 5 55&?} = N5b.5 Eaztﬁh.q- & 5B, i :‘15‘
et A - AL = A, cubsnttoting in (45), dividing by At, and solving fovr sa/hr.




Item
Numbt

35.
36.
37.
39.

40,
41,
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It is now possible ta solve for the value of hs_/ At required to maintain the values of 6 and
5e. Values of s,t, 5.and ¢ are obtained from Appendix V. ‘Inserting the values thus
obtzined in (46): :

As

= 0.47 . - . ; . (47

-

Equation (47) is useful in solving for new dimensions of slots and teeth by aSsuming values
for either As or At. The values thus obtained will insure the same equivalent air-gap

iength for magnetic calculations.
* ¥ ¥
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RAV AL _REQ-EZ&'E(‘.H‘ LABRGREY €IV

Item ; ' _
WNumber Description : : Symbcl
53, ¥Peripheral Dimensicn of Commutating.
Pole Shoe ;
87. Radial Dimension of Micarta Strip Between
Commutating-Pole Shoe and Windiug
8. Peripheral Dimension of Micarta Strip
Between Cemmutating-Pole Shoe a2nd
Winding
65, TField-Pole Arc Length at Dy
70. Nominal Wire Size of Shunt-Field Winding
7 Thickaess of Mica Between Commutator
Segments -
7%. Axial Lengtl of Commutator Riser Dy
7. Commutzlor Riser Diameter Der

ErplanativL
or
Wumerical
Vaiue

2.47

0.047

0.95
1.00
No. 18

0.017
0.1563
3.620

tTnits

lacher

inches

inches
inches
AWC

inches
inches
inches



APPENDIX VI
Design Details of 120;-Volt, 9-KW Generator

I. DETERMINE Da*
A. Given Data
1. Et = 120 volts
2. Wy = 9 KW
3.n, = 4510 rpm
4. Wave winding. Thusp = 2
5.-%?'{ = 0.47 (see Appendix IV)
8. Byye = 28,500 lines per square inch
7. Cag = 0.0058 square inch
8.1y, = 75 amps.

B. Assumptions

1

= 4 poles

-~ 8 conduciors per slot

@l

w

.Cga = 0.242 inch

o

o= 2 amps.
5.t = 0.010 inch

6. S 41 slots

7.d; = 0.610 inch (dg for basic generator = 0.6095 inch)

C. Calculate Dg

_Caa _ 0.0058 _ g g9¢ inch
Cgn  0.242

2.8 = 3Cga + 4t = 3(0.024) + 4(0.010) - 0.112 inch.

L

* See Appendix I for definition of symbols

35
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3. &s = 0.115 - 0.112 = 0.003 inch .
As 0.003
4. s t e AS/ At == 0 4? = ﬁ OGE 11‘1{'1!
4.1 = §.156 - 0.0064 = 0.1496 or 0.150 inch

§. Calculate Dat

1,5+ 1t=0.112 + 0.150 = 0.262 inch

.. Angle of slot plus tooth = .3%-{1)— = 8.78°

~. Assume the ratio of the two chords are equal to the raiic of
their sectors .

(1) Angle of slot =522 (8.78) = 3.75° or 0.0654 radians

o

3 0.112
d.Dat = 250654 = 200654 ~ 3.43 inches (sin 6 = 6*_;qu g =

# D, = Dyt + (0.6dc) 3 - 3.43 ¢ 0732 = 4.162 or 4 18 inches

BETERMINE Lg
4. Determine I,R, (approximate)

i, Assume Ry, = 16{Ry, ior basic venera‘or;
1

= 16(0.0166) = (.268 ohm

3, igRkg = IaRas + 2 = 77 (0.265) + 2 = 22.5 volts

B. Calrulate ¢p

i. Assume Eg = E; + IaRa = 120 + 22,5 = 142.5 volts

4 3g = Ken’
Y —_Z __
3. K ="(10% (80)
T ZéPn

7 7 p(10% 760)
Egp(60) (10% _ 142.5(2){(60) (10%) . 585 000 dines:
Zn, P 246(4510) (4) i :

1

'{_; _

' roaapute fg {approxinzate)

6P  385,00(4)

. B e = 4.12 incheg

#Dalave 1 (418) (28,500

o *evranm.rr made in ord?r to maintain the copper icgses c.nstant

2.75%)

-
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D. 'Cempute Rgg
1 Compute Lget
a. Basic generator

(1) Ly = 338 inches

(2) Nap =-2%— =—7£-= 18.5 turns
(3) Lat = =aP = 338 _ 18.3 inches
Nap 5 _
(4) Lpgt =Lat ~2La - 183 - 23.91) - 5.4 inches
2 =

b. 120-volt generator

: D
: 5 a
(1) Laet = (Laet of basic generator) (Da of basic generator)
man B8 . pegine '
= B 3919 - ° inches

2. Compute Lat

i

#. Lat = (Laet + La)2 = (5.56 + 4.13)2 = 19.38 inches

3

3. Uompute Lap

s. Lap = Lat Nap
e G, e i
(1) Nap R e Cl.t? turns | .
(2) Lap = 19.38(61.5) = 1192 inches = 99.3 feet

4. Compute Raap at 20°C )
10.37(99.3) - _ 10.37(95.3) ¥ _ 16 0 14 ohm
(Caa in circular mils) (.0058) 4

5. Compute Raap at operating temperature, T,

a, Raap(ZO) =

2. Assume T, =,139°C as_in.basic ge_neratoi-
. :

el [ D 1—33) - 0.14(1.467) = 0.21 ohm

\234.5 + 20, . '

i 91
Raap _ 9-21 _ (505 ohm
2 2

B Buny

6. Rga =

E. Compute Rac
1 Compute Legt : : -

3. Basic generator
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(1) (gp + Lgp) = 177 inches
(2) Ncp = 7 turns
{3) Ngp = 1/2 turn

Lep + Lgp 177
Nep + Ngp 1.5
(8) Bigay = 2ok 2— 2L _ 23.6 - 2(3.84)

{4) Let = 23.8 inches

- .. 7.96 inches
2

b. 120-volt generator
D

(1) Leet = (Licet of basic generator) Da of

4,16
910

bas'iéc generafor)
= .96 8.45 inches |
%, Compute Lot
2. Ly = La - (La of basic generator - Li of basic _generafor.}
= 4.13 - (3.91 - 3.84) = 4.06 inches. |
t -+ Leet + Lp)2 = (8.45 + .4.5‘,‘_6}2 = .25.0 inches per turn
ioopude I‘gcp
a0 om syuation (13)

LRV 4 e 1. i 5
N\?)?a = _;'}'ZIa s _-:E?} ‘246){4 = 11.45 Ia or 11.5 Ia
260Pp 360(4)(2) .

Iy For the ba.ic geperaim
5 i" ¥ 2
He”lg = ‘-{..“‘_.._. ma=351
A

¢ For the 120-volt generator

o
(1) No"I = a3x2 I = 1850y

“' For perfect compensation
T ts 4 e, ¥
Hea = Ne 'l
5} dssume the valoe from {2 ‘urnishes perfect cropensaticn

i ﬂ"B = 11,5 x 2 = 383 Wras

“" N Q‘Jté ;-lc p

a. Trgp » Lot(Nep) = (35.0028 = §7F inches ox 47 ¢ foet

AT

L
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D. COmpute I..Sp W

a. Assume that Ng,. - -—‘é—- tarn és in‘basic éener;tor

b. Lep = LetNsp = 25(0.5) = 12.5 inches or 1.04 feet
6. Compute Racp | '

a. Assume the same current densii:_y as in basic generator
- Amps e
Current Density - 10,360

b. Area per conductor = = 0.00186 sq.in.

= 2368 circular mils
10.37(47.9 + 1.04)
2368

C. Racp at ZOBC = = 0.214 ohm

d. Racp at 139°C = 0.214(1.467) = 0.314 ohm

T. Rac = M = 0.314 = 0.0785 ohm
4 4 .

F, Compute Rai

1. Assume the same commutatmg-windmg ampere-turns per pole as in basic

generator = [Nlp —I-‘I—] of basxc generator =12.5 ( ) - 860 ampere turns

a. Nip = OBy . 2 49.9 or 50 turns_

2. Assume the same current density as in basic generator, or 9370 amperes per.sq.in.
a.Cy: = la/ M = 0_.00205 sq.in.

9370 9370(4)
2, Assume 0; = 0.0545 inch as in basic generator

&, Assume a micarta strip 0. 047 inch thick pxus a pole shoe 9.0€ inch thick, as
in basic generator

5. Radial space for commutating- pole conductors and attached insulation for
one commutating pole =

Dyj - [Da + 28 + 2(0.047 +'0.06)] Dyi - [4.160.109+0.2141 Dyj-4.48

2 . e 2 2

- a, Assume Dyi = 5.35 inches™

b. Radial space for commutating-pole conductors and attached insulation

5.35 - 4.48 _ | 435 inch

for one commutating pole =

]

*Dyy of bastc generator = 5.328 inches .
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Assume kir = 0.717 as in basic gencrator :
7 Radial space for conductor only = 0.435(0.711) - T 30§ inch
&, Compute conductor dimensions

%« Assume 5 conductors per layer, 10 layers deep

0.309

be o

c. Cy =-5C3-31i. = 200295 - 0.0352 tnch

g, Compute peripheral space of commuta{ing polé-anr_l windings

a. Assume width of commutating pole plus 2 mica strips'
0.28 + 2(0.035) = 0.35 inch ac in basic geherato:'_

b. Assume Kip -~ 0.882 as in basic generator

¢, Peripheral space occupied by conductors = Cyi(i0) (2) = 0.0332(20) = C.664 in,
A, Peripheral space occupied by insulated conducters

0864 0.664
kip  0.385

2. Peripheral space ¢ccupied by commutating pole and winding

= 0.750 inch

=780 + 0.3% = 1.10 i_m;h
10, Comput:2 end view area of one coin%n=1t2tiz1g- pole and Windiﬁg
1. Area = commutating pole and winding area - inicarta stxip area -+
commutating-pole shoe area \ | :
(1) Assume micarta strip = 1.10 inché.s wide
{2) Assume pole shoe = 0.47 inch wide as in basic generator
{3) Area = 1.10(4.435) + 1.10{.0.047}.4- 0.47(0.08) -~ 0.4785 + 0.0517  £.028%
= 5.5584 or 0.558 s;l. in.
17 Compute Lip
2 Lijer = 0.85 inzb as in basic generator
. Assume {La - axial length of commutating-pels iron) is the same a5

bazic generator = 3.91 - 3.1 = 9.78 inch
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¢. Axial length of commutating-pole iron = 4.13 ~0.76 = 3.37 inches

d. Lijp = [3.37(2) + 0. 35(2)J gg = 36.8 feet

12. Compute Raip

10.37(36.8) 7

a. Rajp at 20°C » x 10~ = 0.146 ohm

0.00205 4
b. Ryyp at 136°C = 0.146(1.467) = 0.214 ohm
:3, Ry = —21P = a‘i“ _ 0.05350hm
4

G. Compute Rax
1. Ra, = Raa + Rac + Rai = 0.105 + 0.0785 + 0.0535 = 0.237 ohm
H. Compute IgRa :

1. IaRa = 77(0.237) + 2 = 20.25 or 20.3 volts -

I. Calculate ¢p at Base Speed and Full Load

1. Assume Eg = Et + IgRa = 120 + 20.3
Egp(60) (10) _ 140.3(2) (60) (10%

140.2 volts

2.8, = = 379,000 lines
Zn, P 246(4510) (4) '
3. Check Bave _
$,P 379,000(4)
°p ) = 28,100 lines/sqg.in.

:. B = = -
ave = gp,La  7(4.16) (4.13)
2. L, must be decreased slightly

K. Correct Armature Stack Length
$pP 379,000(4)

1. Ly = 7B:Bave  7(4.16) (28,500) © 4.07 inches

I CALCULATE SHUNT-FIELD POLE AREA
A Calculate Ly i
1. Lg = 4.07 - 0.07 = 4.00 inches
B. Calculate Peripheral Width for Flux
1. At pole-shoe face

a, Assume the same angular d:menq:on: 28 in uam.! gtw nerator ""0@ Figure 2)
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(1) Arc length = (_é- + G) x {angle) - (—’i“ ¢ ?gg—%

Eleriphéral. distance for flux at pole-shos face = 1.22 iuches

4, At Dyj
1. Assume the same fiux density at Dyi as m basic generatcr
(1) Calculate ¢f at yoke
'{a} Assume 20% leakage flux
(b) ¢ at yoke = 1.5(379,000) = 454,800 ilnes

¢ at yoke for basic generator
As at yoke for basic generator

_ 348,000(1.2) = 107,000 lines/sq:.in.

(2) Bg at yoke =

3.84
. 454 800 A :
+ S Wi i ] a7e inches
(3) Ag at ycke 167,000 4,35 squaz mmebl

. L 4,25 ; .
f.. Peripherai width at Dyj = 00 1.06 inches

VEFIVE VI NO-LOAD SATURA MON CURVE (dssumiag N4 is the Same as in

Basic Generator)

Hasic Generator
» = 40.5 tanh (0.001375 Nglg) + 1.2

T oEn A = A0SR

3 ho= "“"“_:“"_““‘_“ = "'1 5 » i0” ¥
2 2(80} '{1{}3) 8.165 i

40.5 49,5

g e e e e o) SEB OO0 ipes
1(.111 (6 188 x 0™ 14510 e :
A A
2 - 43,150 lines il
A0 Telt Generater

MesI0)y o s
= iz o gkt
2 ’(ﬁf}) £107)

~2E iries

)
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Ap at air gap
Ap at air gap for basic generator

1.22(4.00) (1 456 000) = 1 610 ooo lines
= 1.15(3.84) '

20 A = - KA for bassc generator

1.22(4.00)
: =2 L (43,150 ,700 1
o= 1.15(3.84) b nés -

4. E¢ = Kn A tanh (0.001375 N¢lf) + KnD = 149 tanh {(0.001375 Neks) + 4.4

v. RADIAL DEPTH OF ONE SHUNT-FIELD POLE'

A. Compute Radial Depth
Dyi - [(Da + 6 (2] _ 5.35 - [4.16 + (0.0115)(2)] _ ¢.583 in.
g L 2

1. Radial depth =

V1. COMMUTATING POLE DIMENSIONS
A. Compute Lj |
1.Lj = Lf = 4.00 inches
B. Compute Ead View Area
1. End View Area = 0.558(4) = 2.23 sg. in.
C. Compute Total Volume

. 1. Total volume = {2.23) {4.00) = 8.82 cu. inches for. 4 commutating poles

'VII. COMPENSATING WINDING
A. Check Opening Space (see Figure 2) -
1. 24 conductors per opening, each of 2368 circular mils
a. Copper area = 24(2368) = 56 900 c1rcu1ar xmls
2. Basic generator had 32 conductors of 2260 circular mils
a. Copper area = 32(2260) = 72,300 circular miis
3. Space is adequate

X 2. Assume Perfect Compensation(from I, E, 3.)

Vill. SERIES WINDING

A. Comapute Series Demagnetization per Pair of Poles
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:. 1/2 turn per pole enclosing 2/2 of the pole and carrying Ig,4

a2 | <
. Ng'la = /__ ; __)_5:‘. Ia = —la = 016673

“. Assume a negative brush shift to offset series demagﬁeﬁizatio&
40(2)Ia - -4(0.448) (246)1

, Ng'la = = - -0.16671
* Rdha =3o0pp 360(4) (2) ?

6. o = -0.448 clectrical degree, or approximately - 1/4 mechanical degree

fX. SHUNT-FIELD WINDING
A. Compute Division of Excitatior
i DBasic genelztor
u. Air gap
{1) (N¢If)g per pair of poles = 0.313 Bglmg

in) '*‘sg = ¢p = 343,000 lines . -

L) Lmg = 20 = 2(0.0160) - 0.0320 inca

‘e) Ag = (La) x (equivalent air gap arc ;erxm‘h) From Figure 2,
24 degrees are subtracted for calculation of wmpemanen,
However, considerable fringing will take plave. nubu-_a‘f:t only

/575 - 100, /.,919 \

0 degrmes. Arc iength - \:“m:—:;_'} ™3 ’j' = 1,62 {uches

Ay = T i1.62) = 3.91(1.62) = 6.35 sq. in

o é 343,000 L i .

{d) By =—£ = ——1__ = 54,000 lines per sq. in.
e Ag 6.35 kit

(e) (Nf) = 0.313 (54,600)(0.0320) = 542 zmpere turns
5, Shunt-field poles | Highate

T

1) Af = Lg x {equivalent arc lengthj

arc length at poleshee+are leng‘m at Dyj
{a} Egquivalent arc length = — ~————c—o T

5
136 440
PR SIS () 1095
2 4

' 7875 - 24 \ 3.919
1} Arc length at pole shoe = ( s ( 5 =1.15in {see Fig
4 N, Lo 2 P SR LS ey FIEE Y
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(b) Af = 3.84 {i,o%) = 4.13 5q. in.. |

(2) Assume 20% leakage fiux .
(a) é¢ = 343,000(1.2) = 411,500 linés

(3) Lmf = Dyi - (Da + 238) = 5.328 - (3.919 -+ 0.023) = 1.386 inches

(4) Bt =ﬁ— = m = .99,600 lines per sq. in.
Ag 4.13 e ; i
(3) At Bf = 99,600, Hf = 59 ampere turns per inch®
(8) (Nglf)s = HfLmf = 59(1.386) = 81.8 ampere turns
c. Armature

(1) Calculate Lma
(a) Dar = 2.70 inches

(b) Shaft diameter = 0.875 inch

Dar + shé_ft diameter
2

1..;9 (arc length) = .1..'5"{2—-;-!- = 1.41 inches

{c) Mean diameter = = 1.79 inches

(d) Lma

{2) Calculate Ay

(a) Diameter of lighteﬂing_ heles = 0.375 inch :

(b) Az = (Lg) (effective iron measured along the radius)

70 - 5.875 -3
- 3.91 [-(—E—L—z———“i 2 0.375J

= 3.91 (0.538) = 2.10 sq. inches
6, 343,000

(3) Ba = A, 22100

= 31,'-?00 lines/sq. in.
(4) at By = 81,700, Hy = 11 ampere turns per inch®
(5) (Nfk), = Halma = 11(1.41) = 15.5 ampere turns

d. Armature teeth

(1) Tooth-density formula '

' Ferber.t C., Rotors, Blectromagnetic Deviceg.” Pﬁée 58, Curve 71, (New :r'or'k, John Wiley &
Sons. Inc.. Londor: Chapman ¢ Hall, Limited, First fdition) =
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{2) From tle air-gap calcuiation, Bg = 54,000 lines per sq. in., or 8370 gau

{3) Assume values of B¢, read corr espondir'g values of it from Rotors,
and solve the tooth- densuy formula*® graphica‘ly for Bg = 8370 gauss.

(4) From graphic solution, at By = 33'?(! gauss, By = 14,900 gauss,
or B¢ = 96,000 lines per sq. in. .
{5) Correct for tooth taper™

1_
(a) Average Ht =~é~ By +3 3 hrm +g Hte

(b) At Bt = 96,600, Hym = 40 ampére turns per in"_ch“

{c) Hir and Hte are determinea by {irst solving foi'- the tooth
density at the root and 2¢ the crest. and then reading the cor-
responding H values from the curve®

{d) Average tooth width = t = 0,156 inch

(€) Tooth width at rosi = {1..115 i.n;h

(f) Tooth width at crest = 0,217 inch

{g) Tooth daia

1 AtBg = 54,000, By = 86,000, Him = 40

-
]
ot
—
.

L iifred Stiil, “Blements of Electriesal Decisn, ofe 450, ¥ew Socb ohd Jondon Keiroe
i1l Book Company, Ine., 1952, 2nd 2diticn) '

% ,1rred Siili, "Blements of Elecir’col Desige” Pugs [02, [fmn 0k GReCl GoR. deGPow
Uril Book Company, Inc., 1832, anc Sdivionj ' '



NAVAL RESEARCH LABORATCRY 47

i ’ :
(h) Average Ht =—;(900) +-§-(_40) + -%(6} = 178 ampere turns per inch
]

Bt

(6) (Nflf),, = 2 de(Hp) = 2(0.805)(178) = 2i7 ampere turns

. Yoke

Lo]

{1) Ly = 6.25 inches
(2) Dyo = 6.00 inches

(3) Dyi = 5.328 inches
(8.00 - 5.328)

= 2.10 sq. in.
9 Y

(4) Ay = 6.25

(5) Calculate ¢y

(a) Assume 15% leakage

) 4y =28 (1.19) _ 343,000 ; 15) - 197,200 lines
2 ;
© 5. 2y - 290290 . 93,600 iines per sq. in.

Ay : | BB
(1) Caiculzate Hy
(a) Acsume the yoke material fits Rotors’ cast steel curve.”®
{i} Al By = 93,900 lines per sq. in.. Hy = €5 ampere hwrns per inch™®
{8) Calculate Limy K ' |
@ Ly =% (2—9&5&22—&) - 4,45 inches
(®) (StIf)g = 4.45 (€5) = 289 ampere turns

f. Total excitation per péir of poles from above calculations

Air gap - P 542

Shunt-field poles 82

Armatere - - ié-

rmafture teeth 217

Yoke 289
‘N¢lf = 1146 amp. turns per pair of poles

gz, Total excitation from voltage equation (equation ( 22))

¥ porlert 0. Rotors, “Eleciromcgretic Devices,” Page 48, Curve § [Hew York, John Wiley ¢
Sons, ‘ne., London: Chapmon § Holl, Limited, First zdition)
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(1} By = 40.5 tanh  (0.001375 (1607 - 0.06419) ] + 1.2 - 0.0233 7,
(2) Al = 7.2apd I3 = 307.2 _
(a) 160 i = 160(7.2) = 1152 ampere turns
(b) 0.064 I3 = 0.064(307.2) - 19.85 or Zﬁ-arﬁpex&: turns
(3) Net excitetion = 1152 - 2.0 _ 1132 amperse. turzis per pair of poles

.. Calculate percent variation, conszidering equation vzlue to be 300%
i 1145 - 11327 1400
(1) Percent variation = li“.-.-m—-—! (109)- = -;13-2— = 1.24%
The agreement is much better than would be expected, considering
the assumptions, but indicﬁtes that the method of éhecking the di.
vision cf excitation is withi.a} .’;"_e_asora
2. 120 volt generator
a. Air gap
1) (Nelg) - 0.513 Bglug
iid ;_;.-g = by 3‘19?039 _lim-?s

&b Ag = (La) x [equivalent air gap ar< length)

Assume the same angl_e &S was used for basic generator are
o gt
length = redine = segle = 218 /ﬂia = 1.%2 iprver
: gt A BT
Ag = 4.07(1.72) = 7.00 sq. in. - -
: 9 '
{c) Bg :i& = .ﬁﬂ = 54,103 lines per 3¢. in.
Ag 7.00 . b :

{d) Lmg = 26 = 2(0.0160) = 00329 inch
(e) (Nelf)g ~ 0.313(54,100){0.0320) :"'5'42 émperé baras
. Bhunt-field poles |
{1} A; = Ly x (equivaient arc length)

arc leangth 3t pole shoe + ~re tength at 1

{8) Equivalent azrc lengih -

: 2
1.22 + 1,08 - e
m e e . 1 12 jnches -
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33.5 4.16 : :
8. = '1.22 inches

5730 .2

1 Arc length at pole shoe =

(b) As = 4.00{1.i4) = 4.56 sq. in.
{2) Assume 20% leakage flux ;
(a) ¢ = 379,000(1.2) = 455,000 lines

(3} Ly = 0.584(2) = 1.168 inches
455,000

@p = .
y Ag 4.56

(5) At Bf = 99,800, Hf = 60 ampere turns per inch®

= 99,800 lines per sq. in.

(6) (N{If)f = HfLmf = 60(1.168) = 70.1 ampere turns
c. Armature ' o .
(1) Caiculate Lma
(2} Dap = 4.16 - 2(0.610) = 2.94 inches
{t) Assume shaft diameter = 1.00 inch

294 5100 - . :
(¢} Mean diameter = —2-—— = 1.97 inches

{d) Lma = 1':?-1 (arc length) = 0'.9853- = 1.55 inches

a4

(2) Calculate Ap
{a) Assume same size lightening hole of 0.375 inch

{b) 33 = Lg x {effective iron measured along the radius)

2.94 - 1.00|
4,07 {'——'—E} - 0,375 = 2.42 sq. in.

it

2.

(3) Calculate By
$a 379,000

@ By =~ =

_—_ Iy 78,300 lines per s BTk
Ay 2(2.42) 4 o

SR L : L
{(4) At By = 78,300 lines per 3q. in., Ha = 9.5 ampere turns per inch®

(5) (Nflf), = Halima = 9.5(1.55) = 14.7 ampere turns
d, Armature teeth ' _

{1) Tcoth density formula:*

. .d@- il RL;I i
{de + Be)+—T - - )-]
= BJ‘-_ £ ] i i t—‘n R i PR
AL,y I
& 5 69.

Bhs ¥

P et

B

g

48
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(.444
= By (0.556 + o ) - gauss:

(2) From the air-gap calculation, Bg = 54,100 lines per sqg. in., or 2380 ga
{3) Assume values of B¢, read cbrrespémding values of 4 frem Rotors ,9 an
solve the tooth-density formula graphically tor Bg = 96,000 lines per ¢
{(4) From graphic solution, at Bg. = 8380.g-auss,-
Bt = 14,900 gauss, or Bt = 96,000 linés per sq. in.
{5) Correct for tooth taper’’
(a) Average Ht'z-é-Hu- +—:— Him + %Hte
(b) At Bt = 96,000 lines_, pe'r 5q. in., Htm = 40 ampere turns per inch®
{¢) Hip and Hyg are. deterimined by first sclving for the tooth density
at the root and at the crest, and then reading the corresponding
H values from Rotors’ curve.’
{(d) Average icoth width =t = 0.1:'50 .inch-' '
{e) Tooth wicth at root = 0'1.12 incﬁ
{t} Tcoth width at cresi = .208 inch
{z} Tooth data

1 At Bg = 54,100, By = 96,000, Hy = 40

o T eI
2 Bfr = 35.000 Terhia 129,000
A Hye = 850
0.150 S
2 B = 96.000 (—ﬁ—ﬁ-‘ = 83,500

a Hte =8

|}A

-2 1 ;
{h) Average H: = — {850} + ?_{40) + (€) =: 170 ampere turns per in.

-3
& et

8} (Nflfjat = 2 de (176) = 2(0 608) (170) = 206 ampere turns

=, Toke

{1) Computc Ly

{a) Mainriuin the same difference Ly - if =g in vasic gensraloan

(Ly - Lg) inbhasic'generaler = 625 - 2.84 = 2.41 inches

"{b) Ly = 4.00 + 2.41 = .41 inches
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{2) Dyi = 5.35 inches

{3) Assume By = 93,900 lines per 3q. inch &% in basic genexator

279,000 '
4} oy =— (1.15) = 218,000 lines -
i 218,000 | Ll
YAy TR T R0 T e
(6) Wall thickness =27 = 232 _ 0 362 inch
Ly gt - :
(7) Dyo = 5.35 + 2(0.362) = .07 inches.
W 607 +58
@) Ly =g — 38~ = 4.48 inches-

(9) At By = 93,900 lines per sq. in., Hy = 65 ampere turns per inch'?
(10) (NiIfly = LmyHy = 4.48(85) = 291 ampere turns

Total excitation per pair of poles

Air Gap 542 -
Shunt-Field Poles 70
Armature = 15
Armature Teeth 208
Yoke : ' 291

Nilf = 1124 ampere turns per pair of poles

A"'E. .

1. The caiculated excitation is approximately 2-1/2 percent less than the
caleulated excitation for the basic generator, which is better agree-
nent than the degree of accuracy of calculations because of the assump-
tions made. Therefore, the same Nflf (1152) will be used.

" C. Determine Ny

L. Figuré 12 is a graph for determi‘nin'g wire size. The following assump-
: tions were made in order to plot the figure:

“.

Ex,n

o Q.

Nfls - 1152 ampere turns per pair of poles !

The shunt-field copper current density was held constant at 5340
amperes per sq. inch. j

Space factors used were taken from sunu®®

Caf = 0.00135 sq. in. in basic generator

The total copper area was held constant

The value of I£'Rs was assumed constant

fifrec Stipl, ‘Elements of Pleciricgl besisn? Page 35, (New ferk and London. KeGiraw--

giii Bock Oompany, Inc., 1932, 2nd Bditlonj.”
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. .2y g. RBf was measured in the basic generator under base gpeed conditive and
was found to be 2.95 ohms. : )
h. Nf = 160 turns per pair of pnies in basm geney aior
2. Determine the conductor size -
a. Assume No. 25 wire
(1) From Figure 12:
(2) §Rg = 113.7 volts
{b) Rf = 84.5 ohms )
(2) I = 1.35 amps. (calculated from (a) and (b) above)

3) The resistance in series with the shant field at no load will be
assumed to be the voltage regulator carbon pile resistance = Rgp

(@) Rep = &N}E-}iiz 4.68 ohms

{4) At base speed conditions, the watts loss in Rep will be
i*Rep = (1.35)° (4.68) = 3.48 watts
{5) The reaximum watts ioss in the carbon pile wiil be, when Rey, = Ri;

(a) At operating temperature,

s 2
Maxgimurm loss in carbon pile = ézoz- = 42.8 wat's
(b) At Rf = 0.75x (Rf at base qpeed *evnperature),
Maxi 1 (sz . 56 ] atts
d - A T e Y O Wk -
ximum loss = oo 5(0.75) - !

1 0.75 Rf was arbitrarily selected to ind;cate a lower
operation temperature, .

b. Assume No. 24 wire
(1) From Figure 12:
&) LRy = 20 voits: -

(b) Ry = 53.1 chms -
(e) ¥ = 1.7 ampere
i W o R
(2 ch =i 17.7 ohms

(3) At base speed conditions the waft: loss m"RgL will be
4Rs = (1.70)2 (17.7) = 50.8 watts
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{4 The waziraum watts lcss in the carbon pile
(2) At operaiing temperature, maximur. 0%
it 7.8 watts
e 6T R wh
53.1
(L) AtRf = 0.75 (Rf at base specd; -the rmuginum lors =
£7.8
——= = J0.5 Matls
0.5 -
4. .75 Rf arbirarily used tc denote .ower operating femperature.
- The uce of Nc. 25 wire is marginai in that aimost full rated voltage
is abserbed by the shunt field at base speed.
The use of Nec. 24 wire is still within the walue of 100 watis maxi-
mum loss in the voitage-regulator carbon pile
sz No. 24 wire i the sbhonl tield.
sy = 678 turns per pair of pol2s irom Tigure 12, :
siae pine the Cruss-Secuonal Arze of the Shunt .Field Windgiay & bgr
1, ¥rom Figure 12, shunt-field area = 0.868 sq. io. per pair of poies .
¥ CUMPUTE THR AREA AEMATITNG POR ,3.“02‘:‘3';.?_‘; YEMITLATION, 2
4. Hasle Generator
mpute amirelar arez bebweasa yoka ard asmaturo
Avea - = (Dyi® - DY)
’“‘%[_ts.gzgf - {2.919°% 7] = 10.26 sq. in.
® ¢ wpute ananlar 3vea enclosirg shunt-fisid peles .
S pee P st il e ; 2z
Apres = 7 L .t}y'; 7= 'J:‘;, i LA
“ule [E5.8326) M 13.942° 1 . 26400es Yin.
4 ik s |
 osspie ueed by shupi-fisle voles « R, 4{(4) o« 28 (Ben b

W RArs Y Pugs cven b Sieid winding )
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= 6.46 - 1.927 ‘
= 4.54 gq in. - : | ? ;
5. From Figure 12 1 |
a. Area of shunt-field winding = 0. 637(2} 2 107 o dn.
6. Commutating pole area

commutating pole and insulation area + Micarta-strip area

a. Area =
+ commutating-pole shoe area
= 0.95(0.543) + 0.95(0. 047) + 0. 47(0 06)
= 2.35 sq. in.
7. Ay = 10.26 - (shunt-field pole area + shunt-field winding area +commutating-
pole area) .
= 1026-(454+127 + 235)
= 10.26 - 8.16
= 2,10 sq. in.

§. It is true that some air passes through the lightening holes. However, it
will be assumed that for the generators designed, the same percentage of
Ay passes through the lightening holes as in the basic generator. Thus,
Ay ‘can be considered to be a true index of the ventilation area.

B. 120-Volt Generator
1. Aanular area between yoke and armature

a. Area =% [Dyi® - Da*] '=-‘{‘;—.,[(5.35)3 - (4.16/ ] = 8.87 sq. in.

]

. Ammular area of field poles
b SRR e
a. Area = [Dyi® - (Da + 28/ ] = [(5.35)° - (4.183]']
- 8.71 sq. in. ' b

. Area of field poles
230
360

5.56 - 1.90™*
3.66 sg. in.

4. From Figure 12
a. Area of winding = 0.668(2) = 1:34 sq. in.

5. Commutating pole area

[

a. Area

—— (8.71) - (a2rea reserved for field unndmg)

a. From VI, B, area = 2.23 sq. in,

“areg of £.97 sg. in. obtaired by planimete

*H 1 5
drec of 1,90 sg. in obiacned by planimeter
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Tompute Ay

a, Ay = 8.87 - {3 56 Gl A& o B

#I. CALCUTLATE LOZSES
A  Bargic Generator
Shunt fieid = 215 watls

e =

%. Friction and windage = 231 watts
‘.ore toss = 231 watts
1.2Ry = 2176 watls

» ‘otal losz = 2853 watis

# Breakdown of Ig°Rg

]

. Rga = 0.0073 chwms, Lhay - 692 watis

- 0.00922 ohms, In® (Rac + Rai) = B70 watts -

S
ol

v L 2l-Voit Geneyatur

1.1 = 1.7 ampereg, shuri-tieid losses = 1.7(128) ~ 262 waus

L assume friction and windage same as basic generator = 231 watts

A

. Lompute core loss

= Assume core loss i= Troportional to armature volume
i 3 7042 L
{i) Coreless: 248) 0 —"—

(T Da® T basir

‘oripute 157Ry

i, = 76.7
we ey P i = E :
iy Ry = 76.520.2; - [E55" watis

7. Total loss = 2258 watts
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XIi. CHECK Avy

A. From Equation (34)

1. Ay = (total loss in wats)(7.37 x 10~%)

2258 (7.37 x 1079

1.66 sq. in.
B. Ventilation Area

1. The ventilation area of 1.64 sq. in.(from X, B,E)wi.ll be considered satisfactory

XII. PERFORMANCE EQUATIONS
A. No-Load Saturation-Curve Equation
1. E¢ = 149 tanh (0.001375 Nflf) + 44 (from 1V, B)
a. Nf = 678 turns (from IX, C)

b. Et

i}

149 tanh (0.932 &) + 4.4

B. Assumptions

1. Assume the brushes are shifted slightly backward so that the magnetization
of armature reaction cancels the series-field demagnetization

a. The above assumption mn no_t change th.e weight
2. Assume perfect compensation
a. Assumption made for Simplipity agd will hot_ change.thehweight
C. Compute Ra Bak boii i

1. Ry =1aRa - 203 _ 4 965 or 0.27 ohm
R

. D. Full-Load Saturation-Curve Equation. . -

1. E¢ = 149 tanh{0.932 1) + 4.4 - 0.27 I

XIV. DESIGN COMMUTATOR
A, Determine Zp
1. Assume Ze = 38 = 3(41) = 123 bars
3. Determine D¢ LRt

1. Assume D¢y = 4.18 inches
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. De = Doy ~ [4(Cqa) + QBT =% 36 - 1465420 © L w2y 854 man

Determine Voits per Bax

f

]

£y

i,

1

Basie generator

o
or
=
B

4. Z¢ = 37; there arc < brush sels and 2 Dars cndsr 66
37 '
{1) === 9.
1) n 25
(2} 9.25 - 2 = 7.28

Et 30

i., Volts per bar =H'-?“ = -'1:“ = 4.3 voits

: 20.volt generator
a. Zz = 123 ard there are 4 brush seig; assume 2 bars under one brush
) 222 . 3635
4
(2) 30.76 - 2 = 28.95

i, Volts per bar = ET 4 %8 velts

. Miecz ““hickness

Basic gererator - 0.017 inch wide

120 voit generator - 0.017 wnch wide, since volts ger bar is essentially the
=ame as in bacgic generator :

terinine Commutator Bar Width

al PRSI in
VFrie ObER L GET L Ok Taet

toempute angic which includes cne par plus one width of mica

2

-
&l

1} Angle =53 = 0.0511 radians

" Cnmpure surface width of one bar plus one width of mica

D 5 1 e, o :
1) Swrface width ‘-'f“ x (ungle) = -‘—2}'& {0.0511) = 0.0807 inch

surface for one bar - G.0807 ~ 1.017 = (.0837 inch ﬁidé

The vaiue of 0.0637 is g0 thin that the commutater fabrication will be
difficuit. Howsver, the value of 6.0827 1nch will be used.

-ermine Brush vhickners v Periphais . Distane o of Biasi Along Compnis

face

Assums the Hrush cow
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a. Brush thickness = 2(0.:963'_?)- + 1.5(0.017).
= 0,1274 . 0.0258
= 0.153 inck !
. Determine Brush Width or Ax_ial_Dista_n.ce of Brush Along the Commutator Surface
1, Assume 187 amperes per sq. in. as inhbasic g_e_neratoﬁ
2. Assume 8 brushes total as in basic geherator 3

3. Ip sl S00 19.2 amperes

i i

4, Mg e D «22:2 . 0.103 sqliuic -
amps/sq.in. 187 :

G, Brushistiiier = DL

5 = 0.673 inch
Thickness 0.153 - i

H. Determine L¢
i. Basic generator commutaltor loss-
a. Determine commutatof icss |
{1) Friction loss »
(a) Assume 8 watts'pe'r} sq. in. for each.l-OOD feet per minute of
peripherai speed™ il i
{t) Total brush contact area = 3.28 sq. in.
{2} Deriphera] speed at 4510 rpm = 3100 {t. per minute
(d) Friction losses_ = 8(3.28).(3.1) =813 watts
(2) Contact loss T [ 3 :
(@) 1,(2) = 307(2) = 614 watts
(3) Total loss = 695 watts
b. Commutator surface a{rea' ;

(1) Area =7 {2.625)(2.468) = 20 4 £q. in

695 5 3 .
c. Power-loss density =m = 34.1 watts per sq. in.
M rEE ves? Code for Direci-Current Nachines paragraph 28(t}: {New York, The dmericai

rnsiitute of Flectricel Pnéineers, AIRE No. 503, July 1941)
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=120 volt generuilor comumutstsr lomrg

a

%, Friction loss

{1) Brush contact area = 8 Ab 8(0 50?.;) = 0. 82 sq in,

'JD : 7(3.16
{2) Peripheral speed at 4510 rt;m e )

‘t

{3) Friction loss = 8{8.82) (3.73) = 24.5 watts

;. Contact loss

(1) I,(2) = 76.7(2) = 153.4 vﬁa_tts_ :
¢ Total commutator loss = 24.5 + 153.4 = 178 watts
3. Lrrermine commutator surface area
< Assuming the same loss 1-3e_r. sq. in. as in basi'é genérator,
11} Cominuiator suiface area = —1;7—8 - 4.78 sq. in.

fay

.2} However, this area would not accommodate the brushes, and the
brush width will establish the commutator area-

Li¢ i3 diciated by brush width plue 2 reasonuble clesrance
a. i . 6.873(2) + 0.3 = 1.85 inches

. Assume Lepy = 9,156 inch

oY, JALCULATE WEIGHT CHANGE

~atator
3. Hasic generator

a. Active commutaior volume = 4 D¢l = 4 {2.625)* (2.468) = 13.35 cu.
h Hiser volume =-;;~ Doy lipy = -i—_(3.625)‘ {0.3563) = 1,814 cu. in,

Cominutator weigit = 2.8 pouads

: AT :

4. Total commuiator volume — 13835 + 1.81 = 14,38 cu_ in,
2.0 RN IR

2. D u?4_96 = 0.185 pounds per cu. in.

1¥)-volt generator
& Active commuiator voiulpe ';r Defhp = 1 (d 1Y 1 65 =124 e

: : 5
0 Joizer volume = -

(B o > HE Ay e ey 2 :
g P Loy, r.‘4'{4,16} (03587 = 2,32 2, i

(4519) = —J*—-— 45 G . 37307,

in,
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c. Total volume = 12.9 + 2,12 = 15.0 cu. in.

d. Commutator dencity will increa'sé..:due to increased mechanical re-
~ ‘quirements. Assume p¢ = 0.20 pounds per cu. in.

e. Commutator weight = 15.0(0.20) = 3.0 pounds

3. Commutator weight change = 3.0 - 2.8=0.2 pounds increase

B. Armature

ik Basi}: generator

a. Volume =%-DaaLa ='E‘{3.919)2 {3.91) = 47.0 cu. in.

b. Weight = 11.7 pounds

e Pg = -%Zz 0.25 pounds per cu. in

2. 120-volt generator

3.

; s Ll :
a. Volume =7 Da’La =7 (4.16)° (4.07) = 55.3 cu. in.
b. Change in volume = 55.3 - 47.0 = 8.3 cu. in.

Weignht change = 7.9 (pa) = 8.3(0.25) = 2.1 pounds increase

" C. Commutating Poles

i

=

)

. Basic generator

z. Bnd-view area = 2.38 sg. in. for 4 corprﬁutating poles(from X, A)
L: = $.84 inches | -

. Volume = 2.35(3.84) = 902 cu, in.:

d. Weight = 1.81 pounds .

e. oj =%:g—; = 0.20 pounds per cu. in.

120-volt generator '

a. End-view area = 2.23 sq. in. for 4 commatating poles (fr'om_ X, B)
b. Lj = 4.00 inches

¢. Volume = 2.23(4.00) = 8.92 cu. in.

d. Change in velume = 8.02 - 8.9% = 0,10 ¢u, in.

. Weight change = 0.10 py = 0.10(0.20) = 0.52 or 0.0 pound decrease
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Shunt-Field Poles
. Basic generator
2. Area = 4.54 sq. in.{{xrom x,.a;‘-, -
b. Volume = 4.54 Lj - 4.54(3. 64} = 17.4 cvv i
c. Weight of 4 poles = 4.13 poeni:.. :

. 4.13 | i
“d. pg =T a - 0.24 pounds per cu. in,

e

. 120-volt generator
a. Area = 3.86 sq. in. (from X, B)

0. Volume = 3.66 Lf = 3.66(4.00) = 14.6 cu. in.

»., Volume =174 - 145 = 2 8 cu, 1n

. Weight change = 2.8p; == 2.8(0.24) = .87 or 6.7 pounds decrease
fhunt- Field Winding

Basic generater
IRY

a. Area of winding per coil side :. T = 0,159 sq. in.(from Figure 12)

., Length per turn = 13.5 inches

: L | 1348 -.2(8.84 . -
.. L.ength per end turn = ----'-—E- - = 2.95 inches
d. Volume of windings = 9.153(13.6) (4) - 3.86 ¢u. in.

[£7)

. Woight L2 winding = 2.0 pounds

iy

2.0 ;
: a = {},2! i, 1. in.
By 556 (1.231 pounds per cu. ir

2. 120-volt generator
0.668 ) o
e = ———= = 0.167 sq. in. _(frar.:t Figure 12
: 4.ig .
h. 3 ength per end tura = 2.9€ 3 319 = 3.14 inches

i

a. Area of winding per coil sid

<. Length per turn = (3.34 - L2 « (3.14 1+ 4.00)2 = 14 28 inches
d. Volume of wicding 0.167(14 28) (4) = 9.54 cv. in
2. Change In velume = .34 . '¢.66 = 0,88 cu, in.

3. Weight change = ¢ 880, , = C 88 {0,231} - 0.2 pound ind1ease
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F. Compensating and Series -Windi:xg End Turns
i. Basic generator
a. Lget = 7.96 inciﬂes_(from 1, E)
b. Conductors per coil side = 30
c. Conductor diameter = 0.0476 inch :
.(1) Space factor for 0.0476-inch diameter wire'® = 0.68

d. Copper area per coil side =7 (0.0476) (30) = 0.0534 sg. in.

0.0534

0es = 0.078 sq. in.

¢. Total area per coil side =

f. Volume of end turns = 0.078(7.96) (8) = 4.97 cu. in.
g. Density same as shunt-field windihg = 0.231 pounds per cu. in.
2. 120-volt generator .
a. Lggs + 8.45 inches (trom I, E)
b. Number of conductors per coil side = 24
¢. Conductor diarncter = 0.0487
(1) Space factor'® = 0.68

d. Copper area per coil side =‘7§- (0.0487)° (24) = 0.0447 sq. in.

0.0447
0.68

f. Volume of end turns = 0.0657(8.45) (8) = 4.44 cu. in. .

= 0.0657 sq. in.

@

Total area ner coil side =

¢, Change in volume = 4.97 - 4.44 = 0.53 cu.in.
3. Weight change = 0.53 (0.231) = 0.12, or 0.1 pound decrease

G. Yoko

£

Tasic gensrator N _ _ I o

3 i 7 ] 2 A
a. Volume =— (Dyo” - Dyi°) Ly =7(6.00” - 5.3289 6.25 = 37.8 cu. in.
b. Weight = 10.0 pounds

Y g
¢. by = 3733

2. 120-volt generator

= 6.265 pounds per cubic '_irs,ch'

r - o z . : " .
a. Volume =7 (Dyo* ~ Uyif) Ly = 416.07 - 5.35°) 6.41 = 41.3 cu. in.
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b. Volume change = 43 3 = 37.3 = 4.0-cu. in,
3. Weight change = £ {4.0) —~ 0.268(4.G) = 1.07 ox 11 PUANGE T asse

H. Brush Rigging, Brushes, and Jutboard End Bell
1 DBasir generaior |

a. Axial length of brush rigging frame = 3.5 inches

=2

Outside diameter of cutboard end bell = 6.0 inches
r. Weight of brush rigging, end bell, and brushes = 2.5 pounds
. Commutator length = 2.468 inches

. Difference between axial length of end bell and length of commutator =
3.5 - 2.468 = 1,032 or 1.03 inches il

7 : 5o b

Yoilume of ¢nd bell ::-;;-(500}2 {3.9) = BB cu. in
25 o .. ;
TP Eé’ = .0357 pounds per cu. in,

.. 120-velt generator
a. Commautaior length - 1.84 inches
Malo length of end bell = 1.64-+ 1.03 = 2.67 i::*;;h::?s '
i¥awmeter of end pell = 6-.09 ir':s:'hes_ -
7 ) ' :
Tolume =—-(6.07)" (2.67) = 71.2 cu. in.
. Vohams hauge: 29 - 77.2 = 286 cu. .
5. Weight charnge = 21.8{0.357) = 0.%8 or 0.8 pouads -:i'ecﬂzas_e
1. fabuviated Weight Change ‘

Weight Increase  Weight Decrea

J

{ommutator : i $.2
Armature ' ' 24
Commutating Poles LTl T B a5 0.0
“hunt-Field Poles : a5
Shunt-Field Winding AL= -
Compensating and Series. Winding Ead B gt

Turns ' ; 5.3
Yoke ; x S e b S0
Rrush Rigging 2nd Gutboard ¥nd Heii i i us

ny
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J. Net Weight Increase = 3.6 - 1.6 = 2.0 pounds
K. Weight of 120-Volt Generator
1. Basic generator weighed 49.2 pounds-_
2. Net weight increase = 2.0 pounds

3. Weight of 120-volt generator = 51.2 or 51 pounds

¥ % ¥
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Determinung Fhunt-Field (‘:onductm Bize

Figur2 12 (see Appendin VI, section IX, part C) is a graph for sewcamg the conducto;
size to use on a generator once the vzlue of Nflf is estabhshed The method used to draw
the curves of Figure 12 is given as follows:

(i} The current density was assumed to be the same as for the basic gen-
erator. Thus, from standard tables giving dimensions of wire sizes,
the current curve was plotted.

{2) The value of Nilf was assumed constant ét 1152 ampere turns. Thus,
ircro the ampere turns assumption and {1}, the turns curve was plotted.

{4) A standard space-factor table for enamsled magnet wire was used.
¥rom the standard value of space factor and (2); the area per pair of
poies was calculated and drawn,

-4) 'The value of ¥°Rf was measured for the asic ynez-ator and was as-
sumed constant. From the vajue of If Rf a':n. {1}, 27 and IfRf were cal-
culated and plotted.

A set of curves was then available {or detu-rminmg the shunt. ;mld con r.iua tor size and
was used in Appendix V1, section I¥, part C, as an 111uatrc.ticn

In the event the excitation requirements increase after drawing the curves, ihe new
alues of current ane urns should be established. Thenp the new wire size can be selecte
nie new values of resisiznce, voilage, power, sun aceu can 5e obtained by reading the
rumber irom Figurs 12 for the wire size s eiacte’d -and muitiplying by the ratic of tha new
1o e oid turns. : ;
Mok
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APPENDIX VIII

Tabulation of Data for 120-Volt, 9-KW Generator

Description

Armature Diameter

Armature Stack Length

Number of Armature Slots
Number of Armature Conductors
Armature Conductor Area

Number of Current Paths Through Armature

Armature Current at Base Speed
Armature Conductor Width
Armature Conductor Depth
Armature Slot Width

Armature Average Tooth Width
Average Flux per Pole at Base Speed
Number of Shunt-Field Poles

Axial Length of Shunt-Field Pole

. Clearance between Armature and Shuni-

Field-Polie Shoe
Inside Diameter of Yoke
Outside Diameter of Yoke
Axial Length of Yoke

" Number of Commutating Poles

Type of Compensating Winding

Commutator Diameter

Axial Length of Commutator

WNumber of Commutator Bars

Volts per Bar (approximate)

Total Number of Brushes

Brush Thicknes$

Brush Width

Brush Current Density

Current per Brush at Base Speed..

Shunt-Field Current at Base Speed

Shunt-Field Resistance at Base-Speed
Teraperature

Shunt-Field Turns per Pair of Poles

Armature Resistance at Base-Speed
Temperature il

Beries-Field plus Compensating-Winding
Resistances at Base-Speed Temperature

Commutating-Winding Resistance at
Base-Speed Temperature '

67

Explanation
1 or :
"~ Numerical
Symbol Value
D, - 4.16
La 4,07
S 41
z 246
Caa 0.0058
P £ e
. .. 76.7°
Cwa 0.024 -
Cda 0.242 -
s 0.112
N 0.150
ép 379,000
P 4
L¢ 4.00
& 0.0115
Dyi  5.35
Bye kBT
Ly 8.41
= .
- Concentrated
" De 316"
. Le 1:65 °
Ze. | 123
- 4.3
L 8 -
- 0.153
- 0.67
- 187
In 19.2
I 1.7
Ry 53.1
Nf 878
Raz 0,105
Rac 0.0785
Rai 0.0535

Units

inches
inches
sq.in.

amps.

inches
inches
inches
inches

lines

inches

inches
inches
inches
inches

" inches

inches

volts

inches
inches
amps./sq.in.
amps.
amps.

ohms
turns

ohms
ohms

ohms
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. Explanaiion
or
ftem : ‘Huaterical
Number Deseription Symbel  Value Units
26, T'otal Armature Circuit Resistance at Base.
Speed Temperature = Rgg + Rac + Rai Ra- 0.237 chms
37, Efficiency : iy el e 78.9 percent
38. Power Output per rpm at Base Speed - No/ny  1.895 watts /rpn
39, Total Generator Weight W 1 : pounds
40, Base Speed n o 4510 rpm



Item

Number

© PN

APPENDIX IX

Tabulation of Data for 30-Volt, 12-KW Generator

Explanation
or
Numerical -
Description - * Symbol Value
Armature Diameter ! Da 4,308
Armature Stack Length L La 4.07
Number of Armature Slots e ! S - 31
Number of Armature Conductors 1 Z 682
Armature Conductor Area Caa G.0305
Number of Current Paths Through Armature p - 2
Armature Current at Base Speed SR 407.2
Armature Conductor Width ; Cwa 0.12¢
Armature Conductor Depth ik g Cga . -0.242
Armature Slot Width s G.146
Armature Average Tooth Width : t 0.217
Average Flux per Pole at Base Speed bp 391,000
Number of Shunt-Field Poles : P 4
Axial Length of Shunt-Field Pole : L¢ - 4,00
C'learance Distance between Armature and L
Shunt-Field-Pole Shoe 2 (0.0115
inside Diameter of Yoke . = ' - Dyi 5.79
Outside Diameter of Yoke Dyo 6.54
Axial Length of Yoke ; Ly 8.41
Nurpber of Commutating Poles - 4
Type of Compensating Winding S | ~ = Concentrated
Commutator Diameter et =% D 2.89
Axial Length of Commutator - - Le 3.00
Number of Commutator Bars ' Ze a1
Volts per Bar (approximate) - 4.5
Total Number of Brushes - 8
Brush Thickness - ! - 0.584
Brush Width Y =5 0.933
Brush Current Density - 187
Current per Brush at Base Speed In 101.8
Shunt-Field Current at Base Speed . if 2
Shunt-Field Resistance at Base- Speed _
Temperature Rf - 2.95
Shunt-Field Turns per Pair of Poles Ng 160
Armature Resistance at Base-Speed :
Temperature "~ Rag -0.0050
Series-Field plus Compemating—Wmding

Resistance at Base-Speed Temperature Bags 21,0041

69

Units

inches
inches
sq.in.
amps.
inches
inches
inches
inches
lines

inches

inches
inches
inches
inches

inches
inches

volts

inches
inches
amps./sq.in.

amps.
amps.

chms
turns

chms

chms
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HNumber

48,
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3.
38.
38,
40,
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Description

Comroutating- Winding Resisiance at
Base-Speed Temperature

Total Armature Circuli Resistance at
Base-Speed Temperatura =Raa + Rac

wificiency

Power Output per rpm at Base Speed

‘Total Generator Weight

Base Speed

L O

+ Rai

. Explanation
" .- ! Or
; . Rumerical
" Btmbel  Value
Rai 1 G015
Ra: - 0.0110
- 8.3
Wg/nl 2.68
W " 59.5
0

Vnits

vlns

ohras
percent
watts,/Tpm
pounds
rpm



Item
Number

.
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APPENDIX X

_ Tabulation of Data for 120 Volt, 20-KW- Generator

Description

Armature Diameter

Armature Stack Length

Number of Armature Slots
Number of Armature Conductors
Armature Conductor Area

Number of Current Paths Through Armature
- Armature Current at Base Speed

Armature Conductor Width
Armature Conductor Depth
Armature Slot Width

Armature Average Tcoth Width
Average Flux per Pole at Base Speed
Number of Shunt-Field Pples

Axial Length of Shunt-Field Pole

{learance Distance

bhetween Armature and

Shunt-Field-Pole Shoe
Insicde Diameter of Yoke
Outside Diameter of Yoke
Axial Length of Yoke
Number of Commutating Poles
Type of Compensating Winding
Commutator Diameter

. Axial Length of Commutator

Number of Commutator Bars
Volts per Bar (approximate)
Total Number of Brushps

. Brush Thickness

Brush Width

Brash Current Density _
Current per Brush at Base Speed |
Shunt-Field Current at Base Speed
Shunt-Field Resistance at Base—Speed

Temperature

Shunt-Field Turns per Pair of Pcles
Armature Resistance at Base-Speed

Temperature

Series-Field plus Compensating- Wlndmg
Resistance at Base-Speed Temperature
Commutating-Winding Resistance at Base-

Speed Temperature

71

Explanation
or '
. Numerical
Symbol Value
Da 5.62
L 3.91
S- 47
Z 188
Caa 0.0127
P 2
P 1887
Cwa  0.0525
Cda 0242
g 0.135
t 0.193
, 317,000
& T
L 3.84
b 0.023
Dyi  17.37
Dyo ~ 8.08
Ly - 625
- 6
- Concentrated
D¢ 4,20
to 1.45
Ve 04
- 9.23
oy 12
5 D2es
- C. 85T
- - 187
C Ip 28.3
] . o+ 30
R 36.4
N; 538
Raa ' 0.0314
Rae G.027

Rai 0.0150

Units

inches
inches

sg.in.
amps.
inches
inches
inches
inches
iines

inches

inches
inches
inches

" inches

inches
inches

volts

inches
inches
amps./sq.in.

2mps,
a:nps.

ohms
turns

ohms
ohms

ohms
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-Fxpianation
. aapy
Item 1 . . ; Numerical
“umbexr Desecription i v Symbel  Walre - - ails
36. ¥otal Aimature Circuit Resistance at Base- ' _
Speed Temperature = Rda 4 Rac 4 Raj B 0.0734 Shins
37%. Efficiency ' - 84.5 percent
38. Power Qutput per rpm at Base Spead i Wo/my, - 4.43 - watts,Tpm
39. Total Generator Weight N a2 pounds
40. Base Speed . _ i 4510 rpm

¥+ %
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Number

PP AP

' APPENDIX XI

Tabulatmn of Data for 120 Volt, 30 KW GEneratcr

Description :

Armature Diameter

Armature Stack Length

Number of Armature Slots i
Number of Armature Conductors
Armature Conductor Area

Number of Current Paths Through Armature

Armature Current at Base Speed
Armature Conductor Width
Armature Conductor Depth
Armature Slot Width

Aymature Average Tooth Width

% verage Flux per Pole at Base Speed
Number of Shunt-Field Poles

Axial Length of Shunt-Field Pole

learance Distance between Armature and

. Shunt-FieldPcle Shoe
inside Diameter of Yoke
OUts de Diameter of Yoke
xial Length of Yoke
1\Tur:r:lber of Commutating Poles
Type of Compensating Wmdmg
Commutator Diameter
Axial Length of Commutator
Number of Commutator Bars
Volts per Bar (approximate)
Total Number of Brushes
Brush Thickness
Brush Width
Brush Current Density
Current per Brush at Base Speed .
Shunt-Field Current at Base Speed
Shunt-Field Resistance at Base-Speed
.Temperature
Shunt-Field Turns per Pair of Poles
Armature Resistance at Base Speed
Temperature
Series-Field pius Compensating-Winding
Resistance at Base-Speed Temperature

73

Explanauon
or
Numerical
Symbol - Value

Dg 6.50
La 4,07
S L Th

7 I
Caa 0.019
p 2

I, - 255.5
Cwa - 0.0872
" Cda 0.218
s ; 0.107
=t 0.136
%p 395,000
P 6

Lf 4.00
5 0.040
Dyi  8.52
Dyo 9.28
Ly 5.41

- 8

_ - Concentrated
. De 4.35

Le 1.66
Ze 75

- 12 -

- 12

- !

- 0.669

e 4

Ip 42 6

I 5 5
Rf 17.2
Ng¢ 452
Raa 0.0190
Rac 0.0218

Units

inches
inches

sq.in.
amps.
inches
inches
inches
inches
lines

inches

inches
inches
inches
inches
inches
inches

volts

inches
inches
amps/sq.in.
Amps.
amps.

chms
turns

ohms

ohms
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A et Saesten g --an},anatrm,wla oL

: - or
Hem = IR . . Numerfeal.. . :
sumber T Descrption’ S0 Synaed C cValue . TRals”

Comgtating-Winding Resistance at Jase.
Specd Temperature J

A8, Totzl Armature Circuit Resistance at: Bane- A v .
Jpﬂed Temperature =Raa +Rac +Rai Ra - C_,0475' ~:ohmds

S Lificiency % - - 88" . percenmi

48, Sower Qutput per rpm at Baqs‘- Speed #Wo/ni  6.85 . watts/rpm

29, Total Generator Welght= - .. <~ = . . W, " ID6 . pounds

40 Pase Speed Pl Mmnas I ol CHEIEE. o gon |

]
(oh

N

R

FANT-DERO PRNC, WARLL DO



