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PREFACE.

WiTH the recent extensive introduction of high speeds with steam
turbines and hydraulic turbines, the importance of thoroughly inves-
tigating the influence of such speeds on the design of dynamo elec-
tric machinery is quite obvious, and has been the primary motive in
writing the present treatise. The influence of the rated speed is,
however, so closely associated with that exerted on the design by the
rated output and pressure, that we have found it necessary to care-
fully consider all three factors.

It would be very difficult by customary methods, to disentangle
the consequences of these various influences, but by the novel
methods to which we have resorted, a clear comprehension of the
subject, and the deduction of perfectly definite conclusions have
been made practicable. Incidently we should like to call attention
to these designing methods as affording fairly certain means of arriv-
ing at a more satisfactory design than is likely to be obtained by the
use of less practical and less logical methods.

Developments in the design and construction of this class of
machinery have been very rapid, and considerable progress has been
made even during the last few months. The designs and construc-
tions described in this treatise comprise, not only the standard
methods by which the especial conditions imposed by high speeds
are being met, but also various recent propositions which have not
yet withstood the test of time.

The detailed studies of the influences of the various elements in
the design, especially of the rated speed, indicate the lines which
must be followed, not only in the electromagnetic design, but also in
dealing with the constructional problems.

In the preparation of this treatise courtesies have been extended
to us by many manufacturing firms, both in their corporate capacity,

and through their officials or designers, and we wish to cordially
i
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express our appreciation of these courtesies. We believe the follow-
ing to be a complete list:

Messrs. Allgemeine Elektricitits Gesellschaft.
British Thomson Houston Company.
British Westinghouse Company.
Brown Boveri & Co.

Bruce Peebles & Co.

Brush Electrical Engineering Company.
Bullock Electrical Manufacturing Compeny.
Dick, Kerr & Co.

Galvanische Metal Papier Fabrik.
General Electric Company, U. S. A.
Kolben & Co.

The Felton-Guillaume, Lahmeyer Co.
Le Carbone Company.

Morgan Crucible Company.

National Carbon Company.

Oerlikon Company,

Parsons & Co.

Rateau Turbine Company.

Richardson, Westgarth & Co.

Joseph Sankey & Co.

Scott & Mountain.

Siemens Dynamo Works, Ltd.

Siemens Schuckert Works.

The following Engineering and Scientific Societies, and technical
periodicals have permitted us to make use of certain materials from
their publications:

The Institution of Electrical Engineers.
The American Institute of Electrical Engineers.
Electrical Review (England).
Electrical Review (New York).
Electrical Engineering.

Electrical Times.

Electrician.

Electrical World.

Elektrotechnische Zeitschrift.
Elektrotechnik und Maschinenbau.
8treet Railway Journal.
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HIGH SPEED DYNAMO ELECTRIC
MACHINERY.

PART I —GENERAL CONSIDERATIONS.

CHAPTER 1.

INTRODUCTORY.

IN the early days of the development of dynamo electric machinery,
when designs of only very small output came into consideration, it
was found that with increase in the rated speed, the *“weight effi-
ciency” and the “cost efficiency”’ of dynamo electric generators con-
tinued to increase up to the limit to which it was found practicable
to increase the speed with due consideration to the design of the
prime mover. In order to obtain these advantages of high speed it
was very customary to drive the electric generator by belting or by
ropes, at a speed considerably higher than that of the engine from
which it was driven. The disadvantages of rope or belt driving led,
notably in England, to the development of the so-called “high speed ”
engine to which the generator was directly coupled. As development
proceeded, the most customary rated capacity required for a single
generating set, rapidly increased, and while the higher speeds con-
tinued to be found advantageous for alternating current generating
sets, even when of large rated capacity, it gradually became apparent
that for continuous current generating sets of large rated capacity,
such disadvantages relating to commutation and ventilation attended
the design, that but little if any advantage remained from the use
of high speeds. It has finally come to be realized by those best
informed, that in the case of continuous current generators for the

customary voltages of from 500 to 650 volts, there is, for each rated
1
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capacity, a limiting speed beyond which the design becomes not only
less satisfactory, but also more expensive.

The impression which nevertheless still prevails in less well informed
circles, that continuous current generators are especially adapted
to high speed work, and that the development of low speed engines
is not in the interests of the best dynamo design, but is a concession
to the advantages of low speed for engines, is far from correct. Low
and high speed steam engines have their respective merits and
demerits: the same is true of low and high speed dynamo electric
machinery, and it is found necessary to consider each case very
carefully. It may be said in general that,-up to a certain limit, a
machine for a given capacity and voltage, and of a given degree of
excellence, will be cheaper the higher the speed; but for speeds above
that limit, the machine will be more expensive. Hence it may be
said that for each rating there is a particular speed which is the
most economical and satisfactory speed. Analogous considerations
lead the steam engineer to prefer a particular speed for a steam
engine of a given rated output. Just as the experience of each
steam engineer with the type of engine with which he has been
chiefly engaged leads him to an individual opinion as to the most
favourable speed for a steam engine of a given capacity, so one
finds considerable difference of opinion among designers of electrical
machinery as to the most favourable speeds for continuous current
dynamos.

At this point it is desirable to consider the relation of the angular
speed to the output, in prime movers of the types which are in general
use for electric power generation purposes. The curves in Fig. 1givea
rough idea of the speeds of prime movers of the various types for rated
outputs up to 6000 kw. In these rapidly developing lines of work,
manufacturing concerns are constantly modifying their plans. Hence
while the turbine curves in Fig. 1 reflect the general state of affairs,
it would be imprudent to place reliance on the precise values to which
the curves are plotted. The point to be observed from these curvesis
the large range of speeds lying between the speeds of steam turbines
and the speeds of piston engines.

Speeds within this range are consequently not available for direct
coupled electric generators, except when driven from hydraulic tur-
bines. Such speeds are nevertheless often more suitable and eco-
nomical for electric generators, as we shall see in the course of this work.
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Fig. 2 gives a corresponding curve for the de Laval turbine which

has been plotted sepa-
rately since the out-
put for which this
type of turbine is made
does not usually exceed
200 kw. This limita-
tion is chiefly due to
the reduction gear
which is employed to
reduce the speed in the -
ratioof 10:1. The pri-
mary turbine spindle
runs at speeds of from
10,0000 R.P.M. to
30,000 R.P.M; the sec-
ondary shaft to which
the dynamos are
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F1a. 1.— Curves showing relation of rated speeds
and rated outputs for steam turbines and other
prime movers.

coupled running at speeds ranging from 1000 to 3000 R.P.M. It is
with the influence of the rated speed on the design and character-
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F1g. 2. — Curve showing relation of rated speeds and
rated outputs for de Laval turbines.

istics of electrical ma-
chinery that we are here
chiefly concerned.

It would probably have
been more correct to enti-
tle this treatise “ The in-
fluence of the rated speed
and output on the design
of electric machinery,”
for it is impracticable to
advantageously discuss
the influence of the speed
without also discussing
the influence of the rated
output.

Two broad dividing
lines are at once encoun-

tered when approaching the subject, for a comparatively superficial
examination reveals the three following facts:
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1. When not carried to excess, the lower the speed in revolutions
per minute, the more satisfactory will be the results which may
be obtained in designing continuous current dynamo electric ma-
chinery.

2. When not carried to excess, the higher the speed in revolutions
per minute, the more satisfactory will be the results which may be
obtained in designing alternating current dynamo electric machinery.

For either one of these two classes of dynamo electric machinery,
a machine for some particular rated output and voltage will yield
satisfactory results for a minimum Total Works Cost when designed
to operate at some particular speed in revolutions per minute. For
higher and lower speeds, either the Total Works Cost will be greater
for a given quality of performance, or the performance will be inferior
for a given Total Works Cost. :

3. For a given rated output, this preferable speed will be
much lower for a continuous current design than for an alter-
nating current design. Y

There are exceptions to all rules, nevertheless the above conclu-
sions are of fairly general applicability. The working out of the large
number of designs, of which the results are given in this treatise,
was undertaken largely with the object of attaining to greater pre-
cision in our knowledge of the influence exerted on the design by
these two factors of speed and output.

While a considerable knowledge on the part of the reader as regards
the detailed steps employed in the design of electric machinery has
often been assumed, the preparation of this treatise has afforded a
favourable opportunity of setting forth a number of modified pro-
cesses which we have found it useful to employ at various stages of
the design. These processes are generally of an empirical nature, but
readers conversant with the principles of the design of dynamo
electric machinery may be glad to substitute them for the more
elementary, although in some cases more complex, processes set forth
in most text-books dealing with the subject.

In view of the broad demarcation to which we have alluded, we have
devoted separate sections to the treatment of alternating current
and continuous current machinery; but we have, for the sake of
variety and also of departing from a meaningless tradition, given
first place to the treatment of alternating current machinery.

Part I, entitled ““ General Considerations,” contains Chapters I to
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IV which deal with matters common to both classes of machinery.
Chapter IV on ‘Materials ”’ might profitably be again read after a
perusal of the whole work, and especially of Chapters XI, XII, and
XVIII which deal with the constructional problems. The question
of materials is closely allied to the special types of construction
employed and it was difficult to decide whether to place the chapter
near the beginning or at the end of the book.

Part 1II, entitled * Alternating Current Generators,” comprises
Chapters V to XII which deal with alternating current machinery,
and Part III, entitled *“ Continuous Current Generators,” comprises
Chapters XI1I to XIX dealing with continuous current machinery.



CHAPTER II.
DESIGN COEFFICIENTS FOR DYNAMO ELECTRIC MACHINERY.

DEsioN Coefficients are of use in connection with the design of
dynamo electric machinery as constituting convenient starting points
on which to base a new design, or for purposes of comparisons between
several designs. Such coefficients may embody relations between:

A. Dimensions and output — designated ‘“Output Coefficients.”

B. Weight and dimensions or output — “Weight Coefficients.”

C. Cost and dimensions or output — *Cost Coefficients.”

A.

Output Coefficients.

The following output coefficients have been more or less exten-
sively used:

) W (W = rated output in watts.
D*\gR D = armature diameter at

@) W ) air gap.
Di Ag = armature gross core

3 W - length.
Volume of active belt| R = rated speed in R.P.M.

4) Specific Utilization Coefficients.*

Of the above, (1) is the most convenient and is the most exten-
sively used. We shall designate this coefficient as simply the “Out-
‘put Coefficient” and shall denote it by the letter ¢.

__w_.

D*\gR
D and g are expressed in decimetres, W in watts, and R in revolu-
tions per minute.

Hence ¢

* The specific utilization coefficients which are developed in this Chapter were
originally proposed by Dr. 8. P. Thompson. See Seventh Edition (1804) of Dynamo
Electric Machinery, (E. & F.N. Spon. London.) Vol. I. p. 576.

6
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In the case of alternating current machines the output in volt
amperes should be employed for W instead of the output in watts.
This is equal to nVI where n denotes the number of phases, V the
voltage per phase, and I the current per phase.

We may obtain an insight into the inter-relation of these coeffi-
cients and a comprehension of their significance, by developing cer-
tain fundamental relations for dynamo electric machines. We shall
at this point carry out such a development for alternating current
machines. For continuous current machines the relations are pre-
cisely similar.

The primary fundamental equation for alternating current ma-
chines is
_kTMN

| 4 10"'"""(1)

where V = the voltage per phase,
k = the ‘“ voltage coefficient ”’ the values of which are given
in Chapter VII, page 110.

T = the number of turns in series per phase.

N = the frequency in cycles per second.

M = the magnetic flux entering the armature per pole in c.g.s.

lines.
If we also write

p = the number of poles.
I = the fullload current per phase.
R = the rated speed in revolutions per minute;

then multiplying both sides of equation (1) by the current I, we
have

kMNIT
VI=TEES @)

We have also the fundamental relation between the speed, fre-
quency, and number of poles,

- PR
N=b i L ®
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Hence, v - KMIT X pR _ kX pM x IT X R
LI 2)(60)(10’ 120 X 10°

This equation shows that the output per phase VI depends on the
three terms pM, IT, and R: pM is the total flux crossing the air gap
from all poles from field system to armature, IT is the ampere turns
per phase, which is equal to the total ampere turns on the armature
for all phases divided by the number of phases, and R is the speed in
revolutions per minute.

Thus for a given machine of given size (i.e., dimensions) the output
will be practically proportional to the speed. Doubling the speed
of a given machine doubles the frequency, which practically doubles
the voltage, and, for a given current output, the output in kilo-volt-
amperes will be doubled. Practical considerations which are set
forth later in his treatise, occasion wide deviations from direct pro-
portionality between speed and output. Conversely a machine for a
given rated output will usually be smaller (m dimensions) the higher
the speed.

We may further develop equation (4) as follows: Let us designate,

B = the average magnetic flux density in the air gap, or the
“specific magnetic loading’’ of the armature.

a = the ampere conductors per centimetre of armature peri-
phery, or the “specific electric loading” of the armature.

n = the number of phases.

Bis equal to the Total Flux divided by the total air gap surface.

)

= M ﬁ, for 7, the polar pitch, is equal to —pD-

zD3g tig
a is equal to the total armature ampere conductors divided by the
armature periphery at the air gap = 717;—;—2 .
M = Big.
Also the armature ampere turns per phase,
nDa
IT = on

Substituting these in equation (4) we obtain

k X prigB X zDa X B

VI =150 x 1° X 2n
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" Multiplying by n we obtain the total output of the machine in volt
amperes,

_ kprDigrafR 5
nVI—ZleO,....... (5)

We also have © = ’—;17) and substituting this in equation (5) we
obtain o
= 310 x 10 0 W9ePE

= 0.041 X 10%D*gafR . . . . (6)

nVI

k varies with the ratio of pole arc to pole pitch, and with the spread
of the armature winding (see page 110), but if we take for the momen
the constant value, k = 4.44, we h_ave :

nVl = 0.182 X 10°D*}gRaf. . . . . . (7)

This is a rational formula connecting the output, speed, and the
principal dimensions, or the cubical volume enclosed by the armature
surface at the air gap which is proportional to D?Ag.

From equation (7), for a given rating and speed, it is seen that
the dimensions (D?g) will be dependent on the two factors « and g8 —
which are respectively the “density” of ampere conductors on the
periphery of the armature, and the density of the flux in the air
gap. —and clearly the higher the value of either or both of these
factors, the smaller will be the machine. In practice the values for
each of these are somewhat of the same order for all normally
designed machines, their precise values depending on the conditions
to be fulfilled by the particular case under consideration.

The values are limited by consideration of the permissible heating
(the dimensions and surface of the machines must be sufficiently
large to radiate the heat due to losses, without undue temperature
rise), and by pressure regulation in the case of alternators and by
commutation in the case of continuous current machinery.

If we transpose equation (7) we may obtain

nVi
D*)gR

= 0.182 X af X 10~

The expression on the left hand side is the output coefficient &
a8 defined at the beginning of this chapter on pages 6 and 7.
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Hence the value of ¢ is
¢ = 0.182 Xaf X 10~

In commencing the carrying out of a design, it is convenient to
assign an appropriate value to £ and to derive from this the value of
D*Jg and thence the chief dimensions.

We shall in later chapters give considerable attention to the
coefficients @ and 3 in connection with the various designs studied.
For the present purpose we shall analyse the value of the output

24;

%
N
\\
\
A

-
.
(-]

-
o

Qutpnt Coeflicient
N
N

&

0.4

1000 2000 3000 4000 5000 6000
Rated Output kva.

F1a. 3.— Output coefficients of low and moderately low speed alternators.

coefficient &, and the general influence on this value, exerted by the
various factors in the design such as speed and frequency.

The curves which follow may be taken as giving rough but fairly rep-
resentative average values for £ in normal designs, and also as indica-
ting in what cases, and to what extent, higher values may be obtained.

OUTPUT COEFFICIENT OF ALTERNATORS.

The curves in Fig. 3 show the relation between the average
output coefficient and the rated output of polyphase alternators.
The data from which these curves are drawn is chiefly for low speed.
machines and the curves should be taken as roughly representativie
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for low and moderately low speed alternators. The question of the
influence of high speeds is considered farther on.

Fig. 4 shows the relation between the average output coeffi-
cient and the air gap diameter for low speed and moderately low
speed alternators. It is not difficult to obtain good designs with
output coefficients higher than the values indicated by the curves
in Figs. 3 and 4, but as these curves represent the bulk of the
designs from which the analysis has been made, they will be con-
sidered as representative values, and the further studies in this
chapter will have reference to them.

24
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F1a. 4.— Output coefficients of alternators.

It does not invariably follow that a higher output coefficient corre-
sponds to a lower Total Works Cost, although generally speaking the
higher the value of ¢ the lighter and cheaper the machine.

The curves of Figs. 3 and 4 should be taken as mean curves for
machines within the average range of frequency, and as roughly
indicating the influence of the latter on the value of the output coeffi-
cient. Fig. 3 gives two curves for 25 and 50 cycle alternators respect-
ively, showing the output coefficient plotted against the rated output.
It will be noted that somewhat higher output coefficients are obtain-
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able with lower frequencies. Fig.4 shows corresponding curves in which
¢ is plotted against the air gap diameter for 25 and 50 cycle machines.

Regarding the influence of the speed, although the weight of the
machine is considerably reduced by the employment of high speeds
(the weight being an inverse function of the speed for a given rated
output), it is nevertheless not the case that high speeds permit of higher
output coefficients. On the contrary, the output coefficients obtained
with steam turbine alternators are considerably lower than for slow
speed machines. This statement is borne out by inspection of any

24
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Fia. 5.— Output coefficients of alternators.

turbo-alternator designs. It is due to the fact that the design of
alternators for high speeds is a difficult problem, and larger
dimensions than would otherwise be required are called for, chiefly
on account of the question of heating. We have in Chapters VI, VIII,
IX, and X studied more specifically the reasons for these results.

In Fig. 5 the upper curve applies to low speed machines, say below
300 R.P.M. The lower curve gives a rough idea of the average out-
put coefficients for high speed machines above 300 R.P.M., and up
to & maximum of 1500 R.P.M.

- The low output coefficients for the high speed machines are apparent
from these curves. Insmaller ratings, the curves more nearly approach
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one another, as the high speeds are more favourable to small machines
than to machines of large rating.

In Fig. 6 the output coefficient is shown as a function of the air
gap diameter for high and low speeds. The high speed curve, it will
be seen, is above the low speed and it may be thought at first sight
that this is contradictory to the curves in Fig. 5. This is not the
case; the fact is that, for a given diameter, the high speed machine
has a higher output coefficient than the low speed. This is because
for any given diameter a high speed machine would have a rated out-
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F1a. 6.— Output coefficients of alternators.

put much greater than that of the corresponding low speed machine,
Thus, for example, let us consider a 3000 kva. machine designed
first for a speed of 100 R.P.M. and secondly for 1000 R.P.M. At
100 R.P.M. the output coefficient according to the upper curve of
Fig. 5 would be about 1.95; and at 1000 R.P.M., from the lower
curve of Fig. 5 the output coefficient would be 1.55.

In such a pair of machines the air gap diameter would be about

600 centimetres for the 100 R.P.M., and
150 centimetres for the 1000 R.P.M.

(see curves in Fig. 70, Chapter VII).
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Now from the curves of Fig. 6 the output coefficients corre-
sponding to these diameters are respectively

2.0 for the low speed machine of 600 centimetres diameter and
1.6 for the high speed machine of 150 centimetres diameter.

These figures are in gond agreement with those obtained from the
high and low speed curves of Fig. 5.

OUTPUT COEFFICIENT OF CONTINUOUS CURRENT MACHINES.

If, for continuous current machines, we carry out a similar inves-
tigation, we arrive at the following expression for the output coeffi-
cient:

¢ = 0.160 X 10~%a8.

———“'—_--—_'
3 =
/
/]
/ f
-« |
g / 14 -
3 2 8 12 ]
é l g 12 >~
3} 1.0
g E U
g 8 os A
=3 -
o 2
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Fia. 7.— Output coefficients of continuous current machines.

The numeral is in this case 0.160 against 0.182 for alternators. This
is owing to the fact that the voltage coefficient k& is 4.00 for continuous
current machines while it was taken as 4.44 for alternators. It must
not be taken from this that the values of ¢ obtainable with contin-
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uous current machines are lower than those for alternating current
machines. On the contrary, the very reverse is generally the case as
will be seen from the curves which will be given.

That higher output coefficients may be obtained with continuous
current machines, signifies that the values of either a or g, or both,
are higher than in alternators. The difference is accounted for by
the stringent restrictions, chiefly as regards pressure regulation, en-
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F1a. 8.— Output coefficients of continuous current machines.

countered in the case of alternators. Figs. 7 and 8 give curves for
the average values of the output coefficient for continuous current
machines plotted as a function of the rated output and diameter
respectively.

In continuous current machines, it again appears that designs
for higher rated speeds do not permit of such high values for ¢ as
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lower speed designs. This is established by the studies in Chapters
XV and XVI, and the quantitative relations obtained from these
results are shown in the curves in Fig. 9. These curves show &
as a function of the rated output for rated speeds ranging from 125
to 2000 R.P.M.

The values indicated by these curves correspond to normal designs.
Here again it does not follow that in all cases a high output coefficient
corresponds to the most suitable or to the cheapest designs.
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F16. 9. — Output coefficient curves for 500 volts continuous current machines at
different speeds and outputs.

It is desirable to point out in connection with the output coefficient
that, while of great utility, it cannot be regarded as more than a nu-
cleus from which to evolve a design. Employed with a clear under-
standing of this limitation, and with the reservation that its value
must be adjusted according to the requirements of each individual
design, the conception is of great utility to the designer.

In order to facilitate the intelligent use of the output coefficient,
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we have set forth the data and curves of this chapter. While the
values and relations given in the curves are fairly representative
and show the average magnitude of the influence of the various
factors involved, they should not be rigidly adhered to in cases
where the individual design shapes out best by departing from these
values.

Methods of designing alternating and continuous current machines,
using the output coefficient & as a basis, are set forth in Chapters VII
and XIV respectively.

We have seen how the specific electric and magnetic loadings, «
and B, are related to the output coefficient &, viz. that & is propor-
tional to the product a8. The study of the value of § may be
thus regarded as a study of the product ap, although the influence
of the speed and output on each of these factors individually has not
as yet been ascertained, but will, for alternators, be dealt with in
Chapters VIII, IX, and X.

In choosing a value for ¢ as a starting point for a design, the designer
is really fixing a value for the product a3 without assigning individual
values to them. This determines the value of D*lg, and the design
may then be proceeded with in the manner outlined in Chapters VII
and XIV.

In working out the further stages of the design the values of a and
B will require to be determined, but it is often possible and desirable
to vary considerably the values of « and 3 relatively to one another,
without changing the originally chosen value of £. For instance, an
alternator which requires especially close voltage regulation will gen-
erally have a low value for « but in many cases it may have the
same value of ¢ as a more normal machine.

We have now considered the coefficients (1) and (4) mentioned

. . W .
on page 6. The second coefficient mentioned there lsD_/lg , which

has been known as the Steinmetz coefficient. This coefficient which
we will denote by ¢ is closely related to the output coefficient &.

We have

7 /
£ = w _Ww X 1 _9¢.

DgR Di DR DR
Also the peripheral speed, S, in centimeters per minute, is equal to
=DR.
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Thus DR = *_j
and substituting this in the above equation, we have
T
¢ = 5% ¢,

and the relation between the two coefficients is established.

Waicht Wantar

Diameter D In Centimetres.
Fi1g. 10.— Weight factors of alternators.

B.
Weight Coefficients.

Alternators. — The total net weight of an alternating current gen-
erator may be roughly estimated either from the total weight of the
effective material or from the air gap dimensions D and Ag. The
latter method may be based on a term proportional to the surface,
as DJg, or to the volume as D%ig.

The weight of the effective material, by which is meant the field
iron (poles and yoke) and copper, and the armature iron (lamina-
tions) and copper, constitutes a fairly definite proportion of the
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total weight of the machine, if there is not an abnormal amount of
material put into the frame and spider. '
We shall designate as the “weight factor” the ratio of the total
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Fia. 11. — Weight coefficient — total weight + DJg for alternators.

net weight (excluding bed plate and pedestals) to the weight of the
effective material.

A curve showing rough but representative values for the weight
factor for normal alternators in terms of the armature air gap diameter
is given in Fig. 10. On the curve are marked the points correspond-
ing to seven machines obtained from actual figures for the total
weight.

The machines of small diameter have a lower factor than those
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with large gap diameters. This is due to the larger amount of
electromagnetically non-effective material in machines of large
diameter, as in the arms of the magnet wheel, and in the stator
frame. )

Small diameters are associated with high speed machines, and thus
the latter have generally a smaller weight factor and a smaller
amount of non-effective material. The data relating to the points
marked on the curve in Fig. 10 is given at the bottom of Table 1.

0
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go i N ®
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o] o | olo ¢
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-Weight Coefficient

1 2 8 4 5 6
D2Ag (in Cubic Metres)

Fia. 12.— Weight coefficient — total weight + D?ig for high speed alternators.

The upper part of this table relates to the alternator designs for
which specifications are given in Part II.

The total weights of effective material in column 9 are obtained
from the detailed designs in Chapters VII to X.

The total net weights are then obtained from this by multiplying
by appriopriate values of the weight factor taken from the curve in
Fig. 10 and entered in column 10.
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In columns 14 and 15 are calculated the weight coefficients for the
total weights per unit of D*ig and of DAig, and in columns 12 and 13
the weights of effective material per unit of D?ig and Dig. The
latter coefficients do not vary over so wide a range as do the total
weight coefficients, as in the latter, the additional variable, the weight
factor, is introduced.

In Fig. 11 is plotted the wcight cocfficient, (total weight + Dig),
as a function of DJg, the different styles of points making a dis-

10

L]

-
(ol

Total Weight
D*\g

N\
10 N\
N\
ﬂ A
E s \\
3 NG
i, TR
-
C S~
Cl
E . ~—
2
5 10 15 220 25 30 85 40

D\g (in Cubic Metres)
Fia. 13.— Weight coefficient — Total weight + D?ig for slow speed alternators.

tinction between the various designs. The points for the machines
in the lower part of Table I aremarked thus [-]. This curve may
he taken as suitable for both high and low speed machines, since the
value of Dig is practically a constant for any given rated output
and practically independent of the speed even in the largest ratings.

The value of D?ig, however, varies widely with the rated speed, for
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a given rated output, as will be seen from the relation embodied in
the output coefficient
w

£= D*igR’

since £ does not vary widely for a given rated output.

Hence in high speed machines, we are confined to a compara-
tively small range of values for D*Ag, the maximum value being
about 6 cubic metres. The range for slow speed machines extends
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Fi1a. 14.— Relation between total weight of alternators and Dig.

to as high as 40 cubic metres and hence we must take each class
separately.

Fig. 12 shows the weight coefficients, (total weight + D?ig) plotted
against D?Jg for the high speed machines of Table 1.

Fig. 13 gives a similar curve for slow speed machines obtained
from an analysis of a large number of machines; by way of example
the points corresponding to the machines in the lower half of Table I
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have been entered. From the curves in Figs. 11, 12, and 13 we
have derived, in Figs. 14, 15, and 16, curves showing the total net
weight in terms of DAg and D*Ag.

Continuous Current Machines. — For continuous current machines,
a greater proportion of the total weight of material is effective, as
there is no non-effective material corresponding to the armature
frame in alternators, the magnet yoke of continuous current machines
being self-supporting.
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Fi6. 15.— Relation between total weight and D*Jg for small slow speed alternators

Hence the values of the weight factor, as defined above, are less
in the case of continuous current machines than for alternators.
The average values of the weight factor for continuous current
machines usually range from 1.3 to 1.5, the higher values applying
again to machines of large diamecter.

In this case the effective material includes the weight of the com-
mutator segments.

Fig. 17 shows the relation between the total weight of continuous
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current machines and the value of D*Ag. The curves are plotted
from an analysis of a large number of machines. Curves are given
for 125, 500, and 2000 R.P.M., which roughly indicate the influence
of the speed on the relation of total weight to DAg. :

C L]
Cost Coefficients.

The Total Works Cost of a machine may be roughly determined
from the dimensions or weight, without recourse to detailed estimates

of material and labour charges.

140
I B P
120 ~ |
| b
d
€ o -
3 va
3 so} ,/
3 /
B ) 4
3%
o
(51
Apl
20}
5 10 15, 20 25 30 35 40

D2Ag (in Cubic Metres)
Fig. 16. — Relation between total weight and D*lg for large slow speed alternators.

A method of estimating the Total Works Cost of continuous
current machines from the air gap dimensions is given in Chapter
XV. In this method the Total Works Cost is equal to

kDL or kD (A\g + 0.7 1),

where L is the length of the armature over the windings (which may
be taken as approximately equal to g + 0.7 ), and k is the cost
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cocfficient, the value of which varics, although not widely, with the
rated output and the peripheral speed.

A useful rough method consists in working from the cost per ton
of total weight of machine. The value of this figure for both alter-
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F1a. 17.— Relation of weight to D?lg in continuous current machines at different

speeds.

nating and continuous current machines of other than small rated
outputs, averages from $150 to $200 per metric ton of total weight.
The cost per ton is lower the greater the total weight.



CHAPTER III.

CRITERIA FOR HEATING AND FOR TEMPERATURE RISE.

THE ultimate temperature rise in a dynamo electric machine is pro-
portional to the losses in the machine, and inversely to the radiating
surfaces of the various parts of the machine in which the losses occur;
i.e., the ultimate temperature rise is proportional to the watts lost
per unit of radiating surface.

For the purposes of the present treatise, and in connection with the
various designs worked out herein, we shall estimate the tempera-
ture rise on the basis of the watts dissipated per square decimetre of
radiating surface.

Armature Losses and Temperature Rise of Armature. —The
various losses throughout an armature are capable of being esti-
mated to a fair degree of accuracy, but the true radiating surface
of an armature, more especially in view of the fact that the losses
occur in both the copper and the iron, is rather an indefinite quan-
tity.

The iron surfaces at the sides of the ventilating ducts and the
winding surfaces at the ends of the armature coils are all exposed to
the cooling air, but they contribute to the radiation of the heat to -
widely different extents.

In the case of armatures of great core length the core ducts may
receive air at a higher temperature than that at which it passes the
windings, and it is possible for the ducts near the centre of the core
to contribute very little to the heat dissipation. Furthermore, the
velocity of the cooling air may vary considerably in different parts
of the machine.

The desirability of estimating the heating, on the basis of surfaces
common to all dynamo machines, will be readily appreciated.

We give here four methods, A, B, C, and D, which may be con-
veniently used for the purpose of estimating the temperature rise of

armatures.
27
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METHOD A,

A convenient basis for reference for armatures is the cylindrical
surface at the air gap, extended to include the end connections of
the windings. This surface comprises the armature core surface
and the external surface of the end portions of the windings. Repre-
senting by D the armature diameter at the air gap, and by L the
length over the ends of the windings, this surface is equal to
n X D X L.

The overall length L for ordinary continuous current barrel-
wound armatures is usually approximately equal to (g + 0.7r) where
Ag denotes the armature gross core length and r denotes the pole
pitch. Of this length, 0.7z is the part occupied by the end windings,
which, according to this formula, project a distance equal to 0.35 of
the pole pitch at each end. This is a very usual value in practice.
The cylindrical surface over the winding is thus,

=X D X (ig + 0.77).

If D, g, and t are, for the purpose of these thermal calculations,
taken in decimetres, the surface is in square decimetres, and this is
the most convenient unit for expressing radiating surfaces. If the
dimensions are taken in centimetres the surface must be divided by
100 to reduce it to square decimetres.

Denoting by W the total losses in watts throughout the arma-
ture (copper and iron), then the value of the watts per square deci-
metre of radiating surface as thus defined, is equal to

w
aXDX (g +0717)

and for a given armature, running at a given speed, the temperature
rise is roughly proportional to the value of this expression.

For ventilated revolving armatures of ordinary design, the thermo-
metrically determined temperature rise lies between 0.6 deg. Cent.
and 1.6 deg. Cent. per watt per square decimetre. The temperature
rise per watt per square decimetre may be designated the ““Specific
Temperature Rise,” and we may write,

T (in deg. Cent.) = K X watts per square decimetre.

The value of K, the *Specific Temperature Rise,” is usually from
0.6 to 1.6. This value applies to ordinary armatures having a peri-
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pheral speed of some 10 to 25 metres per second and to the thermo-
metrically determined temperature rise.

For a peripheral speed of twice this, say 35 metres per second,
the value of K will be from 0.5 to 1, provided there is an efficient flow
of air through the armature core and windings.

In alternating current generators, it is more usual to have the arma-
ture winding on an external stator. This circumstance does not
materially affect the value of K so long as the ventilating facilities
are ample and the rotor peripheral speeds are of the stated values.

In turbine dynamos the peripheral speed generally reaches 50 to
80 metres per second, and may, in exceptional cases, be as high as
100 metres per second in large alternators. The watts per square
decimetre for such machines is high by reason of the small dimensions
required at high speeds, and a much smaller value of K must be
attained by some means in order that the temperature rise shall not
be abnormal. It is thus a matter of the greatest importance that
the armatures of turbo-dynamos shall be provided with a very
liberal number of ventilating ducts and that no expedient means of
improving the ventilation shall be omitted.

With armatures of this class and for the range of peripheral speeds
quoted above, i.e., 50 to 100 metres per second, the specific tem-
perature rise may be more of the order of 0.3 to 0.6 deg. Cent. per
watt per square decimetre.

We may tabulate the following values for K in the formula T
(in deg. Cent.) = K X watts per square decimetre.

TABLE 2.

VaALvEs OF SPECIFIC (THERMOMETRICALLY DETERMINED) TEMPERATURE RISE IN
TERMS OF PERIPHERAL SPEED oF RoOTOR.

Average Peripheral Speed. Value of X,
10 to 25 metres persecond . . . . . . . . . . . . .. 0.6t0o1.6
35metrespersecond . . . . . . . . . . .. .. .. 0.5t01.0
70 metres persecond . . . . . . . . . . . . .. .. 0.3t00.6

These figures must be used judiciously and the individual circum-
stances of any particular case must be given careful consideration.
While the data serves to give a good general idea, especially for pur-
poses of comparison, due regard must be paid to each case, especially
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to the effectiveness of the ventilating arrangements. If the latter be
well designed, the lower values of the specific rise may be taken. In
the case of those turbo-dynamos in which the air is forced through the
machine by means of fans and cups on the rotor, as is now frequently
being done, the lower values will often be attainable, but of course
any such calculations are best substantiated by test results on the
class of machine being dealt with. There is frequently but very
restricted space available for providing access of air to the interior of
the rotor ih the case of turbo-generators, and hence in spite of their
high peripheral speeds they are in many cases at a grave disadvantage
as compared with large slow speed generators where the active mate-
rial of the rotor is supported at the rim of a large, open spider.

For alternating current armatures, where the winding is carried
out as a barrel winding, similar to a continuous current winding, the
above method and constants will hold good. The peripheral speed will
generally be that of the rotor within the stationary armature.

If the winding of an alternator is carried out as a coil winding,
as is commonly the case with stationary armatures, the “length over
the windings ” is indefinite, and consequently the cylindrical surface
at the air gap is a much less definite conception. Nevertheless good
results may be obtained even in these cases, by method A. '

Various alternative methods are, however, available, and will now
be briefly considered.

METHOD B.

One of thesc methods consists in using simply the armature
core surfacc at the air gap, and the watts lost below that surface.
This surface is simply zDAg, and the watts requiring to be dissipated
by this surface consist of the armature iron loss (core and teeth) plus
the losses in the embedded portions of the conductors. This latter
is equal to the total copper loss minus the loss in the end windings.

On this basis the specific temperature rise generally has values
about two thirds as great as the values given in Table 2 which are
intended for use with method A, in which the heating coefficient is
calculated on the surface =D (ig + 0.77).

Calculations by method B relate only to the heating of the arma-
ture body, the radiating surface of the end windings not being taken
into account. As these are, however, when correctly designed,
usually subject to better cooling facilities than the body of the arma-
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ture, it may often be assumed that their temperature rise will not
exceed that of the armature body, and calculation on the latter will
suffice in such cases.

METHOD C.
Another alternative consists in employing as the “equiva-
lent” cylindrical surface, the value of the expression
D X (g + K1)

where K is a coefficient depending mainly on the rated voltage and
also to a certain extent on the value of r, the polar pitch. In Table 3
are given fairly representative values for K.

TABLE 3.

VaLues oF K IN THE ExPressioN D X (A¢g + Kr) REPRESENTING THE EQUIiva-~
LENT COOLING SURFACE OF THE ARMATURE OF AN ALTERNATING CURRENT

" GENERATOR.
Values of K, when | Values of K, when
Rated Terminal Voltage.| " the Fole Pitch | = the Bole Pitch
(or Less). (or More).
1,000 or less 0.8 0.7
2000 . .. .. 1.0 0.8
4,000 e e 1.2 0.9
6,000 . . . . . 1.4 1.1
8000 . . . .. 1.6 1.3
10,000 . . . . . 1.8 1.5
12,000 2.0 1.7
20,000 2.2 1.9
METHOD D.

Another coefficient which may be used for estimating the armature
heating, is the watts per square decimetre of total bounding surface,
which (for stator armatures) is taken as consisting of the internal
(air gap) and external cylindrical surfaces, and the surface of the
two ends of the armature core.

This surface is equal to

2x=(D, + D) (D, — D)
2 X

. ==(D,+D) ig + —;-(D,’ - D),

= (D, + D) A9 +
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where D, and D are the armature external and internal diameters
respectively, and Ag is the gross core length.

Fias. 18-21. —The armature heating coefficient for the alternating current gen-
erators specified in Chapters VII-X, calculated according to the four methods
as set forth in Table 4.

In all of these methods we may denote as the heating coefficient,
watts loss
radiating surface
dissipated per square decimetre of radiating surface. Thus the (ther-
mometrically determined) temperature rise is equal to the product of

the * Specific Temperature Rise ”’ and the ‘ Heating Coefficient.”

the quotient ,1.e. the energy in watts requiring to be
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In the diagrams in Figs. 18 to 21 we have for a number of the
authors’ alternator designs, particulars of which are given in subse-
quent chapters, plotted the heating coefficients as a function of the
peripheral speeds of the rotor.

TABLE 5.

TBE ARMATURE HEATING COEFFICIENTS FOR TWENTY-NINE ALTERNATING CURRENT
GENERATORS BasEp oN THREE DIFFERENT METHODS OF CALCULATING THE
RADIATING SURFACE.

13
g | = Method A.  |Method B.|  Method C.
3| §. — -
$ % i i1 |32 |55 |3sl3E|53|8 | B2
é |Ss| %8| 2 e 8| EQ | 2T |53 (8T 851 £ &a
§ | 5|33 2| 7 25| as |58 |@x (58|25 8%¢| 88
] 2 'gi o E5%| wE= | Op | w2 |Sy| X8| £F| Sy
E |z |28 85| & . |¥Eg | S8 | B2 £E (w2l 52122 »&
< & £ 2 vo|e 2g5 |3 |2 (S8 °5|PS| £3
8 5| 8 | @ |85q|383| 85 |58 x| Y| 82
g 8§ §5 | & | 2 |FR|ES|E2 (32|82 4|25 8
E |33 |2 |3 | % — || 53| 25
% 2 100010 22|37 | 10000
2 28 & a & w. a. a b, §l¢ ;Q. E S
1 80 20.4 530 20.4| 5 | 73.5| 65| 45/106/0.8 | 78| 64
1I 100 770| 38 | 2,400/ 20.8| 6 | 131 | 46 | 90| 67]1.0 | 152 39.4
I 250( 375| 42 | 2,200/ 28 | 14 | 314 | 44 | 183| 74|1.0 | 365| 38.4
1V 250|3000| 81 2,080 78.5| 14 187 73 | 100{138/0.8 | 200 70
v 290| 600| 28.3{ 3,600 28.3| 16 | 170 | 94 | 113[142(1.2 | 210| 76
VI 300(3000| 72 | ... |72 |16.5 163 | 100 | 91)180|... | ...|...
VII 350{3000f 67.5 ... | 33.8| 18 204 90 | 173(106|. .
VIII | 375| 500\ 36.4| 3,600| 36.4/ 20 | ... | ... |610[...|1.2| 800 25
IX 400{3600/1113 | 2,000{ 94 |20 | 257 | 78 | 132{150(0.8 | 275| 73
X 500(3000| 89 550/ 89 | 25 | 230 | 109 | 117]214(0.7 | 226[110
X1 500{1500| 89 550| 51.3| 25 | 376 | 67 | 247|100/0.7 | 380
XII  (1000{1500 82.5| ... | 82.5| 45 | 356 | 126 | 165273]... | ...|.
XIII 10001500 71 5,200| 71 45 | 430 105 | 294(1531.1 | 506| 89
XIV  [1200/1500 67.5 2,000| 67.5| 51 | 356 | 143 | 230[220/0.8 | 375(136
XV  [1400| 500] 42 | ... | 42 {60 | 503 | 119 | 350170]... | ...|.
XVI  [1500{1000{ 61 | ... |61 |64 |360 | 177 | 200/320]... | ...|.
XVII [1500{1000( 64 |11,000| 64 |64 | 396 | 161 | 224/286]1.6 | 620/103
XVIII (1800{1500{100 | 8,000/100 |76 | 600 | 126 | 324|234/1.3 | 850! 90
XI1X 1800|1000 64 |11,000{ 64 79 | 396 200 | 224|350]1.6 | 620{127
XX 2000 750| 58 6,000 58 | 80 | 875 91 | 695{115]1.1 | 990| 81
XXI  [2600| 315| 44.5|11,000{ 53 | 97.5| 875 | 111 | 560(174 1.7 [1320| 74
XXII [3500{1200| 86.5 5,000{108 [122 | 980 | 125 | 650188 |1.2 {1200{102
XXIII [3750] 250| 42.5 2,200| 88 (131 (1300 | 100 | 645/203/0.8 |1380| 85
XXIV (3750| 300{ 39 | 3,500| 30 [131 | 806 | 164 | 585|224(1.2 | 950(138
XXV (5000 500 57.5 ... |115 [150 1350 | 111 | 830{180|... | ...|..
XXVI [5000] 500 62 | 9,000125 [150 (1600 | 94 | 960/156(1.4 [1500{100
XXVII [5500{1000{ 90 | ... [134 [165 (1300 | 127 | 790[210|... | ...|...
XXVIII|7500| 250| 50 |12,000[100 215 (2380 | 90 |1550{140(1.7 [3550| 60
XXIX [7500] 250| 50 |12,000{100 [215 {2380 | 90 |1550{140|1.7 |3550| 60

In this table the heating coefficients (B) are based on the approximate total
losses in the armature, no deduction being made for the losses in the end windings
as in Table 4.
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The data from which these curves have been plotted are set forth in
Table 4.

In this table are given the leading particulars of these machines,
and in the column marked w are given, in kilowatts, the total elec-
trical losses in the armature. Column a represents the radiating
surface calculated from the expresssion D (Ag + 0.77).

1000 w

and the re-

sults are plotted in Fig. 18, also marked A. Columns b and ¢ in Table
4 similarly represent the radiating surfaces #Dig, and zD (Ag + Kr)
and the results are plotted in Figs. 19 and 20 respectively. Column
d in the- same table refers to the total radiating surface of the
armature core, including the end surfaces as well as the internal and
external cylindrical surfaces. The results are plotted in Fig. 21.

Published data of other designers’ machines is too meagre to per-
mit of corresponding analyses. With an endeavour, however, to
take such designs into consideration, Table 5 has been prepared.

In this table are calculated the rough approximate values above
referred to, for three of the heating coefficients, for the twenty-nine
alternators of which further data is given in Table 16, on p. 98.

In these designs a very rough approximation to the total arma-
ture losses was obtained from the assumptions contained in Table 6.

The corresponding heating coefficient is marked

TABLE 6.
MEAN VALUES FOR ARMATURE LOSSES IN ALTERNATORS, IN PER CENT oF RATED
OurpuUT,
Total Armature
Rated Output kw. Losses in Per Cent

of Rated Output,
Upto500kw. . . . . . . . . . . . ... .. ... 5.0%,
500t0 1000 kw. . . . . . . . ... ... 4.5%,
1000t0 2000 kw. . . . . . . . . . . ... 4.09,
200004000 kw. . . . . . . . ... ... ... 3.5%,
4000 kw.andover . . . . . . . . . . . . ... .. 3.0%,

While weight must not be attached to any individual value in
Table 5, the matter of interest is the order of magnitude of the coeffi-
cients. Neglecting those values which are unduly high or low, the
general order of magnitude of the figures is fairly uniform, when taken
in conjunction with the corresponding outputs and peripheral speeds.
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In slow speed designs, where the losses are more concentrated in
the “active belt,” i.e., at the air gap periphery of the armature, the
watts per square decimetre of that surface is the more rational
coefficient to take out. But in high speed machines, where owing
to the small number of poles, the armatures are of great radial depth,
the bulk of the losses occur in the armature iron, and the watts per
square decimetre of the total external armature surface becomes a
more real conception.

Of course none of these coefficients are true thermal constants,
as no account is taken in any of them of the exposed surfaces in the
ventilating ducts. A method which takes account of the ventilat-
ing ducts is suggested later in this chapter on page 38.

In certain types of machines, it is very useful to calculate still
another heating coefficient; that is, the total losses in both rotor and
stator, divided by the air gap surface, as calculated by any of the
foregoing methods; that is, we can divide the total electrical losses
by any of the following surfaces:

(A) =D(ig + 0.77)
(B) nDig
(C)  =D(i¢g + Kx).

Machines for which this course is to be especially recommended, are
those in which both stator and rotor are provided with distributed
windings. This applies at once to induction motors and to turbo-
alternators having a smooth cylindrical rotating field construction
with distributed field windings.

Continuous Current Machines. — From the collection of prelim-
inary continuous current designs which the authors have worked
out and tabulated in Chapter XV, the armature heating data of
Table 7 has been compiled. The curves in Figs. 22 and 23 correspond
to this data.

For continuous current machines, the most rational heating coef-
ficients are employed in Methods A and B. As in the case of the
alternators, coefficient A is obtained by dividing the total arma-
ture losses by the cylindrical air gap surface taken over the ends of
the windings, and coefficient B represents the watts lost between the
armature core heads, divided by the cylindrical air gap surface, also
taken between the core heads. For both these methods, the units
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are, as before, chosen to give the resulting heating coefficient in
watts per square decimetre.

With regard to the remaining methods, C has no application to
continuous current machines, as present practice is not concerned
with the high voltages obtaining in alternators. It is sufficient in
all cases, to take K equal to 0.7. Consequently Method C becomes
identical with Method A.

Method D is generally unsuitable for application to high speed
continuous current machines, owing to the fact that the internal
cylindrical surface of the laminations very seldom contributes appre-
ciably to the radiating surface of the armature.

The laminations are often mounted directly upon the shaft, and
longitudinal tunnels stamped in the laminations provide a path for
the air and link up with the ducts between the laminations.

TABLE 7.

THE ARMATURE HEATING COEFFICIENTS FOR THE CONTINUOUS CURRENT GENERA-
ToR8 SPECIFIED IN CHAPTER XV. CALCULATED ACCORDING TO THE Two
MeTHODS A AND B.

Method A. Method B.
Arma- | Loss Desig-
Rated ture | Total ; R
Byt | o | o) A0 | waa g o | B ol iy,
Rated in in era ture ::Itng clent, [ ture |Surface| cient,| for
Quputin | Reve- | cycles | Sheod | 1 [SU00| (Watta | Core | (Sa. ¥| (Watti | Curves
. r 8q. n| Dm. r 8q. .
]&f“‘ se'éﬁ';.d. Metres | Kilo-  +40.77). plﬁm.;‘. Kilo- m\y.) l-lw)m;] ;2 a.n%’
ute. per watts. watts. 23
Second. | 5
| 10000, 1000er,
0. a. — wy. b, —
a b
(| 125 (10.5| 10 | 14.4 | 280 | 51 6.8 132 52 X
250 | 16.8 | 15 | 11.2| 200 | 56 6.4 | 104 62 X
250 4| 500 25.0 | 23 9.6 160 | 60 6.3 7 90 X
1000 | 50.0 | 40 8.9 125 72 6.0 50 | 120 X
2000 | 66.6 | 57 7.4 90 | 82 5.4 40 | 135 X
([ 3000 | 50.0 | 62 6.9 93 | 74 4.9 39 | 125 X
125 | 14.7 | 14 [22.8| 430 | 53 |13.9] 210 66| @
250 [ 21.0| 21 19.5| 320 60 | 12.2 | 150 81 [
500 500 | 33.3 | 31 17.7 ] 240 | 74 (123} 112 | 120 | @
1/ 1000 [ 50.0 | 50 [16.3| 190 | 8 [12.7| 9| 140 | @
2000 | 66.6 | 7 15.3 | 160 | 95 | 12.8 791 150 | @
| 2500 | 83.0 | 75 | 13.65| 140 | 96 | 12.4 90| 138 (| @
125 | 16.7 | 20 |42.5) 700 | 61 | 26.4 | 320 83 8
250 | 25.0| 30 [37.0| 550 | 68 |[20.9] 230 90
1000 J| 500(33.3| 40 |[31.5] 390 | 8 |21.6| 190| 114 ©®
1000 | 50.0 | 53 | 24.6 | 270 | 91 17.5| 158 | 110
2000 | 66.6 | 74 | 24.7 260( 95 |22.8| 165 | 138

For Graphic Results see figure 22 23
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Influence of the Rotor Core Ducts. — All the preceding data is
necessarily crude in that no direct account is taken of the propor-
tions and number of ventilating ducts. Obviously there should enter
into the formulze, terms related to the rate of flow of air through these
ducts, and to the extent and nature of the surfaces swept by this
air. One of the authors’ assistants, Mr. E. Coad, has, at their request,
worked out the following method, which involves a quantity which
may be designated the ‘Ventilation Coefficient’’ of the machine.
The method as here described is planned, in the first instance, for
the stator armatures. '

To Determine the Ventilation Coefficient of a Machine.
Let n = the number of ducts.
a = the width of each duct in centimetres.
H = the number of slots.
t = minimum width of tooth in centimetres.

The area for the passage of air through the ducts = nwHt square
centimetres. Since the volume of air which passes through the
ducts is proportional to the peripheral speed, the volume of air which
passes through the ducts per second will be proportional to:

SxnXaxHXt,

where S = the peripheral speed of the rotor in metres per second.
Let D, = the external diameter of the armature in centimetres.
D = the air gap diameter in centimetres.

Then the area of one side of one armature lamination

=% (D? — D?) square centimetres.

Therefore the total area of duct surface exposed to the air passing
through the ducts is equal to

2XnX E(Dl’ - D) = nsz (D;* — D?) square centimetres.

Assuming that a unit volume of air carries away with it a definite
quantity of heat, whatever its velocity, the temperature rise will
be inversely porportional to the volume of air passing per second
through the ducts. The temperature rise is also inversely propor-
tional to the surface exposed to the air. Therefore if we multiply
the volume of air per second by the exposed surface we obtain a
coefficient to which the temperature rise is inversely proportional.
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This coefficient, which may be termed the ventilation coefficient,
combines the two chief components tending to promote ventilation,
and is numerically equal to

nXn
2
=’-2'-(D,’—D’)><S><axth><n’.

DF-D)xSXnXaxHXt

As an example of the method of calculating and using the venti-
lation coefficient, let us consider the case of a 970 kva. alternator.

The following are the chief dimensions (in centimetres) with which
we are concerned in the present investigation.

Rated output —kva. . . . . . ... .. oL 970
Numberof phases . . . . . . . . . .. .. .00 000 3
Numberofpoles . . . . . . . . . .. ... 00 4
Revolutions perminute . . . . . . . . . ... .. ..., 1500
Periodicity — cycles persecond . . . . . . ... ... L., 50
Rated voltage . . . . . . . . . .. ... 0oL, 450
External diameter of armature laminations (D,) . . . . . . . . . . . 128
Diameter of armature at airgap (D) . . . . . . . . . . . ... .. 75
Gross length of armaturecore (Ag) . . . . . . . . . . .. .. .. 74
Number of ventilatingduets () . . . . . .. . ... ...... 9
Width of eachduct (@) . . . . . . . . . . .. ... ... ... 1.0
Net length of armature core (An) . . . . . . . . . . .. ... .. 38
Ratio of :—Z ........................... 0.78
Numberofslots (H) . . . . . . . . . . .. ... .. ..... 60
Dimensionsofslots . . . . . . . .. .. .. .0, 2.3 dia.*
Slotpitch., . . . . . . . . . . ... L 3.93
Widthoftooth (¢) . . . . . . . . . . . . . . . . ... ... 1.63
Peripheral speed of rotor in metres per second (S) . . . . . . . . .. 60

Following the method of procedure outlined above, the smallest
area for the passage of air through the ventilating ducts is equal to
naHt =9 X 1 X 60 X 1.63 = 880 square centimetres. The periph-
eral speed (S) is equal to 60 metres per second, and the total cooling
surface provided by the ducts is equal to

’g (D2 - D = %f (128 — 75*) = 152,000 square centimetres.

Hence the ventilating cocfficient is equal to
880 X 60 X 152,000 = 8 X 10°.

* The armature slots of this machine are of circular section and semi losed




FIELD COILS. 41

This quantity 8 X 10°is proportional to the amount of heat that is
dissipated by the passage of air through the ventilating ducts. The
armature losses in this machine are equal to 29,600 watts, and the
resulting temperature rise was ascertained to be 53 deg. Cent. on
the armature iron, 50 deg. Cent. on the armature winding, and 43
deg. Cent. on the magnet winding. All these are thermometrically
determined. The radiating surface of the armature core, calculated
according to method D, is equal to 640 square decimetres. The
heating coefficient is equal to 23:f° or 46 watts per square deci-
metre. This is equivalent to 4§, or 0.88 watts per square decimetre
per deg. Cent. A stationary piece of iron that is not ventilated will
dissipate only about 0.15 watt per square decimetre per deg. Cent.;
we must conclude therefore that the remainder constituting 83 per
cent of the total heat is dissipated through the direct agency of the
circulating air.

In this machine (§:3§ X 29,600) or 5000 watts would be dissipated
by the action of radiation alone, and the fact that the remaining
24,600 watts are dissipated, for the same temperature rise, is due to
the efficacy of the ventilation scheme. There should therefore be
some direct connection between the amount of this extra heat and
the ventilating coefficient 8 X 10°.

For a first approximation, it may be said that a ventilating co-
efficient of one million would correspond to a dissipation of about
24,699, or, say, 3 watts. A large number of actual machines should
be analysed before placing much reliance on this figure.

Field Coils. — For an ordinary field coil, when stationary, and in
the presence of a stationary armature, the thermometrically deter-
mined specific temperature rise is from 4 to 5 deg. Cent.* per watt
per square decimetre taken on the basis of the external exposed
cylindrical surface of the coil.

If the coil is in the presence of a rotating armature, this figure may,

* Goldschmidt (Journ. I. E. E. vol. 34, p. 660) gives 15 deg. Cent. per watt per
square decimetre, but this is based on the whole surface of the coil (internal and
external) for medium sized semi-enclosed machines, and the rise is measured by re-
sistance increase, which is often some 50 to 70 per cent greater than that observed
by the thermometer. Dr. S. P. Thompson, in the discussion on this paper, gave a
figure of 3.5 deg. Cent. due to Esson, 4.2 deg. Cent. due to the Oerlikon Co., and
7.1 deg. Cent. due to Neu and Levine, the latter being by resistance measurement,
and all being reckoned on the external cylindrical surface of the coil. See also

Rayner, ‘“‘Report on Temperature Measurements at the National Physical Labora-
tory,”” Journ. 1. E. E., vol. 34, p. 613.
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for peripheral speeds above 17 metres per second, be reduced to the
extent of some 25 per cent to 50 per cent, the smaller figures applying
to cases of small winding depth and well ventilated coils and high
speeds.

The general magnitude of the effect of the peripheral speed of the
armature on the temperature rise of field coils is very clearly brought

Thermal Test of Field Spool shown in Fig, —>
Duration of Test =2 hours
. Watts dissipated in Spool throughout Test = 48
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F1a. 24.— Temperature tests of field spools. (Reproduced by permission
from the Journ. I. E. E., vol. 38, p. 421).

out by the test results for a field coil of a certain four pole continuous
current machine. These results are plotted in Fig. 24. The coil
was wound with 38 layers of No. 21 B.W.G.; connecting leads were
brought out every two layers, so that the resistance of 19 sections
of the coil could be independently determined by means of their
rise in resistance. Two separate tests were made, one with the
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armature stationary, and the other with the armature revolving at
a peripheral speed of 10 metres per second. We see from Fig. 24
that when the armature was at rest, the layer next to the magnet
core and the outside layer had practically the same temperature,
but that when the armature was running at a peripheral speed of 10
metres per second, the outer layer had a much lower temperature
than the layer next the magnet core.

In both tests, however, it should be noted that the temperature at
the middle of the winding is considerably higher than the tempera-
ture of either the internal or the external surfaces.

When the armature was stationary the ratio of the maximum
temperature rise to the mean temperature rise was 1.13, and when
the armature was rotating, this ratio was about the same figure,
being actually 1.15.

But another relation that is very striking, is that of the maximum
temperature to the temperature at the external surface. This works
out at 1.4 and 1.95 respectively, for the tests when the armature was
stationary and revolving. “The fact that the internal temperature
of a coil may rise to a value twice as great as that which would be
indicated by a thermometer laid on the external surface, ought to
impress engineers with the importance of determining all rises of
temperature of coils by means of the alteration in resistance. This
is the more important in view of the importance of avoiding liability
to deterioration of the insulation on the field conductors.

Some tests made by Dettmar in 1900 on the effect of temperature
on the cotton coverings of copper wires showed that, in the course of
time, a temperature of less than 100 deg. Cent. caused decided deterio-
ration of the cotton coverings. The more recent tests of the National
Physical Laboratory of Great Britain * on large numbers of insulating
materials, showed that in the case of all these materials, deterioration
ultimately set in at a temperature of not over 125 deg. Cent., and
in most of these materials the temperature at which deterioration
occurred was considerably below 125 deg. Cent.

These curves and values for the distribution of temperature in an
ordinary field coil emphasize the importance of ventilating the field
spools by subdividing them into two or more parts with concentric
air channels between them. Field coils for modern machinery
should be constructed in this manner, which ensures a more uni-

* See Journ.I. E. E., vol. 34, p. 613.
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form distribution of temperature throughout the depth of the coil,
and also a considerably lower average temperature for a given ex-
penditure of copper or a smaller weight of copper for a given mean
temperature rise.

In the case of turbo-alternators, the field windings usually form
part of the rotating system and the methods of winding and fixing
the coils depart considerably from the ordinary field coil construc-
tion. Among the various constructions employed for turbo-alternator
fields (which are described in a subsequent chapter), the types vary
from the ordinary, compact field coil, through variations and develop-
ments from this, to a thoroughly distributed field winding in slots
similar to those on an armature, which is employed with the smooth
cylindrical type of rotating field.

It is necessary to consider each case or type individually, with due
regard to the velocity of the moving windings, the distribution, and
conductivity of the coil and of the material in contact therewith, and
also the ventilating provisions.

For an ordinary field coil rotating at a mean peripheral speed of
about 40 metres per second, the specific temperature rise at the
centre of the body of the coil, may be from 15 to 30 deg. Cent.

In turbo-alternators, the number of poles is generally few, being
determined by the frequency and speed, from 2 to 8 being practically
the limits. With such fields carried out with the definite pole con-
struction, there is plenty of space between the poles and free access
to the cooling air. When the ficld winding is carried out in slots on a
cylindrical core it may be treated as equivalent to a wound armature
from the heating standpoint although it is not generally so well
ventilated. In such machines it is instructive to calculate the heat-
ing coefficient mentioned on p. 36 of this chapter, viz. the total
stator and rotor losses per square decimetre of air gap surface.



CHAPTER 1V.

MATERIALS FOR CONSTRUCTION OF HIGH SPEED ELECTRIC
MACHINES.

Armature Core Plates. Core Loss. — A number of groups of
designs of alternating and continuous current dynamos are analysed
in later chapters of this treatise. These designs show conclusively
that one of the most striking characteristics of high speed dynamo
electric machines of large rated outputs is the very large percentage
of the total internal loss constituted by the core loss. In the case of
turbo-alternators the core loss frequently amounts to two thirds and
more of the total loss, and in many cases it cannot be materially
reduced. In slow speed alternators of the same rated capacity, on
the contrary, the core loss is more of the order of 50 per cent or less
of the total internal loss.

During the last two years there have been placed on the market
some grades of sheet iron which, in practice, permit of reducing the
core loss for a given design to some 60 per cent to 70 per cent of
the amount when the more customary grades of sheet iron are em-
ployed. Unfortunately the price of the low loss material is at present
from two to three times that of the material customarily employed
for armature cores. In view, however, of the reduction of loss, and
consequently also of heating, and of the improved efficiency at all
loads, the low loss sheets are to be recommended for the armatures
of high speed alternating current machinery in spite of the high
price.

The use of this iron may often also assist the designer of high
speed continuous current machinery, for the question of heating has
to be handled with much greater care in the design of high speed
than in the design of low speed continuous current machines. As
to the cost of the sheets, this, while high, will not so greatly affect
the total cost of the design of these machines as might at first be
thought would be the case, for it is a characteristic of high speed
continuous current dynamos that the cost of the electromagnetic

material is generally a somewhat less percentage of the Total Works
45
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Cost than is the case with the low speed machinery. Thus quite a
considerable increase in the outlay for core plates will in many cases
only entail a fairly small percentage increase in the Total Works Cost.
This is clear from the curves in Figs. 25 and 26 relating to designs for
1000 kw., 1000 volt continuous current dynamos for various speeds,
and in which respectively the customary and the low-loss grades of
core plates are employed.

We see from the curves that the Total Works Cost of the designs
is only increased by some 5 per cent to 10 per cent by the substitution
of the superior grade core plates. The consequent improvement in
the quality of the design is generally somewhat -greater the higher
the rated speed. This is seen from
the curves in Figs. 27 and 28, in
which the core loss is plotted as
a percentage of the total internal
loss. Thus the higher the rated
speed the greater is the desirability
5 9—Jo~ of employing the low loss iron,

—— although in the case of continuous

T current machines the gain is by

no means great. Figs. 29 and 30
500 1000 1500 . .

Rated speed In Revs. per Minute show the relative heating coeffi-

Fra. 33.— Ratio of Total Works Cost  cients for the armatures in the two

of 1000 kw. continuous current cases and Figs. 31 and 32 the costs

dynamos with special and ordinary ¢ the armature laminations and of

grade laminations. . .

the total effective material as a per-
centage of the Total Works Cost. Fig. 33 shows the ratio between
the Total Works Cost in the two cases.

In high speed alternators, the core loss assumes much greater pro-
portions than in continuous current machines. This is largely due
to the armature being external to the rotor, and of the great radial
depth of the laminations as a consequence of which the weight of
laminations for given air gap dimensions, D and 1g, is much greater
than in the case of an internal armature.

Figs. 3442 show in detail the manner in which the cost, losses,
and heating for a group of 3000 kva. 25 cycle alternators at
different rated speeds are affected by the use of the special low
loss steel laminations. Further details of these machines are given
in Chapter IX.
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In these figures the various quantities are plotted against the rated
speed of the machine.
Fig. 34 shows the Total Works Cost of the machine, the cost of
the effective material and the cost of the armature laminations
for ordinary grade stampings. In
— Fig. 35 are shown similar curves for
the same machines when built with
/ the low loss sheet steel stampings.
Figs. 36 and 37 give the iron loss as
a percentage of the total electrical
& losses. Figs. 38 and 39 show the
armature heating coefficient. In
Figs. 40 and 41 are plotted the costs
0 of the effective material, and of the
200 400 600 500 <
Rated Speed In Revs. per Minute ~ armature laminations as a percent-
Fio. 42.— Ratio of Total Works Cost 28¢ Of the Total Works Cost of the
of 3000 kva. alternating current mMachine. Fig. 42 shows the ratio of
generator with special and ordinary  the estimated Total Works Costs of
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grade armature laminations. a machine with low loss iron to the
Total Works Cost of a machine built with stampings of ordinary
grade iron.

All the above curves are based on the assumption that the same
weight of material is used in both cases; the improvements effected
by employment of special low loss steel, lying in the direction of the
quality of the design and not of the cost.

In general it may be seen from the curves that in the case of
alternators, the higher the speed the greater is the percentage core
loss, and the greater also is the percentage cost of the armature
laminations. The result is that though it is particularly desirable
to use the low loss steel at the high speeds yet, at the same time,
the extra cost involved by the use of this expensive material becomes
considerably greater. .

Thus in Fig. 42 the ratio of the Total Works Cost for the two
cases rises to as high a value as 1.2, at the highest speed. This is
due to the large proportion of the total weight of the machine which
the armature laminations constitute in the case of alternators for
high speeds and with few poles.

A similar set of curves are shown in Figs. 43-51 deduced for the
400 kva. 50 cycle alternators described in Chapter VIII.
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The same quantities are plotted in these figures. The range of
speed is much greater, and the ratio of Total Works Costs rises to
the value of nearly 1.3, that is, the cost of the machine is increased
by nearly 30 per cent by the employment of the special grade iron for
the armature laminations. This high figure is here due to the fact
that it relates to a 2-pole design in which the armature iron consti-
tutes a very great percentage of the total weight.

It is, nevertheless, especially in 2-pole designs that the use of a
low loss iron is most important, as such machines are at best of but
poor quality and in such cases the improvement in quality is justi-
fied even at the expense of considerable increase in the Total Works
Cost.

We see then from the above that the employment of special grade
steel for the armature laminations of alternators is, so far as relates
to expense, less extravagant, the slower the speed, but that it is more
desirable, or even indispensable, so far as relates to the quality of the
results, the higher the speed.

The reason for the considerable increase in the Total Works Cost
which the use of special grade steel effects in the case of alternators
is simply due to its high price. When the use of such material has
become more common, the price will be brought more into line with
that of the present ordinary grades of steel, and its use for high speed
alternators will become general.

In the designs set forth in this treatise we have based our esti-
mates on the use of the customary grades of core plates. In so far
as the low loss core plates are employed instead, the designs will be
improved. But the designs will even then be none too good, for in
the design of extra high speed electrical machinery, there is no option
but to sail closer to the wind than in designing machines for less
extreme speeds, so that the increased margin afforded by the use of
this low core loss material is very welcome.

The “figure of loss” is the most useful term in which to express
the quality of sheets as regards core loss. This term is defined by
the Verband Deutscher Elektrotechniker as the total iron loss in
watts per kilogram, as measured by means of a wattmeter on a
sample made up of at least four different plates. The sample shall
weigh at least 10 kg. and the loss in watts per kilogram shall be
determined at a temperature of about 30 deg. Cent. for a maximum
induction of 10 kilolines per square centimetre and a periodicity of
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50 complete cycles per second. As normal thicknesses shall be
taken 0.3 mm. and 0.5 mm., deviations from the normal thick-
ness shall not exceed 10 per cent.
The measurements shall be made
on a magnetic circuit composed ex-
p clusively of iron or steel, of the
- quality to be tested, and built in
/ accordance with the conditions set
/ R forth below. As specific weight of
the iron, 7.77 shall be taken in
all cases where more precise data
100020003000 is not available. The iron loss shall

Rated Speed In Revs. per Minute  be measured by the Epstein method
Fia. 51. — Ratio of Total Works Cost i, gecordance with which the mag-

of 400 kva. alternating current gen- o el

erator with special and ordinary netic circuit is constructed of four

grade armature laminations. (Point cores, each having a length of 500

A relates to a rotating armature mm., a breadth of 30 mm., and a

design.) weight of at least 2.5 kg., thus
making a total weight of at least 10 kgs. for the four cores. The
individual sheets are insulated from
one another by Japanese paper in such
a manner that they are at no point in
contact with one another. The four
cores constitute a rectangular circuit,
as shown in Fig. 52, and are secured
in position by wooden clamps at the
four corners.” At the butt joints they E
are separated from one another by | s ===
press-spahn of 0.15 mm. thickness. /
In building together the circuit, care
must be taken that the cores fit, well
with one another. As indications
that this is the case may be men-
tioned the deadening of the noise F16. 52.— Epstein sheet iron
when magnetised, and the obtaining tester.
of a minimum deflection on the ammeter in the magnetising
circuit.

The magnetising coils are constructed on bobbins, with internal
dimensions of 38 mm. X 38 mm. and a length of 435 mm. Each of
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the four bobbins contains 150 turns of copper of a cross section of 14
sq. mm. It is suggested in the rules that the winding may con-
veniently consist of two round wires each of 3.5 mm. diameter and
wound in parallel. Originally it was thought preferable to build up
these Epstein samples to a weight of 20 kgs., but this weight has ulti-
mately been reduced to 10 kgs., which is now standard. A photograph
of a wound sample is shown in Fig. 53.

F1g. 53.— Wound sample of Epstein iron tester.

The most customary standard size in which sheet steel for armatures
is delivered, is in plates measuring 1 metre X 2 metres. Plates of
larger dimensions are generally only supplied at higher prices, and a
longer time is required for providing them. It has thus become
fairly general practice when armature cores of diameters in excess of
1000 mm. are required, to build them up from segments whose max-
imum dimensions do not exceed the dimensions of sheets of this
standard size.

It is therefore customary to consider 990 mm. as the largest diam-
eter of armature in which complete disks shall be employed.

The “figure of loss” for ordinary sheet iron ranges from 1.5 to 4
watts per kg. From the standard conditions of density (10 kilolines
per square centimetre) and frequency (50 cycles per second) at which
(F) the “figure of loss” is expressed, the loss in watts per kilogram at
any other density (B) and frequency (N) may be approximately esti-
mated as follows:
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Let L equal the loss for any other than the normal values of B and
N (i.e., at values other than B = 10 and N = 50), for an iron whose
. C
figure of loss is equal to F. Then L = 0% 50 X N X F = 0.002
X C X N X F, where C is a factor depending on the density B. Let-
ting K = 0.002 X C, we have L = K X N X F. Values for K for
any density, B, may be taken from Table 8.

TABLE 8.

VALuEs oF K IN THE ForMuLA L = K X N X F, ror OBTAINING THE CoRE Loss
IN Warrs PEr KIiLoGrAM.

Density in Kilolines Mu&_?tltl:r to Obtain the Density in Kilolines Multiplier to Obtain the
Centi- per kg. from S Centi- | Watts per kg. from
eura 1" | Flgare S Eow and) LS O | Kigu, o Teee and
B K B K
4 0.0046 13 0.0296
5 0.0066 lg 0.0336
6 0.0088 1 0.0380
7 0.0114 16 0.043
8 0.0136 21)(8) 8%
9 0.0168 X
10 0.0200 22 0.070
11 0.0236 24 0.080
12 0.0268

The watts per kilogram for customary material for a thickness of
some 0.4 to 0.5 millimetre and at a periodicity of 50 cycles per second,
is plotted as a function of the density in curve A of Fig. 54. Curve
B of this same figure corresponds to one of the low loss materials.
The figures of loss for these two materials are indicated in the
curves, and in these tests were respectively 3.3 and 1.6.

When the laminations are built up together, as in a finished machine,
the actual core loss per kilogram is considerably greater than would
correspond to the results obtained on samples as plotted in Figs. 54
and 55, from tests by the Epstein method or its equivalent.

Measurements of the core loss of actual machines do not show so.
great a gain from the use of low loss iron as are indicated by meas-
urements on samples. It is found that the low loss iron may be relied
upon to reduce the core loss in the actual machines to some 60 per cent
to 70 per cent of the loss with the customary grades of core plates.

This lower degree of superiority may be ascribed largely to the eddy
current losses due to filing the slots of the assembled armature and
to eddy current losses in various solid parts as also in the armature
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conductors. These additional (or  parasitic”’) losses will not be
decreased through the use of the better quality of core plates, and
hence they tend to mask the advantage to be gained by employing
it. The residual gain is, however, ample justification for employing
the low loss material in extra high speed alternators, notwithstand-
ing its great cost, as the difficulties associated with such designs
justify resorting to any sound expedient not leading to prohibitive
Total Works Cost.
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Fig. 54. — Curves showing the energy losses in armature stampings (thickness 0.4 to
0.5 mm.). For periodicity of 50 cycles and for different densities.

The core loss varies with the thickness of the plates, and the curves .
in Fig. 55 (taken from test results supplied by a large dealer in core
plates) give approximate data of the extent of the influence of the
thickness. The term “Stalloy” appended to the lower curve is
merely a trade name applied to a particular brand of low loss core
plates. Other dealers in armature core plates supply brands with
substantially identical properties, and there are beginning to be
heard reports of even better results.

The eddy current loss depends on the specific resistance of the
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iron, a high resistance iron showing a lower eddy current loss. This
property has been utilized to produce the *“low loss’’ sheet steels which
have appeared during the last year or two. The properties of such
steel alloys embody a high specific resistance — up to 45 microhms
per cubic centimetre and more, with very slight inferiority in mag-
netic permeability. The core loss for such an alloy is plotted in the
lower curve of Fig. 54, from which it will be seen that the loss as
measured on samples for this alloy, is some 50 per cent of that
obtained with ordinary iron.
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Thickness of Stampings in mm.

Fia. 55.— Curves showing the effect of the thickness of the stampings on the figure
of loss (watts per kg. at a periodicity of 50, and a density of 10,000) for stampings
by Messrs. Sankey of Belston, England.

If we produce the curves in Fig. 55 until they cut the vertical
axis, as indicated by the dotted lines, we obtain a theoretical value
for the figure of loss when the laminations are infinitely thin; in such
a case, however, the electrical resistance to the eddy currents would
be infinitely great, and the energy wasted in such currents would be
infinitesimal. Hence we can obtain some idea of the amount of the
hysteresis component of the losses; the figure of loss for the *“ Lohys”
grade is about 2.45 watts per kg. at the limit, and on the other hand
the “Stalloy”” brand has a figure of loss of only about 1.5 watts per kg.
Thus not only do these low loss steels have greatly reduced eddy
currents due to their high specific resistance, but the hysteresis loss
is also materially decreased.
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Such a low loss steel may be utilized in high speed machines
by retaining the same weight of iron, and thus reducing tk
loss and the heating, or by retaining the same core loss and heating
and thus reducing the weight. If the design is sufficiently good from
the thermal standpoint, the latter plan may be advisable, but it would
depend on the relative cost in each case. The price of ordinary
grade sheets ready for stamping is at present from $70 to $100 per
ton, and for the low loss iron from $180 to $220 per ton.

In the case of a 4-pole 650 kva. alternator designed in Chapter
VII, the magnetic cross section in the armature is 1540 square centi-
metres and the weight of armature stampings is 2.34 tons. At a
density of 8,000 lines per square centimetre and a frequency of 50
cycles, the loss per ton is 7 kw. and the total core loss 16.4 kw. As
the heating coefficient of this machine is not excessive (80 watts per
square decimetre of air gap surface) it is not necessary to decrease
the core loss, and the armature laminations might be replaced by low
loss iron at a density of 12 kilolines, which would require a magnetic
cross section of only 1030 square centimetres. The weight would
then be 1.55 tons and the loss per ton 10.5 kw., giving a total loss
of 16.3 kw., which is the same as before. With the low loss iron the
external diameter of the armature stampings would be reduced from
128 to 115 centimetres, and consequently a smaller frame could be
employed with somewhat less material. For these two cases, how-
ever, the cost of the stampings will be some $210 and $350 respec-
tively, so that the outlay for core plates is some $140 greater.

In the case of bi-polar alternators, we have seen that the heating
coefficient is rather high, and very efficient ventilation is called for.
The bulk of the armature losses is comprised in the iron loss, which
reaches some 90 per cent of the total armature loss. Advantage
may in these cases be taken of a low loss iron by substituting stamp-
ings of the same magnetic density and the same total weight, which
would give a diminished core loss and heating. As a case in point,
let us consider the 400 kva. 2-pole alternator, for which data is given
in Chapter VIII. The heating coefficient for this machine is 152 watts
per square decimetre. A comparison between the design as it stands
and as it would be with special iron is set forth in Table 9 on page 58.

Permeability of Magnetic Materials, — For the designer, the
most convenient method of showing the relative permeability of the
various magnetic materials, is by means of saturation curves showing

N
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the excitation required for unit length of the material at different
induction densities. Saturation curves for cast iron, cast steel, and
armature laminations are shown in Fig. 56. While it is quite possible
to obtain materials having a somewhat higher permeability than is
indicated by these curves, there is always an element of uncertainty,
owing to variations in the composition of the material. It is there-
fore not expedient to base designs on the higher values obtainable,

TABLE 9.

CoMPARISON OF CosT8 OF ARMATURE OF 400 KvaA. 2-POLE ALTERNATORS.

unless the material is carefully tested before use and the poorer
samples ruthlessly rejected. The curves in Fig. 56, however, have
been carefully prepared with a view to ensuring conservative results.

Materials for Rotors. — Rotating armatures for continuous current
machines are of laminated construction and there is no particular
difficulty in obtaining homogeneity.

The stresses in a rotating armature for a continuous current machine
are not generally excessive, as continuous current machines do not
usually run into large sizes. Further, the windings are thoroughly
distributed, which relieves the system of the stresses due to large
concentrated masses of copper. With rotating fields the stresses
are generally of greater magnitude, being in some cases of such values
that the unavoidable working stress does not permit of a safety factor
of much more than 2, referred to the elastic limit.

In view of this, the material must, regardless of cost, be of the
best quality procurable as regards strength and homogeneity. Hence
for all high speed machines, except perhaps for those of small size,
castings should generally be avoided. The material for rotating fields
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may be either steel forgings, pressed steel, or sheet steel stan
according to the type of construction employed.

The safety factor obtained depends on the size and speed ‘of the
machine. Were it practicable to employ extra high strength steels,
such as are used in rotating disks for steam turbines, considerably
higher safety factors could be allowed. Such high strength steels
are obtained by the addition of suitable small percentages of foreign
materials —such as carbon, nickel, manganese, and chromium.
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Fia. 56. — Saturation curve used in designing the magnetic circuit of electric
machines.
These substances, when used in the proportions required for impart-
ing suitable mechanical properties, unfortunately impair the per-
meability and magnetic properties of the steel.

It will be of interest to give a few notes on materials of great
mechanical strength. Stodola in “ Die Dampfturbinen’” quotes
figures supplied by the Krupp Works at Essen. For turbine disks, a
nickel steel is recommended of some 9 tons per square centimetre
breaking strength with 12 per cent elongation, and an elastic limit of
6.5 tons per square centimetre. Nickel steel of greater strength
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(though with less percentage elongation), is available, and with
forged pieces of small dimensions a breaking strength of over 20 tons
per square centimetre, and an elastic limit of over 6 tons per square
centimetre can be obtained. An average of 6 tests showed a break-
ing strength of 18.1 tons per square centimetre, and an elastic limit
of 13.2 tons per square centimetre with a mean elongation of 6 per
cent. Messrs. Krupp’s opinion is that where there is no reversal of
the direction of the stress, it is permissible to work up to one third
of the elastic limit, and ultimately perhaps even higher. Doctor
Riedler and Professor Stumpf consider that from 2 to 23 as a safety
factor is admissible.

With forgings of ordinary steel, such as is permissible for rotating
fields, the average breaking stress in tension is about 4.7 tons per
square centimetre, and the elastic limit is 3.5 tons per square centi-
metre as set forth in Table 11 on pages 62 and 63. Hence allowing
a safety factor of 2.5 on the elastic limit, a value of 1.4 tons per
square centimetre for working stress in tension is obtained.

The peripheral stress in a rotating cylinder is given by the expres-
sion _

~ 98,100

Where f is the peripheral stress in tons per square centimetre, due
to centrifugal force, d is the density of the material in grams per
cubic centimetre, and v is the peripheral speed in metres per second.

TABLE 10.
TaE LiMITING PERIPHERAL SPEED FOR MATERIALS OF DIFFERENT STRENGTH.
Peripheral 8, in Metres per Second
or Peripheral Stresses Equal to
Material.
Ultimate Strength. Elastic Limit.
Wroughtiron . . . . . .. ... .... 220 160
Castiron . . . . . ... ... ..... 130 20
Caststeel . . . . ... ........ 220 150
Forgedsteel. . . . . . . .. ... ... 240 170
Castcopper . . . . . v v v ¢ . v . .. 130 e
Rolled copper . . . . . . .. ... ... 155 80
Hard drawncopper . . . . . . . . .. . 210 e
Castbrass . . . . ... .. ...... 140 e
Gunmetal . . . . ... ... ... .. 159 75
Phosphor bronze. . . . . . . . . . ... 210 125
Manganese bronze . . . . . . . . . . .. 230 ...
Delta metal (cast) . . . . . . . . . . .. 240 120
Cast aluminium . . . . . . . . . . . .. 220 e
Wood — Pine . . . e e e 260 to 370
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This approximates to f/ = 0.00008+* for materials of the same specific
gravity as steel and iron.

Hence for a stress of 1 ton per square centimetre, the correspond-
ing peripheral speed will be about 110 metres per second. A periph-
eral speed of 100 metres per second is rarely exceeded in alternator
designs, and considerably lower speeds are highly desirable.

From this relation we are able to calculate the speed corresponding
to the breaking stress and the elastic limit. These limiting speeds
for various materials are set forth in Table 10, the ultimate strength
and elastic limit being taken from Table 11.

The windings, whether on rotating armatures or fields, are'generally
so disposed as to minimise the stress on the copper as far as prac-
ticable. The centrifugal forces of windings distributed in slots are
taken up by slot wedges of bronze or gun metal, or, if the stresses
are low, oak or maple wood. The end covers for armature windings
and also for field windings of fields of the smooth cylindrical type,
may be of phosphor bronze, manganese bronze, or nickel steel.

Table 11 gives for a number of materials, including all those re-
ferred to above, data for the average working and breaking stresses
and for the elastic limits.

There has been a general impression that the low loss sheet steel,
of which considerable data has been given in this chapter, is rather
inferior as regards mechanical strength, and that this inferiority
might stand in the way of its use in rotors where the highest obtain-
able mechanical strength is of prime importance. While this work
has been going through the press we have had pointed out to us
that, at any rate in the case of certain of these new low loss shect
steels, this is not the case, and there have been supplied to us the
following comparative figures for physical tests of *Stalloy ” and
of ordinary soft steel.

Stalloy. O'd’“‘ggaﬁ:;fj““re
Maximum load in tons per sq.in. . . . . . . . 32 18
Elastic limit in tons persq.in. . . . . . . . . 26 10
Elongationon 4in. . . . . . . .. .. ... 109, 187,

Messrs. Joseph Sankey & Sons, the manufacturers of stalloy, also
point out that, realizing that low hysteresis is not of much conse-
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quence in the rotor, they have been making a special quality of steel
purely with respect of mechanical strength, for which the figures
are approximately as follows:

Maximum load in tons persq.in. . . . . . .. .. . ... 25
Elastic limit in tonspersq.in. . . . . . . ... ... .. 17
Elongationon4in. . . . . . ... ... ... ... .. 109,

The manufacturers do not guarantee the magnetic quality of this
latter material. With stalloy, however, it would appear from the
figures that both high mechanical strength and good magnetic qual-
ity are se.cured.
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PART II— ALTERNATING CURRERT GENERATORS.

CHAPTER V.

PRESSURE REGULATION OF ALTERNATING CURRENT
GENERATORS.

For the purpose of studying the influence of various factors on
the regulation, and in calculating the regulation for most of the
designs worked out, we shall in this treatise follow the method set
forth in a paper in which one of the present authors collaborated,
and which was read before the American Institute of Electrical Engi-
neers* in 1905. We shall not enter in detail into the theoretical
basis of this method, but shall give an outline sufficient for purposes
of calculation.

The pressure regulation of an alternator is preferably specified as
the percentage by which the terminal voltage rises when the load is
decreasedt from full load to no load without changing the speed or the
field excitation. This may be termed the “inherent regulation’ and
is generally specified for full load at unity power factor, and for
full load at 80 per cent power factor. The two values are termed
respectively ‘ The inherent regulation at unity power factor”
and ‘“the inherent regulation at a power factor of 0.8.” The
full load current at other than unity power factor is to be taken at
the value corresponding to unity power factor; i.e., the kilovolt-
amperes and not the kilowatts is taken as the basis of rating of
alternators.

The customary values of the inherent regulation range from 4 per
cent to 7 per cent for a power factor of 1.0 and from 15 per cent to
22 per cent for a power factor of 0.8. The British Engineering
Standards Committee recommend 6 per cent on full non-inductive

* Proc. American Institute of Electrical Engineers, vol. xxiii, p. 291, ‘“A Contribu-
tion to the Theory of the Regulation of Alternators,” H. M. Hobart & F. Punga.

+ This is the most common and the distinctly preferable specification, but an alter-
native occasionally employed is to specify the percentage drop in voltage when the
load is increased from zero to full load, the excitation and speed being maintained

constant.
65
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load and 20 per cent on full inductive load with a power factor of 0.8,
as maximum values.

It is sometimes useful to also specify the ‘excitation regulation,”
which is defined as the percentage increase in the field current to
maintain normal terminal voltage when the load is increased from
zero to full load. The excitation regulation ranges from 109, to
159, on non-inductive load, and from 259, to 35%, on inductive load
with a power factor of 0.8, for normal machines.

In pre-determining the pressure regulation of an alternator, the
quantity requiring to be ascertained is the additional field ampere
turns necessary at rated load to maintain the normal terminal volt-
age, and it is with the estimation of this quantity that pressure regu-
lation calculations are chiefly concerned. These additional ampere
turns consist of three components whose respective functions are:

I. To counteract the demagnetising ampere turns of the arma-
ture due to the current at the rated load.

II. To make up for the pressure drop due to the reactance and
resistance of the armature winding.

III. To provide for the increase in magnetic leakage, brought
about by the increased magnetomotive force, which increases the
total flux in the magnet cores and hence the flux density and ampere
turns required for the magnet cores and yoke.

I. The Demagnetising Ampere Turns.

The demagnetising component of the armature ampere turns is
given by the expression
D = KB ni sin ¢’
where D is expressed in ampere turns, and:
K = a coefficient depending on the ratio of pole arc to pole
pitch.
B = the breadth factor of the winding.
nt = the armature ampere turns per pole for all the phases.
¢’ = the angle between the pole centre and the position of the
armature conductor when it carries maximum current.
This may be termed the ‘‘ internal phase angle.”
1. The values of K are as follows:

Ratio of pole arc to pole pitch . . . . 1 0.5
Value of ? ............. 0.82
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2. The values for B, the “breadth factor,” depend on the dis-
tribution of the winding, and are given in Table 12.

TABLE 12.

BREADTH FACTOR OF ARMATURE CoILs.

Percontﬁe of Pole Pitch

Values for B, the
Covered by One 8ide of the ad tor *
ArmntureyCoil. * Breadth Factor.”

20 per cent 0.99
33 per cent 0.95
40 per cent 0.94
50 per cent 0.90
60 per cent 0.86
80 per cent 0.76
100 per cent 0.64

Single-phase windings cover from 20 per cent to 100 per cent of
the pole pitch according as they are concentrated or thoroughly dis-
tributed windings.

Two-phase windings generally cover 25 per cent of the pole pitch
on either side of a coil of one phase, the whole coil thus covering
one half of the pole pitch, and thus having a breadth factor of
0.90.

The commonest three-phase winding is the 2-range winding (which
is half coiled, i.e. has one coil per phase per pair of poles, see p.231,
Chapter XI), and with this winding, a single coil of one phase covers
one third of the pole pitch on either side, and thus has a breadth factor
of 0.95. Three-phase distributed wave windings also spread 33 per
cent of the pole pitch on either side of the winding of one phase
under a pole.

3. The armature ampere turns per pole, ni, may be designated as
the armature strength; the armature strength is in this treatise taken
equal to the number of turns per pole for all the (n) phases multiplied

by (?) the current in the windings, and is thus equal to % where T =

the total number of turns per phase, n = the number of phases,
1 = the current per phase, and p = the number of poles. Let us, for
instance, consider a 3-phase 3000 kva. 8-pole, 11,000 volt, 50 cycle,
Y-connected alternator having 120 slots and 4 conductors per slot.
The total number of conductors on the armature is 120 X 4 = 480,
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and the conductors per phase =4§% =160. T, the number of turns
per phase, is thus equal to 1§2 = 80. The voltage per phase equals,

11000 _ g5,
V3
The current per phase at full load is equal to
3,000,000 ..
37 6350 158 amperes.

Hence for the armature strength we have
Tni _ 80 X 3 X158
8

4. The “ internal phase angle ”’ ¢’ consists of three components

¢ =¢+a+p.

¢ is the phase angle by which the current in the external circuit
lags behind the terminal voltage. The power factor in the external
circuit is equal to cos ¢.

a is the phase angle between the internal E.M.F. and the terminal
E.M.F. and due to the armature reactance.

B is the angular displacement of the magnetic centre of the field
flux due to the distortion of the flux by the armature magneto-
motive force.

The conditions in the alternator armature for a load having a
power factor equal to cos ¢, are as represented in the vector diagram
of Fig. 57 in which

OV = the terminal voltage per phase.

OC = the current in the armature windings, (and of course also
in the external circuit) lagging by an angle ¢ behind the
terminal voltage OV.

OP = RV = the reactance voltage in the armature when carry-
ing the current OC.

RE = the voltage drop by ohmic resistance.

OE = the internal voltage per phase, generated in the armature
by the flux crossing the gap.

¢ = angle VOC' = phase angle between current OC and termi-
nal voltage per phase OV.

a = angle EOV = phase angle between internal E.M.F. per
phase OF and terminal E.M.F. per phase OV.

n= = 4740 ampere turns.
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For a load of unity power factor, ¢ = zero, and the conditions are
as shown in Fig. 58.

Calculation of ¢’. —The Internal Phase Angle.

Of the three components ¢, a, and 3:

(1.) ¢ is known from cos ¢, the power factor.

(2.) The determination of a: To determine a it is necessary to
know the value of the reactance voltage(V) of the armature, and
to be precise, also the resistance drop in the armature windings, the
latter, however, generally exerting a far less influence on the final
results than is exerted by the reactance voltage.

Fia. 58.
F1as. 57, 57A and 58. — Vector diagrams relating to pressure regulation.

The reactance voltage is equal to the reactance of the armature,
multiplied by the current, thus:

v = (2zN]) X 1,
where
N = frequency in cycles per second.

! = inductance of the armature winding in henrys.
1 = current in armature in amperes.
v = reactance voltage.
N and 1 being known, we can obtain v, the reactance voltage, as
soon as we have determined /, the inductance.
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Estimation of /, the Inductance of the Armature Windings
in Henrys. — For ascertaining the inductance we require to know
the number of lines linked with the armature conductors per ampere
turn. With open straight-sided slots a sufficient approximation to
the inductance of the embedded part may be obtained by an ele-
mentary magnetomotive force calculation, thus:

Let D = depth of slot in centimetres.
d = depth above top of winding in centimetres.
w = width of slot in centimetres.

Then the number of lines per ampere turn per centimetre of
embedded length, for the case of the inductance of the winding in a
single slot, may be taken as approximately equal to,

g}(D—d)+d 063D+d
10 w

If the coil is spread over two slots, the length of the magnetic path
through the air is doubled, and the number of lines per ampere turn
per centimetre of core length is about one half the number for a
single slot.

For the free length of the conductors, i.e., the parts not embedded
in iron, the number of lines per ampere turn per centimetre may be
taken as from 0.4 to 0.8.%

As a rough approximation we may estimate the inductance of the
free length on the basis of the following figures:

Number of Lines per Am-
Number of Blots per Pole | ™ [T % 0 per cg,‘,’,‘imm

per Phase. of * Free"

o QOB
ocooo
OV 3

If we denote the total number of lines per ampere turn by Z,
then we have for the 3000 kva. alternator which we have taken as
example, Z = (free length in centimetres) X (0.5 to 0.8) + (the
embedded length in centimetres) X (the lines per ampere turn
per centimetre of embedded length).

* “Modern Commutating Dynamo Electric Machinery,” H. M. Hobart, Journal
Institute Electrical Engineers, vol. xxxi, p. 170, 1901.
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The inductance of a coil having ¢ turns is equal to #Z X 10~® and
its reactance is equal to

2zNt* Z X 10~

The reactance per phase is the reactance per coil multiplied by the
number of coils per phase. As an example let us return to the case
of the 3000 kva. alternator mentioned on page 67.

A section of the slot is shown in Fig. 59.

Here D = 6.0,
d=12
and w=21.

Consequently the number of c.g.s. lines per centimetre of embedded
length is equal to

6.0 4 1.

0.63( L1 - 216

The mean length of one turn = 516 centimetres.
“Embedded” length per turn = 2in = 190 centimetres.
“Free’’ length per turn = 356 centimetres.

The slots being open, no extra allowance is required for overhang
of teeth. Hence the total number of lines per
ampere turn per centimetre of embedded length
=2.16.

Spread of coil (Z.e., number of slots) = 5.

As there are 5 slots, the magnetic length of the
leakage air path is approximately five times the

10

magnetic length for one slot. The c.g.s. lines per b

ampere turn per centimetre of embedded length Fia. 59.

become approximately 43¢ = 0.43, say 0.5. Slot of 3000 kva.
Hence we have: alternator. -

c.g.8. lines per ampere turn for the free length = 0.5 X 356 = 178.
c.g-8. lines per ampere turn for the embedded length = 0.5 X 190 =95.
c.g.8. lines per ampere turn (Z) = 178 + 95 = 273.

Number of turns per coil (t) = 20.

Inductance of one coil in henrys (I) = # X Z X 10~* = 0.00109
and the reactance of one coil = 2znl = 27 X 50 X 0.00109 = 0.342
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ohms. There are 4 coils per phase, therefore the reactance per phase
is
0.342 X 4 = 1.37 ohms.

With full load current of 158 amperes, the reactance voltage per
phase = 158 X 1.37 = 216.

Expressed as a percentage of the terminal voltage per phase

11,000 216
(——-\/:_; 6350) this is equal to g355 X 100 = 3.4 per cent.

As the ohmic drop (ER of Fig. 57) is usually small compared
with the reactance voltage and with the terminal voltage, we may
neglect ER in estimating a. Consequently « is determined by the
approximate relation

sin a ——v-cosqs
vV ’

when » = reactance voltage, and
V = terminal voltage.

This relation is apparent from the diagram in Fig. 57A in which
the resistance drop ER has been neglected. The proof is as follows:
We have the angle RBVH = KOR = ¢ + a,

VH

also BV = °08 RVH = cos (¢ + a),
. VH = RV cos (¢ + a),
. VH _RV
and sin & = o7 =ov cos (¢ + a).

As a is exceedingly small compared with ¢ we may take cos (¢ + «)
as approximately equal to cos ¢, and hence,

sin a = g“;cos ¢ = T’j.-cos ¢ approximately.

a could of course be scaled off from a diagram such as Fig. 57,
in which the various voltages are set out to scale, and there would
then be no purpose in resorting to this approximation.

In the case we are considering, for full load at power factor 0.8,

¢ = 37 degrees, the reactance voltage is 216, and hence,
(o]
sin a = 21%‘;%31 —0.0267,
whence a = 1.5 degrees.
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(8.) The Determination of 3. We may determine the angle 8 from
the distorting ampere turns. The equation for 3, the degrees shift of

the magnetic centre from midpole-face position is: —
Arm. distort. amp. turns per pole

b= Air gap ampere turns on field per pole.
Table 13 shows the expressions for the general case of distorting
and demagnetising ampere turns.

X 90 degrees.

TABLE 13.

EXPRESSION FOR DEMAGNETISING AND DISTORTING COMPONENTS OF ARMATURE
AMPERE TURNS.

Armature Ampere Turns (Effective) per Pole.

Ratio of Pole Arc to Pole Pitch.
0.5. 0.6. 0.7.

Demagnetising ampere turns. | 0.82 Bnisin ¢’| 0.78 Bnisin ¢’| 0.75 B nisin ¢/
Distorting ampere turns. . . | 0.11 Bnicos¢’ | 0.15 Bnicos ¢’| 0.20 B nicos¢’

In this table, n7 denotes the effective armature ampere turns per
pole, i.e., nt = (ampere turns per pole per phase) X (number of
phases). B = the breadth factor already discussed on page 67.

The expression for the distorting ampere turns contains ¢’ which
is equal to ¢ + « + 5. The value of this expression is not known
until B is determined. Hence in calculating the distorting ampere
turns we must assume a preliminary value for 3, and if the calculated
value of B comes out sufficiently near the assumed value, the calcu-
lation will stand, but if not, then the new value should be substituted
and the calculation revised.

For example, in the case of the 3000 kva. alternator we are con-
sidering, the ratio of the pole arc to the pole pitch is equal to 0.7,
and the distorting ampere turns are ascertained from Table 13 to be:

0.20 B ni cos ¢’

B = 0.95 (see p. 67)

nt = 4740 (see p. 68)

¢ = 37 degrees (see p. 72)
a = 1.5 degrees (see p. 72).

Assuming for 8 a trial value of 7 degrees, we have ¢’ = 37 + 1.5
+ 7 = 45.5 degrees and cos ¢’ = 0.71.
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Hence the distorting ampere turns 0.20 X 0.96 X 4740 X 0.71 =
6500. The field ampere turns for the air gap for this design are 8100.

Whence 8 = $#5%% X 90 degrees = 7.2 degrees.

This value is so near the assumed value of 7 degrees that it is not
necessary to re-calculate it, but if there were a wider difference, the
value of B = 7.2 degrees should be substituted, giving ¢’ = 45.7 and
the calculation revised on this basis. We have now determined ¢,
a, and B, and from them, ¢’, from which latter quantity the demag-
netising ampere turns may next be calculated by aid of the
expressions in Table 13. For the case under consideration the
demagnetising ampere turns for cos ¢ = 0.8 are

= 0.75 B nisin ¢’
= 0.75 X 0.95 X 4740 x 0.707
=2400 . . . . . . . . . .. 05)

Thus we have finally arrived at the value of D, the demagnetising
ampere turns, in the expression D = KB n? sin ¢’ on p. 66.

II. The Ampere Turns required for the Reactance Voltage.

The second component of the additional field ampere turns is
required to make up for the slight loss of pressure due to the react-
ance voltage. This component can be read off from the no load
saturation curve. For the case under consideration, the no load
saturation curve is given in Fig. 60. At unity power factor the
component of the reactance voltage in phase with the terminal
voltage is zero, and at any power factor, cos ¢, the component is
approximately v sin ¢, as may be seen from Fig. 57. We have:

v sin ¢ = 216 sin 37° = 130,

and from the no load saturation curve of Fig. 60 the ampere turns
required for this voltage are found tobe 280 . . . . . . . . (I1)

The no load saturation curve can be readily drawn by working out
the field ampere turns for the magnetic circuit at two voltages and
drawing the curve through the two points obtained. One of the
points should be worked out for the normal voltage of the machine
and the other for a voltage some 20 per cent higher than normal
voltage provided the flux densities are not too high on the satura-
tion curves, as these curves are always unreliable at very high
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densities. In estimating the 20 per cent higher point, all the flux
densities throughout the magnetic circuit are multiplied by 1.2, and
the corresponding ampere turns for each part are taken from the
appropriate saturation curve for the material.

When high densities are employed, as so often occurs, especially in
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Fia. 60.— Saturation curves for 3000 kva. 3-phase 750 R.P.M. 8-pole 50 cycle
11,000 volt alternator.

the armature teeth, the upper parts of the saturation curves are not
reliable, and the following rough rule will be useful:

For wrought iron, stampings, or iron or steel forgings, for densities
above 16,000 lines per square centimetre, the percentage increase
in ampere turns is from 8 to 10 times the percentage increase in flux
density. Thus for a 20 per cent increase in density the increase in
ampere turns will be 8 to 10 times 20 per cent, i.e. 160 per cent to
200 per cent, the higher value going with the higher saturations.

For example, let us take the armature teeth for the case in hand.
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The no load flux density in the teeth for 6350 volts, is 18,000, and
at 1.2 times normal voltage (= 7620 volts), the density is 1.2 X 18,000
= 21,600.

The ampere turns for teeth at normal voltage are 540, and at 7620
volts, will be 200 per cent greater, as the saturation is very high and
hence the ampere turns are 3 X 540 = 1620.

III. The Ampere Turns for the increased Magnetic Leakage.

The third component of the additional ampere turns is required
to make up for the increased magnetic leakage brought about by the
higher magnetomotive force on the field magnets. An estimation
of the leakage coefficient is consequently necessary.

useful flux + leakage flux
useful flux
The useful flux is the flux in the armature, and the useful flux +
the leakage flux = the flux in the magnet cores and yoke.
The leakage flux is approximately equal to

h (b + 15)
a

The leakage coefficient =

C x X (Ampere Turns per Field Spool)

for cores of rectangular cross section and

C X ’-%—b X (Ampere Turns per Field Spool)

for cores of circular cross section. The small letters represent the
dimensions of the magnet cores as in Fig. 61. C is a factor lying
between 2.4 and 3.4, the higher values
applying in cases where the sides of
the poles are close together and
more nearly parallel with one another
and where the pole tips are near
together.

In high speed machines with few
poles which are far apart at the tips,
the lower figure will apply. For the
case through which we are working, we have b = 27, a = 20, b = 140.

No load ampere turns on field = 9200, whence leakage flux =
4,600,000.

The useful flux required in the armature per pole at unity power

F1a.61.— Alternator magnet cores.
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factor is 34 megalines, and thus the leakage coefficient is equal to
34 +46 _ 1.14
1 14,

At the excitation necessary for normal voltage at full load and cos
¢ = 0.8 the leakage coefficient is considerably greater on account of
the greater magnetomotive force on the field, and the leakage flux
will be increased in proportion to the field excitation.

In the case under consideration, we have already determined the
demagnetising ampere turns and the ampere turns for the reactance
voltage. These come to 2400 + 280 = 2680. As these constitute
the bulk of the extra ampere turns, we may, for purposes of estimat-
ing the increased leakage, take the total ampere turns at full load
and cos ¢ = 0.8 as 9200 + 2680 = 11,880, and at this excitation the
leakage coefficient will be

11,880

1+ 0.14 (—9%—) = 1.18.

The extra flux, i.e., the leakage flux, only enters into the pole and
yoke, and the densities in these parts only will be increased in the
ratio 112 (or 3.5 per cent increase) and extra magnetomotive force
will only be required for the pole and yoke. Hence in Fig. 60 we
have plotted the no load saturation curve for the poles and yoke
separately.

The increase of 3.5 per cent in density, corresponds to a voltage
increase of 3.5 per cent of 6350 = 222 volts, which from the satura-
tion curve for pole and yoke, requires 300 extra ampere turns (III).

We have now the three components I, II, and III. The total
extra field ampere turns are thus 2400 + 280 + 300 = 2980. The no
load excitation is 9200 ampere turns, and thus the total field excita-
tion required to maintain a normal terminal voltage of 6350 volts for
rated load and cos ¢ = 0.8, is 9200 + 2980 = 12,180 ampere turns.
This gives us the extreme right hand point marked cos ¢ = 0.8 on
Fig. 60. This is a point on the saturation curve for full load at cos ¢
= 0.8. The voltage corresponding to this excitation at no load is
found from the no load saturation curve to be 7450 volts.

To this should be added the ohmic resistance drop whichisI X B =
158 X 0.126 = 20 volts, bringing the total up to 7450 + 20 = 7470
volts. g—;—g = 1.18, consequently the inherent regulation at 0.8 power

factor is equal to 18 per cent.



78 PRESSURE REGULATION.

REGULATION CALCULATIONS FOR FULL LOAD AT UNITY
POWER FACTOR.

At full load and unity power factor, the conditions are as repre-
sented in Fig. 58, page 69. We havep = 0and ¢’ = a + 8.

| 216
6350

The reactance voltage remains equal to 216 as before, and the vol-
tage per phase is equal to 6350.

The angle ¢’ will be small and for purposes of estimating g it will
be sufficiently accurate to take cos ¢’ as equal to 1.0, since for angles
ranging from 0 to 20 degrees the variation in the cosine does not
exceed 6 per cent.

The distorting ampere turns are now 0.20 X 0.95 X 4740 X 1.0 =
900 (see p. 73). The air gap ampere turns are 8100, whence,

900
ﬂ—8100

Hence we have ¢ = 2 + 10 = 12°,
The demagnetising ampere turns at unity power factor are

0.75 X 0.95 X 4740 X sin 12° (see p. 73)
= 0.75 X 0.95 X 4740 X 0.21
= 720 ampere turns (I).

a = tan— =tan™ 0.034 = 2°.

X 90° = 10°.

As the reactance voltage is in quadrature with the terminal vol-
tage and consequently has no component in phase therewith, no extra
field ampere turns are required to compensate for it. There will,
however, still be a component required to provide for the increased
leakage. This will amount to about 200 ampere turns and we must
take it into account in estimating the increased leakage coeffi-
cient. The excitation at full load and unity power factor will be

approximately
9200 + 720 + 200 = 10,120.

The increased leakage coefficient for this excitation will be approxi-

mately

10120) _
1+ 0.14 ( oeY) = 1155,

This gives an increase in flux density in the poles and yoke of

1188 = 1.5 per cent, which corresponds to an increase in voltage of
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0.015<6350=84 volts. From the saturation curve for poles and yoke
(Fig. 60) we find that this requires 150 extra ampere turns (III).

The total extra field ampere turns are thus I + III = 720 + 150
= 870. Adding this to the no load excitation of 9200 ampere turns
we find that 10,070 ampere turns are required to give full terminal
voltage at full load and unity power factor. This point is marked
on Fig. 60 and is a point on the full load, unity power factor, satu-
ration curve. The corresponding voltage on the no load satura-
tion curve for an excitation of 10,070 ampere turns is 6750 volts.
% = 1.063. Consequently at full load and unity power factor
the inherent regulation is 6.3 per cent.

The IR drop which is practically in phase with the terminal voltage
and which amounts to 20 volts or 0.3 per cent, must be added on.
The total inherent regulation for full load and unity power factor is

thus 6.6 per cent, or say 7 per cent.

THE NO LOAD SATURATION CURVE AND THE SHORT-CIRCUIT
CHARACTERISTIC.

The regulation is closely dependent on the degree of saturation of
the iron parts of the magnetic circuit and on the short circuit charac-
teristic. :

As regards the former, it may be said that the more highly
saturated the magnetic circuit the closer is the regulation. The
regulation is in this case improved by virtually bending the satura-
tion curve over, i.e., by working the iron of the magnetic circuit very
near its saturation limits. This procedure is advantageous in that
it minimises the cross section of the magnetic paths, and consequently
the total weight of iron in the machine. Furthermore, by saturat-
ing the pole cores to a very high value, the mean length of one turn of
the field winding is minimised, and consequently the weight of the
field copper is reduced. It is a dangerous plan, however, since the
material of the magnets (especially if cast) may turn out to be of
inferior quality. Furthermore, should the machine be called upon
to run at a voltage appreciably greater than the normal voltage,
there will be difficulty, and perhaps impossibility, of getting sufficient
flux through the machine for the high voltage, no matter how much
the excitation is increased. The excitation regulation is also very

great.
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With regard to these points, it is best practice to keep within
reasonable flux densities, desirable values for which are given in
Table 21, page 113, Chapter VII.

It is not so much the actual ampere turns expended on the iron,
but rather the proportion which they bear to the total field ampere
turns, or the ratio of iron to air gap ampere turns, which is of chief
importance. The use of extra long air gaps will not necessarily
be accompanied by a corresponding improvement in regulation; it
is rather a matter of balance between the magnetomotive force for
the air gap and for the iron; and as a matter of fact, in average
cases at normal voltage, the ratio of iron ampere turns to air gap
ampere turns ranges from 1:5 up to 1:7, i.e., the air gap absorbs
from 80 per cent to 90 per cent of the total ampere turns. Such
- proportions are typical of a normal design so far as the regulation
and the value of the short circuit current are concerned.

The short circuit current in the armature at any given field exci-
tation is of such a value that the armature reactions just counter-
balance the field excitation. The field excitation is offset by the
armature demagnetisation and by the reactance drop in the arma-
ture. The short circuit characteristic showing the relation between
the field ampere turns with the armature current (i.e., the armature
ampere turns) is approximately a straight line, and hence the short
circuit current is practically proportional to the ratio of the field
ampere turns per pole to the armature ampere turns per pole.

A “strong” armature is one in which, at rated load, the armature
ampere turns are large in proportion to the field ampere turns.
Conversely a “weak” armature is one in which, at rated load, the
field ampere turns are large compared with the armature ampere
turns.

The voltage regulation will of course be closer the less the armature
demagnetisation, and as this depends for a given rating or current
on the number of armature turns it may in general be said that
the regulation with ‘“strong’ armatures is usually not so good as
with “weak’” armatures. Apart from the degree of saturation of
the magnetic circuit, the regulation depends chiefly on the ratio of
the field ampere turns to the armature strength. We have already
seen that the fewer the poles the less is the proportion of the field
ampere turns which can be expended on the iron parts, and conse-
quently in these cases the field must be relatively stronger.
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This is a point where we have two opposing tendencies in high
speed alternator designs. A small number of poles is associated with
high speeds, and in order to avoid excessive peripheral speeds, small
diameters are necessary. This circumstance involves a very restricted
amount of space available for the field copper, whereas on account
of the few poles and low saturation component a large amount of
field copper is required in this constrained space.

The outcome is either that the regulation is poor, or the field wind-
ings are liable to run excessively hot. These points are especially
emphasised in the case of bipolar alternators, as will be noted from
the test results for regulation of a 500 kva. bipolar alternator, which
are recorded in Chapter VIII, page 152.

If the magnetic circuit is not saturated, the regulation can be con-
siderably improved by increasing the radial depth of the air gap, as
will be seen from Fig. 62. Since

the iron saturation component is

small, we may treat the satura- b

tion curve as a straight line. NARYAYLL
a a, ag

1. Suppose with a certain
length of gap, the excitation is
V A for normal voltage, and that
Aa is the armature demagne-
tisation. Then the regulation is

ab . Aa

oV’ which equals VA
2. Now if the radial depth of Fyq. 62. — Straight line saturation curves.

gap is increased by 50 per cent,

then the excitation is VB = 1.5 X VA. For the same armature

o AT.

demagnetisation we have Aa = Ba,, and the regulation is(%l;‘ = %‘
Aa

The regulation is thus equal to ————, which is 33 per cent less

1.5x vA’
than in the first case.

3. If, now, the gap is increased by 100 per cent over its original
value, then VC = 2V A, and for same demagnetising, Ca, = Aa, the
regulation is

ab, _Ca,  Aa_
ov vC 2v4
which is one-half the value obtained in the first case.
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The regulation is, for the three cases, proportional to the figures
100, 66, and 50 for air gaps of radial depths proportional to1, 1.5, and
2, ie., the product of regulation X length of gap is a constant.
Hence, if there were no ampere turns expended on the iron in the
circuit, the regulation would be inversely as the radial depth of air
gap.

In turbo-alternators with few poles, especially with bipolars, the
air gap often accounts for a proportion of the field ampere turns con-
siderably greater than 90 per cent, and to such cases the above ob-
servations more pertinently apply.

If, however, the iron is saturated up to the highest practicable
value, the machine saturation curve bends over rapidly and becomes
nearly flat, and this feature renders the regulation more independent
of the radial depth of the air gap.

The less the iron is saturated, the more will the regulation be
improved by increasing the radial depth of the air gap (and the air
gap ampere turns). Beyond a certain limit, however, any further
increase in the air gap improves the regulation only slightly. This
is illustrated in the curves of Figs. 63-65, which relate to a 6000 kva.
3-phase 6-pole 37.5 cycle 750 R.P.M. alternator, of which further data
are given on page 201, Chapter X.

The excitation data for this machine as a normal design are as
follows:

Radial depthofairgap . . . . . . . . . . ... ... .... 2.0 cms
Armature strength — ampere turns per pole for all phases . . . . . 8500
Field ampere turns per pole at no load and normal voltage . . . . 16,600
Airgapampereturns . . . . . . . . . . . ... ... ... 14,400
Iron ampereturns . . . . . . . . ... ... ... ... .. 2200
Air gap ampere turns in percent of total . . . . . . . . . . .. 87%
Iron ampere turns in per cent of total . . . . . . . . . . . .. 13%
Ratio of field ampere turns to armature ampere turns . . . . . . . 1.95
Short circuit current in terms of full load current . . . . . . . . . 2.4
Field ampere turns at fullload cos¢ =1.0 . . . . . . . . . .. 17,600
Field ampere turns at full load cos¢ =0.8 . . . . . . . . . .. 22,000
Voltage regulationatcos¢ =1.0 . . . . . . . . . ... ... 3.7%
Voltage regulationat cos¢ =0.8 . . . . . . . . . ... ... 16.4%

The no load saturation curve is drawn in Fig. 63 and is marked curve
D. The corresponding field excitations for full load at power factors
of 1.0 and 0.8 have been marked by points D. On the same sheet,
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similar curves and points are shown for various depths of air gap
ranging from 0.5 centimetres to 3.0 centimetres, marked 4, B, C, D, E,
and F. The extra field ampere turns to counteract the armature
reaction have been taken the same in each case, and adding these
on to the no load ampere turns gives the corresponding points for
full load excitation. The regulation is now readily obtained for

Ratiowcf No Load Field Amp. Turns to Full Load Armature Amp.-Turns
3

1 2
| 1 T T
Ratio of Short CIrchalt Cur N Excitati to!glll Load Current
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Fig. 64.— Curves showing relation between regulation and relative proportions of
air gap and iron ampere turns for a 6000 kva. alternator.

each point, and corresponding to each of the different air gap
depths.

In Table 14 are set forth the values of the regulation for each of
the different air gap depths, and corresponding to the other quanti-
ties mentioned above.

These results are plotted in the curves of Figs. 64 and 65. Fig.
64 shows the regulation plotted against the no load field ampere
turns, and the ratio of field to armature ampere turns. There are
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also added scales for the length of air gap and the short circuit current
which are obtained from the table above.

Beyond the line marked ‘“normal design,” which corresponds to
the design as carried out, the improvement in regulation is but slight,
as the curves are becoming flat.

In Fig. 65 the regulation is plotted against the air gap and iron
ampere turns in per cent of the total field ampere turns. These per-
centages vary with the varying length of air gap. Curves as in Fig.

)
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F1G6. 65.— Curves showing relation between field excitation radial depth of air gap
short circuit current and regulation for 6000 kva. alternator.

65 might be also plotted for a constant air gap depth and varying
iron ampere turns, i.e., varying the degree of saturation of the
magnetic circuit.

The range of values for the regulation is not wide, as the iron is
fairly highly saturated, and the saturation curves are bending over.
Thus doubling the radial depth of gap from 1 centimetre to 2 centi-
metres changes the regulation at 0.8 power factor only from 19.4 to
16.4, or a decrease of only 16 per cent.
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Let us compare this with the case of Fig. 62, where there are
supposed to be no ampere turns expended on the iron, and where,
consequently, the saturation curve is a straight line. In this case,
it was found that doubling the depth of the gap halved the regula-
tion, i.e., decreased it by 50 per cent, which is a good contrast to the
previous case as emphasising the effect of saturating the iron.
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THE NO LOAD SATURATION CURVE.
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CHAPTER VI.

GENERAL CONSIDERATIONS RELATING TO THE INFLUENCE
OF THE RATED OUTPUT AND SPEED ON THE DESIGN
OF ALTERNATING CURRENT GENERATORS.

THE general influence of the rated speed on the average value of
the output coefficient, £, has been considered in Chapter II, and it
was then stated that high speeds do not permit of such high values
for ¢ as may be employed in the design of low speed machines for
the same rated output. The difference in § between a high and low
speed design for a given rated output is, however, not great, and
if for the moment we consider £ to have a uniform value, it follows
that for a given rating, the volume of the armature (D?g) must be
inversely proportional to the speed (R). Since the total weight of the
machine is a function of (but not directly proportional to) D*lg, as
we have seen in Chapter II, Figs. 15 and 16, and since, further, the
Total Works Cost is roughly proportional to the total weight, it follows
that the machine would be lighter and cheaper the higher the speed.

Let us, however, make a rough preliminary examination of the
influence of the speed on the qualities of the machine. In the case
of alternators the two quantities which chiefly define the degree of
excellence of the machine are:

1. Temperature rise,
2. Pressure regulation.

With continuous current machines the chief considerations are

1. Temperature rise,
2. Commutation.

Values for these quantities, as also for the efficiency, are generally
specified in any particular case. The practicable efficiency, however,
is closely associated with the thermal limitations, and both of these
are dependent on the losses in the machine. Thus the efficiency is
generally brought within its specified limits when the prescribed

temperature rise is not exceeded.
88
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The subject of temperature rise and its estimation has been con-
sidered in Chapter III. For our present purposes we may take the
temperature rise as depending roughly on two quantities — the watts
lost in the machine per unit of surface at the air gap, and the watts
lost per unit weight of the material in which the losses occur (i.e., the
electromagnetically active or effcctive material), or per unit of weight
of the total mass of the whole machine. In any one class of machine,
the electromagnetically active material may be taken as constituting
a fairly constant proportion of the total weight, and hence it matters
but little when the comparisons are relative, whether we express
the loss in terms of the watts per ton (or kg.) of effective material,
or as the watts per ton (or kg.) of total weight of the machine.

We have seen that with high speed machines, the dimensions are
relatively small, but that the total losses for customary values of the
efficiency (since the efficiency is of about the same value for high and
low machines) will be much the same for a machine of a given rated
output, for any rated speed. Hence with high speed machines, the
watts lost per unit of air gap surface and per unit weight of machine
are much higher with a high speed than with a low speed machine.
By way of illustration we may refer to the two alternators of which
data are tabulated in parallel columns on pages 95-98 of this chapter.

For these two machines the following data illustrate the above
statements:

Ratedoutputinkva, . . . . . . . . . . . ... L. 1375 1500
Ratedspeedin RPM. . . . . . . . . .. . ... ... 94 1000
Efficiency at full load and with (cos¢ =0.8) . . . . . . . 969, | 96.6%
Total of all losses in the machines in watts . . . . . . . . 55,000 X
Weight of effective material —tons . . . . . . . . . . . 30.6 9.2
Air gap surface insq. dems. (#Dig) . . . . . . . . . . .. 770 392
Watts lost per 8q. dem. of air gap surface (reckoned on total

losses) . . . . . . . ... ..o 71 135
Watts lost per kg. of effective material . . . . . . . . . . 1.8 5.8
Peripheral speed — metres persecond . . . . . . . . . . . 24.5 63
D3g (cubicmetres) . . . . . . . . . . .. ... 8.0 0.9

The above comparison is for machines of practically the same
rating, the one designed for direct connection to a slow speed engine
running at 94 R.P.M., and the other designed to be coupled to a steam
turbine at a speed of 1000 R.P.M.

The speeds of the two machines are about as 10 : 1, and the values
of D*Ag are about as 1 :9. The weight of effective material in the
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low speed machine is about 3.3 times that of the high speed machine;
the total losses are practically the same for both machines.

Thus, although the high speed machine has only some one-third
as much effective material as the low speed machine, there is gener-
ated in it just about the same total amount of heat. This is a typical
comparison between high and low speed machines. It is not desirable
to increase the dimensions of the high speed machine, in order to
decrease the losses per unit of weight and of radiating surface, as this
procedure would lead to increased weight and cost, and increased
mechanical stresses.

Thus, if we are to keep within the same limits of temperature rise in
the two cases, the designs must possess features insuring that the ther-
mal emissivity per unit of surface shall be proportional to the rated
speed. The designer does not consciously set himself the problem in
just this way, but it is nevertheless fairly expressed in these words.

It is for these reasons that high speed machines call for very liberal
provision for ventilation, and great attention must be paid to sys-
tematic ventilating, as we shall see subsequently in considering
the ventilating designs employed in various machines. Increasein the
rated speed augments the difficulty in dissipating the heat due to the
losses, and consequently there is need for providing very liberal means
for ventilation. The problem is to a certain extent simplified owing
to the increase in the velocity of the cooling air through the machine
under the influence of the high centrifugal forces in high speed
machines. As a case in point, the peripheral speeds of the two
machines noted above are respectively 24.5 and 63 metres per second.

It will also be noted that the high speed machine is provided with
7 ventilating ducts, each with a width of 1.27 centimetres, while
this particular low speed design is not provided with ducts. The
ratio of the armature net core length A, to the gross core length 4,
is 76 per cent and 95 per cent in the two cases. Thus in the high
speed machine about 16 per cent of the armature gross core length
is taken up by ventilating spaces. The latter figure is, however,
usually greatly cxceeded in high speed machines.

Thus, so far as heating is concerned, high speeds are not necessarily
detrimental. The second limitation is pressure regulation, to which
we must allude in a general manner at this point. It has been
dealt with at greater length in Chapter V. The inherent regulation
of an alternator is defined as the percentage by which the terminal
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voltage rises when the load is decreased from rated load to no load,
the speed and the field excitation remaining constant at the normal
value for rated load.

This rise in voltage is dependent on the number of extra ampere
turns necessary on the field to maintain normal terminal voltage
when the machine is operated at its rated load. As we have seen in
Chapter V the total excitation at rated load is made up of three
components.

The first provides a number of ampere turns in excess of the
field ampere turns required at no load for normal terminal voltage.
This number of ampere turns is required for offsetting the armature
demagnetisation D, in order to maintain normal terminal voltage at
rated load. The second component provides a further number of
ampere turns sufficient to produce in the armature a voltage suffi-
cient to offset the resistance drop in the armature winding and the
component of the inductive drop which is in phase with the term-
inal voltage. The third component provides a number of ampere
turns sufficient to offset the increased flux densities in the magnets
due to increased leakage when the magnets are heavily excited.

Coming now to an examination of the extent to which the inherent
regulation is a function of the rated speed, we have to consider the
armature demagnetising ampere turns and their relative magnitude
as compared with the field ampere turns. In high speed designs the
number of poles is small, being fixed by the speed and frequency,
and thus the pole pitch and the length of the pole arc are large.
Hence the magnetic flux per pole is great; in fact, usually as great
as can be got through the machine without resorting to excessive
flux densities.* The largest dimensions available for the magnet core
are determined by laying out the armature diameter and length, and
these dimensions must be made as small as is consistent with the
heating limit. This is not done from motives of economy in material,
but rather from considerations of mechanical design.

Thus, in comparison with low speed machines, the number of
armature turns per phase requisite to give the specified voltage are
relatively small, and the armature strength is low. Hence the
armature is of lower inductance, as also for the reason that the wind-
ings are highly subdivided and are distributed over a large polar pitch.

* The flux per pole in high speed alternators of large capacity runs into values
as high as 50 megalines.
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The number of slots per pole per phase is large in turbo-alternators,
ranging from three to nine or more. This is in consequence of the
small number of poles and of the desirability of keeping reasonable
values for slot pitch and for width of slots and teeth. Hence the in-
ternal angle of lag of the current, due to armature inductance, is
small. In cases where the field winding is distributed in slots,
this internal angle of lag is further reduced, as the distorting effect
exerted on the flux by the armature ampere turns is less marked.

As regards magnetic leakage, it may be said that the leakage co-
efficients for high speed machines are usually smaller than for low
speed machines of the same rated output, as the sides of the poles are
much farther apart in the former case, and consequently in this
respect the high speed machine is better.

By way of illustration we have tabulated below some of the lead-
ing data for the two machines already mentioned:

Rated outputinkva. . . . . . . . . . . . .. . ... 1375 1500
SpeedinRPM. . . . . . . . . . ... ... ... 94 1000

umberofpoles . . . . . . . . . . .. ... 64 6
Flux per pole in megalines . . . . . . . . . . . . . . .. 4.06 18.4
Total flux crossinﬁ the gap fromallpoles .. . . . . . . . . 260 110
Armature strength in ampere turns perpole . . . . . . . . 2400 6500
Ampere conductors per centimetre of periphery . . . . . . 195 202
Number of slots perpole. . . . . . . . . . . . . .. .. 3 9
Number of slots per pole rer hase . . . . . . . . .. .. 1 3
Leakage coefficient (calcu ateg IS 1.23 1.15

From the above considerations it would seem that the use of high
speeds should effect improvements in the regulating qualities,
but these influences do not suffice to permit of designs with abnor-
mally close regulation. Nor is such very close regulation justified
in ordinary cases, as it would require a large cxpenditure for field
copper, or for “weak’” armatures, or both, and low output coefficients.
Further, the “short circuit current” of such machines is large com-
pared with the full load current, and they are consequently un-
desirable from the point of view of protection against heavy currents
on the occurrence of short circuits.

From this preliminary survey ‘with particular reference to con-
siderations of temperature risc and regulation, it appears that high
speeds are not unfavourable, and as the commutation limit is not
involved, it would at first seem that each increase in the rated speed
would result in a corresponding diminution in weight. Theoretically
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this should be so; but we have studied the matter from a number of
designs worked out in Chapters VIII, IX and X, and have shown very
conclusively that beyond a certain moderately high speed, the con-
sequences of a further increase in the rated speed are not favourable
as regards either cost or quality.

This very interesting conclusion confirms that reached by Behrend,*
who has investigated a number of 1000 kw. generators for various
rated speeds. Behrend’s curve is shown in Fig. 66, and indicates
that the weight of a 1000 kw. 3-phase 25-cycle alternator has
already passed the minimum value at a speed of 1000 R.P.M., and
that the weight at 1500 R.P.M. is as much as that at 250 R.P.M.
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F1a. 66.— Behrend’s curve, showing comparative weights of 1000 kw. 3-phase 25-
cycle generators at different rated speeds.

This result related to several machines designed and built by the
same firm.

The 1500 R.P.M. machine for 25 cycles has 2 poles, and we shall
see in Chapter VIII that 2-pole designs are not so good as designs for
equally high speeds but with a greater number of poles.

The problems arising in the design of a 2-pole machine are exceed-
ingly difficult. The most economical speed for 1000 kw. appears
from Fig. 66, to be 900 R.P.M., which is ncarer the speed corre-
sponding to a 4-pole design (750 R.P.M.), and leads to a much
more favourable result than is practicable with two poles.

* Electrical Review, New York, Vol. 45, pp. 375-378 (1904),
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We thus see that the speed for minimum weight is considerably
lower than the speeds of steam turbines of corresponding outputs
(see Fig. 1 on p. 3); nevertheless, customary steam turbine speeds
are much more favourable to alternators than to continuous current
generators.

Behrend’s curve also supports the statement made in the intro-
ductory chapter that ¢ when not carried to excess the higher the
speed in revolutions per minute, the more satisfactory will be the

results which may be obtained in designing alternating current
dynamo electric machinery.’’

The following specifications for the two machines already referred to,
afford a typical comparison in further respects as between a high
speed and a low speed design for about the same rating. Drawings
of these two machines are given in Figs. 67 and 68.

SPECIFICATION FOR TWO ALTERNATING CURRENT GENE-
RATORS — LOW SPEED AND HIGH SPEED.

A 1375 kva. 3 phase 64 pole
g 94 R. P.M., 50 cycles 5500 volt
B { 1500 kva. 3 phase 6 pole
° 1000 R.P.M. 50 cycles 11,000 volt
A B
Output in kva. (Power Factor =1.0) . . . . . 1375 1500
Terminal voltage . . . . . . . ... ... 5500 11,000
Style of connection . . . . . . ... ... Y Y
Current per terminal . . . . . . . . . . .. 181 100
Speed RPM. . . . . . ... ... .... 94 1000
Frequency . . . . . ... ........ 50 50
No.ofpoles . . . .. .. ........ 64 6

ARMATURE IRON
All dimensions in cms.

Diameter at airgap (D) . . . . . . .. .. 500 122
External diameter of laminations . . . . . . 548 190
Gross length between core heads (49) . . . . 32 58.2
No. of ventilatingduets . . . . . . . . .. None 7
Width of eachduet . . . . . . .. .. .. None 1.2

7
Effective core length (iron) (An) . . . .., ..  28.8 4.5
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Srors AND TEETH

Total numberofslots . . . . . . ... ..
Slot pitch at armatureface . . . . . . . . .
Widthofslot . . . . . . . . . ... ...
Width of tooth at armature face . . . . . .
Radial depth of slot . . . . . . . . .. ..

ARMATURE COPPER
No. of slots per pole per phase . . . . . . .
No. of conductors perslot . . . . . . . ..
Section of conductor . . . . . . . . . . ..
Current density — amperes persq. cm. . . . .
Dimensions of conductors bare . . . . . . .
Number of turns in series per phase . . . . .

Roror IroN

Diameter at poleface . . . . . . .. ...
Length of air gap (mean) . . . . . . . . ..
Pole pitch atairgap. . . . . . . . . ...
Ratio pole arc /pole pitch . . . . . . . ..
Gross axial length (parallel to shaft) . . . . .
Breadth of pole body across shaft . . . . . .

FieLp CopPER

No.of turnsperpole . . . . . . ... ..
Widthof strip. . . . . . . . . . .. ...
Thicknessof strip . . . . . . . . ... ..
Diameterof wire . . . . . . . . ... ..
Total cross section of winding space per pole .
Length of winding space . . . . . . . . ..
Depth of winding space . . . . . . . . ..
Current density (amperes per sq. cm.)

MagNETIC DATA

Armature fluxperpole . . . . . . . . ..
Leakage coefficient (calculated at no load)
Flux in the polecore . . . . . . . . . ..

MaGNETIC DENSITIES

Atpoleface. . . . . . . . . ... .. ..
Mean density inairgap . . . . . . . . ..

400
4 of 0.38 dia.
352

54

1.1
120

134

4.06
1.23
5.0

4410
12,500
15,100

3560
11,000
11,900

W w
N -

3
18
0.303
330
0.436 X0.872
162

120
1.45
62.8
0.66
55.2
25.4

300
2.54
0.09

97.2
16.2

236

18.4
1.15
21.2

7900
16,500
15,800
12,600

8100
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Losses
Armature Copper
Mean lengthof turn . . . . . . . . .. 162 364
Resistance per phase at 60°C., . . . . . . 0.29 0.39
Total I’Rloss,cos8¢p =1 . . . . . . . .. 18,000 7400
Total I’R loss,cos ¢ =08 . . . . .. .. 28,000 11,600
Armature Iron .
Wattsperkg.. . . . .. ... ... .. 2.15 6.85
Totalcoreloss . . . .. .. ... ... 12,300 30,500
Teeth
Wattsperkg.. . . . . . ... ... .. 17.2 30
Total toothloss . . . . . . . . e e e 3500 2080
Totalironloss. . . . . . . .. ... .. 15,800 32,600
Iron loss + copper loss (cos ¢ =1) . . . . 33,800 40,000
Iron loss + copper loss (cos¢ =0.8) . . . 43,800 44,200
Watts per sq. cm. of armature surface
cosp =1. . . . . . ... ... .. 4 102
Watts per sq. cm. of armature surface
cosp=08. .. ... ....... 57 113
Field Copper
Power for excitation at full load cos ¢ = 1. 6300 4500
Power for excitation at full load cos ¢ = 0.8. 11,000 8700
Watts per sq. dem. of external surface of
field spool cos ¢ =08 . . . . . . .. 5.4 75.5
EFFICIENCY
cosp =1. . . . . .. ... ... .. 97.2 97.1
cosp =08. . . ... ... ...... 96.0 96.6
REGULATION
Inherent regulation at normal current and
power factor =10 . . . . . . . .. 5% 6%
At normal current and power factor = 0.8 . 149, 18%,

CoNSTANTS AND COEFFICIENTS

Weight of effective material . . . . . . . . 30,570 9220
Weight of effective material — kgs. per kva. . 22.2 6.15
Cost of effective material, dollars . . . . . . 21,421 6350
Cost of effective material —$ per kva. . . . . 3.9 1.06
Dg (cubic decimetres) . . . . . . . . . .. 8.0 0.87
Output coefficient £ . . . . . . . . . ... 1.83 1.725
Ratio Ag/ T . « . o e e 1.31 0.926
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CoNSTANTS AND COEFFICIENTS — Continued

RatioD/ag . . . . . . . « o v v v v oo 17.1 3.28
Ampere conductors per cm. of periphery (a) . 195 202
Flux per sq. cm. of armature surface (8),. . . 5180 - 4940
Peripheralspeeds . . . . . . . . . . . .. 24.5 63
Watts per c.cm. of active belt . . . . . . . 3.78 8.45
Ratio of field ampere turns to armature ampere

turns. . . . . . Do e e e e e e e e e T2 1.72
Kva.perpole. . . . . . . ... .. ... 27 313

WeieHts IN Kas.

Magnetcores . . . . . . . . . . .. . .. 4900 1680
Magnet yoke . . . . . . . . ... .o 13,800 1230
Armature laminations . . . . . . . . . .. 7800 5150
Effective iron, total . . . . . . . . .. .. 26,500 8060
Armature copper . . . . . . . . . . . .. 890 450
Field copper . . . . . . . . .« ¢« o 3200 710
Effective copper, total . . . . . . . .. .. 4090 1160
Total weight of effective material . . . . . . 30,570 9220

Costs oF EFFECTIVE MATERIAL (dollars)

Magnetcores . . . . . . . . . . o . ... 613 210
Magnet yoke . . . . . . . . . .. ... 1725 155
Armature laminations . . . . . . .. . .. 972 645
Effective iron, total . . . . . . . . . ... 3310 1010
Armature copper . . . . . . . . . o ..o 445 225
Fieldcopper . . . . . . . . .. .. ... 1600 355
Effective copper, total . . . . . . . . ... 2045 580
Total cost of effective material . . . . . . . 5355 1590

The kva. per pole for the low (4) and high (B) speed are respec-
tively 27 and 313, and the ‘“armature strengths’” 2400 and 6500
ampere turns. The radial depths of the air gaps are roughly in pro-
portion to the armature strengths, and are 0.45 and 1.48 centimetres
respectively.

The output coefficient for A is rather greater than for B. The
values of D?Ag are 8.0 X 10° and 0.9 X 10° respectively.

The analysis of the weights and costs of the active material shows
that A contains 22.2 kgs. per kva. as against B’s, 6.15. The total
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weight of A is thus about 3} times as great as that of B. The distri-
bution of weight and cost among the individual parts of the machine
does not differ widely in the two cases, as will be seen in the following
table where the weights and costs of the iron and copper are shown
as percentages of the total active material. The chief difference is
in the disposition of the iron. In the slow speed generator, the arma-
ture laminations account for 25 per cent, and the magnet yoke for
45 per cent, while in the high speed generator the armature lami-
nations account for 56 per cent, and the yoke for only 13 per cent.

TABLE 15.

PERCENTAGE WEIGHTS AND CosTs OF HIGH AND Low SPEED ALTERNATORS.

Weights. Costs,
Speed, R.P.M. . . . . ... ........ o4 1000 o4 1000
Magnet cores . . . . . . . . . . .. 16.0 18.2 11.4 13.3
Magnet yoke . . . . . . . . . . . .. 45.0 13.2 32.3 9.7
Armature laminations . . . . . . . . . 25.4 56.0 18.2 40.5
Effective iron—total . . . . . . . . . 86.6 87.4 61.9 63.5
Armature copper . . . . . . . . . . . 2.9 4.9 8.3 14.1
Fieldcopper . . . . . . . . . .. .. 10.5 7.7 29.8 22.4
Effective copper—total . . . . . . . . 13.4 12.6 38.1 36.5
Total effective material . . . . . . . . 100% | 1009, 1009, | 100%,

It is evident from the drawings, Figs. 67 and 68, that this is due
to the concentration of the yoke at the shaft and the great radial
depth of stampings below the armature slots in the high speed gen-
erator. Apart from the effective material, it must be remembered that
the low speed flywheel generator has a far larger amount of non-
effective material in the large spider arms for the magnet wheel, and
in metal for the stator frame.

The “weight factor” defined in Chapter II as the ratio of total
weight of generator to weight of effective material is for these two
cases 2.5 and 1.8, the total weights being 75 and 16.5 tons.

In addition to the material charges, there are also heavy labour
charges associated with the large diameter of the flywheel generator.

By way of further illustration of the characteristic features of
high speed alternators, there are brought together in Table 16 the
leading data for 30 alternators of ratings ranging from 80 kva. to

. -
.
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INFLUENCE OF RATED OUTPUT AND SPEED. 101

7500 kva., and with speeds ranging from 3000 R.P.M. down to 300
R.P.M., speeds toward the lower limit having been included as typical
of designs for machines driven by water turbines.

Excluding the machines of the lowest speeds, it is seen that the
number of poles ranges from 2 to 8; in consequence, the length of
the pole pitch reaches values as high as 100 centimetres, and in the
case of No. XXVIII, 135 centimetres, as compared with the range
of 15 to 30 centimetres which is usual for the pole pitch of very low
speed machines. The peripheral speeds average 60 metres per second
(being in one case as high as 113 metres per second) as compared
with 10 to 30 metres per second for slow speed machines.

The output per pole is a conception which gives some ideas of the
amount of field copper per pole, and its value has been entered in
the table, where it is seen to amount to 1375 kva. per pole in the
case of No. XXVII. This value, in the case of alternating current
generators, of course depends on the rated output, but in comparing
machines of a given rating for different speeds and numbers of poles,
it is of considerable interest.

The radial depth of the air gap is entered in column 17. The air
gaps are deep with machines of large output per pole. The deepest
air gap shown is for the 5500 kw. 4-pole Westinghouse machine No.
XXVII, which has a gap of 8.25 centimetres (3§ inches).

The output coefficient,

¢ - Watts output ,
D’ig (R.P.M.)

is entered in column 20. A discussion on this coefficient has been
given in Chapter II. It will be seen from Table 16 that the average
values for the coefficient are, on the whole, considerably lower than the
values obtained with low speed designs. This signifies that although
the armature is doing greater duty from the standpoint of watts out-
put per unit of D*Ag, its specific duty, i.e., the watts per unit of D’Ag
per revolution per minute, is not so high for the high speed ratings.
The ratio of the armature diameter to armature core length is
shown in column 14. This ratio is not of great utility as a factor
in design, but it conveys an idea of the contour and proportions of
the armature. Thus, whereas in low speed designs the diameter is
from 7 to 20 times the length, in high speed designs the average ratio
lies between 1 and 3. The ratio of armature length to pole pitch
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Ag/t is of greater significance as a designing conception. Its value
is fairly uniform at about 1.6, and, leaving out of account exceptional
cases, it may be said to lie between 0.7 and 1.5.

The comparisons set forth in this chapter illustrate fairly well the
general comparison between designs within the range of low rated
speeds to those within the range of high rated speeds.

It is evident that, comparing two designs for a given rated output,
one for a low speed and the other for a high speed, although the
high speed effects considerable cconomy in the material, the economy
is by no means proportional to the rated speed. It has already
been stated that as one approaches, for a design of given rated out-
put, the range of high speeds, the influence of, and the economy
effected by, the rated speed become less marked. There is a certain
speed most suitable for each rated output and frequency beyond
which no further economy is effected by further increase in the rated
speed.

It is the purpose of the immediately following chapters to examine
these relations quantitatively and in further detail by the working out
and study of a number of designs for alternating current generators.



CHAPTER VII.
GENERAL PROCEDURE IN ALTERNATOR DESIGN.

A PRELIMINARY design may be worked out from the basis of any of
the design coefficients given in Chapter II. The most convenient and
most extensively used of these is the output coefficient §. For a
specified rated output, speed, and frequency, we can choose an
appropriate trial value of £ from the curves in Figs. 3 to 6 of Chapter II.
This value determines the value of D?lg. To obtain the values of
the two components of this term D?lg, we are partly controlled by

the values of the ratios % and {4? , where t denotes the pole pitch at the
air gap in centimetres.

The ratio % lies between 0.6 for machines of large output and very
high speeds, and 12.0 for designs for large output and very slow speeds.
The average value of ;‘—; for machines up to 3000 kva. rated output and

for steam turbine speeds is of the general order of unity, .., the diam-
eter is more or less equal to the gross core length.

The ratio i‘g is much more uniform than the ratio ﬁ_)g ,and usually has
a value somewhere near unity, rarely exceeding 2.0 and rarely being
less than 0.6. It is in the interests of a good design from the electro-

magnetic and thermal standpoint, 