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Some Hints Regarding Deflection of Ships due to
Temperature Difference.

By

Dr. K. Suveniro, Member.
T. InokuTy, Junior Member.

(Read before the Spring Meetings of the Society of Naval Architects, Japan. April
10th, 1916.)

(The importance of investigating the present subject was first noticed by Prof. Purvis
who suggested to one of our students to study this as a topic for his graduation essay.
However, most likely due to lack of time, the student was unable to solve the problem
set to him. So we have endeavoured to investigate the subject sufficiently to get some
hints in this direction. Under such circumstances, several points involved in the present
paper—for instance the relation of stresses in heated and unheated portions and the
assumption (2) as to temperature distribution—are due to the suggestion by Prof. Purvis.)

Deflection of ships is undoubtedly one of the important problems connected with the
structural strength of ships and its actual measurement as well as theoretical investigations
thereon are reported to kindred Societies from time to time.> As far as our knowledge
goes, except one paper only,® written by F. S. Smith of U. S. Navy, the papers deal
with the deflection caused by loading. In the paper just mentioned, it was reported
that in the Neptune, an American Collier (L 520'x B65' x Drft. 27'—73") maximum
increase of hog of 1 inch was observed on a rise of temperature of Tdegrees F' (tempera-
ture of air?). If such an enormous amount of deflection caused by temperature difference
is really possible, all the information with regard to deflection of ships so far obtained—

especially the deflection after launching, an operation in which temperature distribution

1). Read and Stanbury, “On the relation between stress and strain in the structure of vessels ” LN.A.
1894, _ :
Siemann, * Elastische Formiinderung des Schiffskirper,” Schiffbau, 1910,
Cornbrooks, “ Data on hog and sag of merchant vessels.” Am. SN.AME, 1915
2). Smith, “ Change of shape of recent colliers,” Am. SN.AM.E., 1913.

SHOSEARYUORE~VEBRRBOBE W



&

- ARG EAREOMEA LT O R

2 (B R ERD R ®oEF T m oM B

is likely to be totally upset—will perhaps be of no value.

The object of the present paper is to see mathematically to what extent a ship may
experience deflection under an assumed mode of temperature distribution. Evidently the
temperature of a ship will generally be distributed in a very complicated manner (see
the end of this paper), and consequently the resulting deflection will not permit of being
attacked mathematically. As a preliminary investigation, we atempt here to find only
the qualitative value of the deflection, with which actual observation should be compared.

Throughout this paper the following nomenclature is used (refer to Fig. 1—3) —

L = length of ship. '
dax = small portion of the length.

oz = uniform elongation of 4.

0s = elongation of the top of the structure due to pure bending of 4u.

Y = distance of the top of a section from its neutral axis.
0 TN 5 3 bottom of a section from its neutral axis.
y = distance of a point in a section from its neutral axis.

z = amount of hog (or sag).

@ = sectional arvea of a section.
da = infinitesimal sectional avea.

06 = angle through which one end section of 4z is turned relative to the other.
I = moment of inertia of a section about its neutral axis.

% = distance between water line and neutral axis.

E = stretch modulus of steel.

% = coefficient of thermal expansion of steel.

t = temperature.

Now if a ship is heated by the sunshine or other agent, the heat will be conducted
through the hull to the sea water and surroundings. When the flow of heat becomes
steady, a definite distribution of temperature will be attained in the ship.

Let us suppose, for the sake of simplicity, the distribution in a section is the same

at both sides of the ship and put
t=/(y)-

In consequence of such a non-uniform distribution of temperature the ship will be

subjected to change of its shape, which may most likely be analysed into a pure elonga-
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Fig. 1.

tion and a pure bending. As these deformations are caused by internal strain, not by
an external force, stresses in the ship will be so distributed that the resultant force
of the stresses in every section of the ship is in equilibrium in itself.

From the condition that the resultant force of the stresses in the section 4B (see

FPig. 1) vanishes, we have

f E (B —Ef () dx)da=0 -cvveriiunirimmiinrninnionnens @

dx

Similarly, as the resultant couple of the stresses must also become zero, we have
f__i (01‘: y—f(y) dm) ;t_!da_:o .......................... @)

Of these two equations, the former has no importance in the present problem. From
the latter, we obtain %

= I=k[/ () yde

Now if we put f F(y)yda=DM and make 4 indefinitely small, this equation is trans-

formed into

where z is the amount of hog as already described. As is well known, the integral of

SHOGEAREOBE~AVEA ENOEE W
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this differential equation, which gives the deflection of the ship, takes the form,

aa M a ,?;' £ B o M 2
= k (Ix- s f j dm— .............................. 3
_’:} 0 I _L 0J o ]— ( )

under the.condition that there is no deflection at extreme ends, viz. when x=0 or I,
z=0.
Thus if we know the value of /(y), the distribution of temperature at every section

of a ship, we can find the amount of the deflection by the equation (3). The distribu-

y tion of temperature, in. actual cases, will depend upon various ecireum-
stances such as the divection of the sunshine, the position of shadow
4 cast by shelter, the extent of nonconductive covering, and heat of
2 £ engine and boiler space. Consequently it is not only very complex
/ in its nature but never attaing a constant state. However it will
suffice our present purpose, if we assume a simple mode of distribu-
Fig. 2.

tion of temperature, which may not be far from actual ocemrrence.
(1) If temperature is so distributed throughout a ship that it changes linearly with
height and attains extreme value at the top and bottom.
Distribution of such a nature may occur in a shallow draught boat when she is

heated by the sunshine from right above. In this case we may assume
t=f(y)=1y+t

in which r is temperature gradient per unif height and £, temperature at neutral axis. Then

= » <
M= |7y yda=| (zy+t) yda=<]| y’da=<l

- ~F

As it is assumed that the distribution of temperature is “the same throughout the ship,

F::kfmf:dmz—-_{g_x—f!‘fzrdw?: i iﬁ(ﬂi—L}
0do L JoJo 2

The amount of hog is evidently a maximum at w:.;g_ i.e. at midship, and it is

we have from (3),

12

2= kr,
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in which £=0.000012 (C"). :
Therefore, when the temperature gradient is 1° (¢ per foot
zin inches=1.25 x 10" x I*
A few examples are here shown :(—

Maximuma deflection for a temperature

Length of ship gradient of 1° ¢ per 1/
580/ 4.20"
445 2.48"
370' LY

(2) The parts above and below the water line are at different, but uniform tem-
peratures.

Temperature distribution of such a nature may occur in a ship at night or on a
clondy day when the upper part assumes the temperature of the air and the lower part

that of the sea water; in certain other cases it is also conceivable.

‘é,.__t__, Now let 4 be the temperature of the part above the water
i
line and ¢, that of the part below the same. Then,
)[R A y=from % to ¥ J ()=t
w_t_a; s Y= n“"Y; 1] L ,(f(y)ztz
in which % is the distance between the neutral axis and the water
Fig. 8. line. In this case,
T ¥ A g ¥ ¥ Ir
ff(y) yda= tzyda-}ft,ycfathydce-+ (__fl—ig)fydmﬁ-t‘,fyr:@’a:tzfyda-—i— (tl-—t,)fyda:t.m
—¥* T i i) I o -F )

; & ,
where t=t,—1%, the temperature difference and m= f yda, the moment of the sectional
h

area above the water line with respect to the neutral axis.
Therefore, under the assumption that one and the same termperature distribution

exists throughout the ship, we have from (3),

gt LEdads T

This integration has been performed graphically in a well known manner for three
different ships (ome of the graphical integrations is shown in Fig. 4 as a sample) and

the results obtained are shown in the following table :— -

SROGETIWORBBE~ VBT EMOBE W
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Max. deflection due to
a temperature Position where
Type of ship Dimensions Dranght difference of max. deflec-
(0 tion oceurs.

Shelter dk. with fele .. 580" x 68 x 46 to 8.0 51 —10" 0.153" 13/ —0" abatt
Full scantling with p. b.

e 445’ x 58 x 34’ 26’ —3" 0.092" r-0"
Spar dk. with p. and -
partial shelter deck. 370" %47 x30' o 80) 21'—6' 0.087" g

Putting aside the enormous values dervived from the assumption (1), we can see
from this table that if a temperature diffevence of say 10° €., which is not improbable,
exists between the parts above and below the water line, we might expect the occurrence
of a ma ximumdeflection of somewhere about one inch in a medium sized boat. This
amount is evidently comparable with the extent of deflection which is generally observed
due to loading or after launching. Therefore, it secems that in measuring deflection of a
ships—especially in the case of launching—it would be well, if possible, to measure the

temperature of hull and its sur-
TAPICEREE T AR 1St 2

R - roundings ; unfortunately this is

j"“'z o _p _ a matter of practical impossibility

1 i when she is irregularly heated by

"”“7’2“_&_: the sunshine. Though, without

i o -~ ;' g further information, we cannot
23] assert it, yet the diserepancy of

the permanent stresses in the

two sister boats Yasaka Maru

175" a";. L
JERERT : :
ST SN and Suwa Maru recorded by the
| // e 2t Terano-Yamamoto strain-meter,®
M e may perhaps be traced back to
MEBSUSED AT 1= BT Manen, 1915, Tex Lims St cpene, | i
R a temperature deformation.
GEcTmon - rrEAR. Pow. S . -
Dis clam o St - DEARLY. 3 Actual observation of tem-
Fig 8. perature distribution.

In order to see how temperature is distributed in an actual ship, we measured

temperature of a barge at various spots along the line of a frame by means of a thermc~

3) FEURKHRE@E A v v v v - K= P KBRS KRR SHBacH SHTmuk
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electric junction. The observed distribution is shown in Fig 8. As the diagram shows,

temperature of this ship had a mode of distribution intermediate between the assump-
tions (1) and (2). However, we could neither measure the distribution of temperature
thronghout the ship nor the actual deflection that cccurred. Therefore, we must hesitate
to draw conclusions from such an incomplete observation.

Throughout this paper, we are ouly theorizing. Unfortunately we have not often
the chance of making actual measurement in a ship and cannot say to what extent our
mvestigation holds good in actual case. We should be much gratified if somebody who
is interested in this problem and is daily oceupied with ships would test the validity of

our results by making further experiments along this line.

b
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On Dr. Yokota’s “General Expression for Stress Components
in Two-Dimensional Problems of Elasticity.”

By

Dr. K. Svveriro, Member.

(Read before the Spring Meetings of the Society of Naval Architects, Japan. April
10th, 1916.)

I am not qualified to discuss a paper written 'by such an able mathematician as
Dr. Yokota; the paper is far beyond my mathematical knowledge. But, by nomination
of our Chairman, I was designated to write the present short note.

Dr. Yokota's paper is the most severest mathematical paper ever put before the
Society, and ought perhaps rather to be put before a mathematical society. His method
of solving elastic problems is altogether original, and he is to be congratulated on his
success in introducing a new method to the mathematical theory of elasticity.

However, so far as its practical applicability is concerned, it seems that the method
is not without inconvenience. The expression found by him has too much of a funda-
mental form to be applied to solving elastic problems. As is described below, the nature
of the expression is just as if a potential function, or the like, satisfying the equation
3_;54-%;::0 were said to be expressed by V=flz+iy) in general. No doubt such
an expression of the potential function would be the most general in a purely mathe-
matical sense. But in practice the expression is, with a few exceptional cases, generally
much developed for solving potential problems. In a similar manner his gengral ex-
pression bas room for much interpretation before it may become surmountable by us who
are not generally trained to manage such higher mathematics as the theory of functions.
If the expression be discriminated according to vavious systems of co-ordinates and pub
into a more feasible form freed from complex quantities, we should obtain those expres-
sions given by Love (*Treatise on the theory of elasticity,” Vol. I, Page 334.) As Dr.
Yokota starts the solving of each problem from its very source, the operation, in some
cases, may become unduly complex, for instance, while his first example can be solved

after Love's method in a few lines, it takes a comparatively prolonged and rather
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difficult process in Dr. Yokota's hands. This I say from an engineer’s stand point.
Apart from its practical applicability, his method has many strong points—in that the
expression is practically independent of the sort of orthogonal co-ordinates; besides it
has a novel nature. It may be added that a solution of mathematical or physical interest
is not necessarily to be expected to have also an engineering interest. With regard to
‘the bearing of the paper on practical questions, I can say nothing, because, so far as
I can guess, he lays no stress on practical questions; although he shows several examples
he does mnot tell us how they are to be applied to the practical questions of naval
architecture.

It may not without interest to a few among the members, who do not absolutely
refrain from mathematical formuls, to show how his expression and Airy’s equation are
connected each other.

As ig well known among mathematicians

o F F o'F
o e

in which F is Airy's *stress function” having the nature :—

; % o . 2
X’EZE’ Yy:?}:’ and X:),:— 9F i
oz’ oy’ T Sady
; ; 2 5
Expressing symbolically I)=—"— and [)'=__, we have

(D*+2D* D"+ DHYF=(1'+ D} F=(D— D'V D= D" +2DD" ) F=0.

Now put (DP=D*+2%DDVF=X,—Y,—2X,=V.
Th;en, as (D—iD'yPV=0,
' V=yfie+iy) +fi@+iy) - 5y Sttty
Again put (D4 DY F=X,+Y,=V".
Then, as (D D5 P =0,
Pl=Bfiletiy) on LA@EHY) -vsoressmsonnioriss @)

in which R and I are written after Yokota’s notation.
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In these equations (1) and (2), /i, /o and f; arearbitrary functions connected each
other by the following equabion :—

(D*+ D) V=(D+iD'yV"
As (P D")f, is evidently zero,
D'+ DMy f(e+iy)=(D+iDV | Bfiletiy) o Lfi(e+iy)

Therefore, by the elementary principle of a function of a complex variable, namely
(D-{-?ID’)QRJ;:,_;_(D-{-ED’){,{; and (D+iD'y: If;:_%-s(znw Y fis

we have, when R is taken, Jw+iy) =1/ (@ +y)

and when I is taken, Ss(e+iy)= fi'(@+y)
- Thus, we have
X, — Y, —2X, =iy /) (m+iy) + z-+1y)
X+ Y,=Rf(@+iy)
or

X, —Y,—2X,=y/ (x+iy)+f(z+1y)

X, + Y, =1/ (2+w)

The former pair of equations are the expression obtained by Dr. Yokota. Thus it
seems that his expression corresponds to intermediary integrals of Airy’s equation. Lastly,
it is to be added that the fact that Dr. Yokota’s expression is derivable from another,

does In no way lower its merit; in mathematical science every specialized equation can
be derived from its fundamental one.
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Some Hints Regarding Deflection of Ships due to
Temperature Difference,
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On Dr. Yokota’s “ General Expression for Stress Components

in Two-dimensional Problems of Elasticity.”
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Discussion.
O Dr. F. P. Purvis.
Note on Prof. Suyehiro’s and Mr, T. Inokuty’s Paper.

i3

The paper is one which is naturally very interesting to myself ; whether the pro-

blems involved are of practeal importance, or only of academic interest, I am mot guite
able at present to decide. I have pointed out to the anthors that the method used is
capable of further application than they give it; and it iz this further application that

T pressed upon the student last year in the case alluded to at the beginning of the

paper. This further application is the induced stress brought about by the non-uniform

heating of the structure; each part, from its position, is free to take up part only of

the expansion or contraction due to temperature; in so far as it cannot respond to the

temperature a stress remains, compressive for increase, tensile for decrease of temperature.

The value of this stress is easily derived from the expressions in the paper.

compression positive, tension negative,

Tnternal stress= ¥ { kf(y) — Poles ds } :

, Az Az
If we apply this expression to case (2) on page (5). & take
" B= area above water, temperature 4
A=total area, so that 4— B= area below water, o &
m=moment of B about N.4.
—h= -, A—B 3 iy
then from equation (1) on page 3,
| oy Bu+(4+B)G

A A
and from equation (2) on page 3,

0 —p v L @yda _, ¥ (mty —mfy)

Az : fy*da I
=k _11_/:._ in (h—1s) ; |

also kf (y)=kt, for the portion above water,

k Jr‘_tz EY) 2 below 2

Taking

g
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Hence above water,

Tnternal stress= K. . (4<4) { A-B _ ¥Y.m ),
A |
and below water,
Bitr T

Internal stress=K. K. ({,—1,)( — e )

With any of the three ships given on page 6, for {,—#,=10°C.
Maximum stress works out about 1. ton per sq. inch. It is at least worthy of
farther consideration whether stresses of this nature (when added to other stresses) could

ever become of serious importance.
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ON THE STAL TURBINE.
by

Mr, Helmer Hedberg.

(Read before the Societies of Naval Architects, and Mechanical
Engineers on the 4th February, 1916.)

The Stal turbine is the name of the Tjungstrom Steam Turbine, as manufactured in
Sweden and has its name from the initial letters in the manufacturing concern, Svenska
Turbinfabriks Aktiebolaget Ljungstrom, ie. Stal. The inventors ave two Swedish engineers,
Birger and Fredrik Ljungstrom, who after thoroughly developing the invention started
the manufacturing company, Stel, at Finspong, Sweden.

Before starting a more detailed description of the Stal turbine we will make a brief
comparison between a Tjungstrom-turbine and an ordinary turbine of the Parsons type,
both shown in the Figure 2 diagrammatically and in vertical section, the latter above,
the former below in the Figure. The comparison with the Parsons turbine is made,
becanse that type as well as the Ljungstrom-turbine, is a puve reaction turbine, so that
* the latter is a further development of the former. As can be seen from the sections, the
size of the whole Ljmmgstrom-turbine is about the size of the exhaust of Parsons. In
both cases the exhaust is practically of the same size, as ai)out the same amount of
steam passes through the two turbines. While the exhaust of the Tjungstrom-turbine
holds the whole turbine blading, the Parsons turbine apart from the exhaust consists of
a stator arranged in steps and of considerable size, inside of which a rotor also arranged
in steps is moving supported by bearings on both sides.. Between those revolving and
stationary parts ave situated, the blade rings through which the steam passes in axial
direction from one end of the turbine to the exhaust at the other end. The correspond-
ing parts of the Ljungstlrt}m-turbine consist, as shown by Figure 2, of only two discs,
running in opposite divection, between them the necessary blade system is placed, so
that the steam instead of working in an axial direction as in the Parsons twbine, works
in radial dirvection from the centre out to the periphery, in both cases going downwards
through the exhaust. Instead of the special bearings used by the Parsons turbine, the
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revolving parts of the Ljungstrom-turbine are connected to the shaft ends of each
generator and special bearings for the turbine thus made unnecessary. The axial balane-
ing of the Parsons turbine, necessary on account of the step-formed revolving drum, is
accomplished through special steam pistons, which revolve with the drum, and the dia-
neters of which are chosen so as to emable the axial balancing to be maintained through
a special thrust bearing outside one of the main bearings. In the Ljungstrim-turbine
the corresponding axial balancing is performed simply ﬂlmugh surfaces under pressure on
the rear side of the rotating discs and by means of special automatic tightening arrange-
ments, which will be deseribed later on, and which make the thrust bearings used in
other turbines superfluous; at the same time they make the equalizing of the pressure
on both sides of the revolving dises possible, simply through drilled holes (shown in
Figure 2) instead of specizul.pipe connections, as used in the Parsons turbine.

From Figure 2 it can also be seen, that the floor space oceupied by the Ljungstrom-
turbine is only a fractional part of the space required for other turbines, & reduction, which for
turbines of larger power reaches so far as to be only l/StIi of the floor space needed by others.

This is best understood by a few examples. The turbine alone for a 1000 K.W.
steam turbine arvangement is only 20 inches and for a 7000 K.W, arrangement only 30
inches in length. . :

Figure 3 shows the whole system, the steam turbine situated in its own exhaust and
the two electric generators placed one on each side of the turbine in axial direction and
built with the exhaust as one single cylinder body of extra strong and absolutely
symmetrical dimensions. As mentioned before, the revolving fields of the electric generators
with their bearings are utilized for supporting the two turbine dises, which arve conmnected
to the shaft ends of the two votors, revolving in opposite dirvections. Electrically these
two systems work as one becanse the stators of the generators are coupled in parallel fo
the line and the two rofors are connected in series, receiving their magnetizing current
from the common exciter, which can be seen on the right hand side of Figure 8. The
electric generators being thus connected in parallel, their speed and load will be the
same, and the rotors beiﬁg connected in series a simultaneous disloading will be effected,
should the exciting current by accident be ecub off. Tt has therefore been proved un-
necessary to apply a speed-regulator to more than one of the shafts, while special so-
called safety regulators are applied to each shaff, working independently, so that either

one can bring the unit to rest in case the speed limit on its side is exceeded.
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The influsnce on the turbine of this arrangement is naturally that the relative speed
of the two dises and also the relative speed of the blade rings carried by these dises is
doubled, ie. if for an A.C. generator of 50 cycles each, one of the rotors makes 3000
revolutions per minute, then the relative speed between the turbine discs, i.e. the blade
rings, is 6000 turns. The result of this arrangement is, that each blade ring in such a
double rotating turbine performs work equal to the square of the relative speed inside
the turbine, which means four times as much work per blade ring as in a single rotation
turbine. As a consequence the amount of blade rings of a double rotation turbine will
be reduced to 1/4th and these can be easily accommodated between two discs with a
relatively small radius small enough to avoid dangerous stresses in the material, even
at high speed. The extremely compact dimensions of the Ljungstrom-turbines is thus
explained and it must be remembered, that restriction of size is not obtained at the
expense of economy of steam; this on the contrary is higher in this turbine than in
others, a fact which is proved by the superior steam figures obtained.

The construction of the complete system, steam turbine as well as generators, in one
single cylinder, is an extraordinarily important factor towards attaining these results,
In 1kr:milding the whole nnit together in one piece one gets the best possible rigidness in
connection with the most complete symmetry ; this makes a special base-plate unnecessary,
at the same time that all stresses in the system (heat stresses etc.) are directed towards
the centre and the very particular centering of the revolving and the stationary parts,
which is effected at the time of ervection, pertains under all different temperatures and
load conditions, independent of any sinking of the building or of a more or less firm
foundation, as can be seen from Figure 4.

On account of its rigidity and symmetrical form the Ljungstrom-turbine can be placed
dirvectly on the condenser, the foundation of which is thus the only omne required for the
whole plant, an arrangement by which a special mean floor can be avoided. The con-
denser foundation can be made considerably cheaper and less solid than is otherwise
possible, becatse a sinking of the foundation will in no way change the relative positions
of the different parts in the wnit and therefore be permitted within reasonable limits.
On the other hand the foundation for other turbines is considerably more expensive and
requires large space, thus increasing the space needed for the plant as a whole.

It is guite plain that the building necessary in adopting the Ljugstrom-turbine is

much reduced in height as well as in floor space, so that a considerable saving of space
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is made; this must be put to the credit of the system. Tt may be of interest to know
that for the first 1400 K.W. plant, the cost of the foundation was only equivalent fo
¥190 :—The floor space needed as compared with other turbines ought not fo exceed one
half as a rule, besides the ‘reduction in height.

The central part of the turbine system, i.e. the blade vings, has naturally been unsed as
the starting-point for the system as a whole, so that around the same all the other parts
have been grouped in such a way as hag been deemed necessary to obtain the highest
efficiency in the blade system. It is therefore in the first place the blade system itself that
has been taken into consideration, and this will be explained with the help of Figure 5.

As mentioned before the main qualification for getting the necessary number of blade
rings within the radius, limited in size on account of the revolving speed and stress of
the material, is the adoption of the double rotation system, whereby the number of biade
rings is reduced to 1/4th. The second essential, viz. that the radial dimension of the
blades be made small enough, consistent with strength and safety in running, requived
the design of details and methods of manufacture, without which a complete construction
of the turbine could not be carried out. The solution of the purely practical manufactur-
ing problem was therefore the first goal to reach and it was not before this was effected
that the complete construction was worked out.

The welding process has now come to a point of perfection, opening new possibilities
for the turbine technique, practical as well as constructive, which ave in a striking way
demonstrated by the Ljungstrom-turbine, this being the first to fully utilize those possi-
bilities. The different operations necessary for making the blade rings of the Stal turbine
will now be described with help of the Figure 5. The blades are cut to suitable lengths
from ready made bars, in the manner usual in other turbines. Then the ends of
the blades are faced off in order to enable them to fit in holes, which are punched
in channels turned out in a lathe near the edge of two circular iron plates. The
blades numbered in Fig. 5, upper middle sketch, are placed between those plates 2,
2, ready for welding. The plates are mounted each on its mave placed on one
common shaft, which keeps the whole together while the welding process is going on.
As shown by Figure 5, in the middle lower sketch the channel formed profiles at the
edge of the two iron plates arve filled by means of the welding, so that the ends of the
blades, thrust through the holes into the channels, are welded with the plates to one

single piece. When this operation is completed, the iron plates are put in the lathe and
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dovetails cut, shown by the shaded section in Figure 5 everything below the shaded
portion and right and left of it being removed. The bladings arve thus at the same time
cut off from the plates, the diameter of which is correspondingly decreased ; this is the
case each time the plates are used; they are thus employed for rings of successively
smaller diameter. The blade ring is now, thanks to the welding, on single piece, although
it was originally composed of the outer strip of the two plates and of blades np to S800.
The blades have, however, despite their small dimensions, veceived from the welding a
more tmstworthy fastening than any other blade design strengthened as it is by an
arrangement shown in the section in the upper left and lower right sketches of Figure
5. The dove-tail profile, not being strong enough in itself to stand the centrifugal
stresses, is strengthened by special reinforcing ring (14), which are supplied with a
groove between the numbers 15, 15 of the upper left hand sketch, in which the dove-
tail form is inserted axially and fixed in this position by means of a rolling operation
which closes the edges of the reinforcement ring around the dove-tail thus making the
two pieces practically one; thus the strength of the reinforcing ring gives the sapporting
capacity, with which one has to count when considering the centrifugal and other stresses
arising when the turbine is running. Furthermore Figure 5 shows how in the same way
reinforeing ring is by rolling, made to enclose the circular edge of a conical ring
numbered to in left and sketeh, 4 in right, the other edge of which is also circular and
fastened into a third ring. = This third ring is placed in its groove in the common turbine
dise, to which half the number of rings belonging to one turbine is fastened. The right
hand sketch shows accordingly a section of a completed blade ring as well as its fasten-
ing to the turbine disc through the medium of the conical ring mentioned ; this ring is
the so called expansion joint.

The object of the expansion joint is to permit the ecomparatively thin blade ring to
expand and contract independently of the thick turbine disc, to which it is fastened, and
the heating up and cooling off of which at different loads must necessarily require much
longer time. The difference in temperature between the blade ring and the turbine dise
will naturally correspond to a drop in temperature in the conical ring from one of its
edges to the other, so that the two edges will get a correspondingly changed relative
diameter causing a change in the conicity of the expansion ring. The result is therefore
a movement in the angle of the conical ring, which movement can easily be carried out on

account of the circular shape of the two edges, which adjust themselves without temperature
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stresses and independently one to the diameter of the blade ring and other fo the
diameter of the turbine disc.

The scope of expansion of the blade rings in closely adapting themselves to the existing
temperatures is of great importance not only as regards the strength but for. the radial
clearance, which can be kept constant under different and quickly changing load conditions.

As seen from Figure 5 the complete blade section shows very thin U-shaped so
called tightening strips, numbered 7, 7, fastened to the reinforcement rings and reaching
ag far outside of the same as is rvequired by the distance to the next larger blade ring.
This distance is made such that a divect contact between the reinforcement rings of the
different blade rings is oubt- of question. These tightening strips are made of pure
nickel and therefore can not be eaten away by rusb. At the same time they are made
so thin, that if contact should occur during the run of the turbine they would be worn
off, and not produce any injurious heat. Because of this and on account of the expan-
sion joint previously mentioned, all the clearance spaces between these tightening strips
and the next blade ring can be made as small as possible without any risk to safety im
working, so that the steam leakage past the blade rings is veduced to a minimum, and
the steam economy of the turbine is most favourably influenced.

Figure 6 shows a few complete blade-rings as they appear before fastening to the
tarbine dise. The rings shown on the left hand side are the largest, the smallest, and
one intermediate ring of a 1000 K.W. turbine. The largest diameter is about 2 feet 10
inchés. On the right of the same figure is shown the largest ring of a 5000 K.W.
turbine, the diameter of which is a little more than 3 feet, not much larger than a blade
ring for 1/5th of that power. In both cases the rings are assumed to rotate with a
speed of 3000 turns per minute, and in order to reach that much larger output with
correspondingly larger exhaust surface, the blade ring has the shape of a drum, the blades
being divided into several shorter pieces with their intermediate reinforcement rings,
fastened at the two edges in the same fashion as has been previously described for the
single blade rings. By this means an extremely rigid design is obtained, the ecritical
speed of which is as high as 6000 revolutions for turbines which in practice run only
at 3000 revolutions. Radial deflections on account of faults in the balancing, arising
from inaccuracy of manufacture, are indefinitely small, so that comparatively small clearance
may be maintained even when using blade drums; this ensures specially low percentage

leakage for turbines of larger power.
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It is worth mentioning, that all the different parts are subjected to- very severe fests
according to a special schedule, where the stresses are divided into factors, each one of
which is analyzed separately; the tests include stremgth and elasticity as well as the
determination of the so called curve of exhaustion of the material. Such tests have also
been made at different temperatures up to 500°C. with the help of apparatus specially
designed for the purpose. The testing of the material has also been extended to inelude
the other parts of the turbine and is regularly nsed as one of the operations in the
manufacture. The Brinell's ball impression test has in this connection received a very
extensive use, and it may be of interest to lnow for instance that material out of which
reinforcing rings are made, is tested not only at one spot but at ‘Sever_al different points
all around the periphery in order to ensure a thoroughly good material.

Figmre T shows the dise of a 1000 E.W. turbine; on the ﬁght seen from the side
on which -the blade rings are fastened ome outside of the other, and ‘on the left seen
from the opposite side mounted on the shaft journal, the flange of which is bolted to
the rotor of the respective electric gemerator; the disc is furnished with the so ealled
dummy dises, corresponding to the balancing pistons in the Persons turbine, the task of
which is to counteract the axial steam pressare in that turbine. These dummy dises will
later on be shown in detail in a section of the turbine (see Iigs. 26 and 30.)

Figures 8 and 9 show views of a made np turbine disec for a 5000 K.W. turbine
generator (see also Fig. 30.) _ _

Figurs 10 shows a complete turbine dise mounted on its rotor for a 1000 K.W,
steam turbine, ;

Figure 11 shows the two pole magnet core of a rotor as it is constructed in the
works at Finspong. This rotor is based on the well known design first introduced by
the Westinghouse Manufacturing Co., but has been improved in essential points in the
make as used by Stal. :

Figure 12 shows the same rofor, provided with windings consisting of thin ribbons
of copper placed in the slots between layers of pure mica. On account of the simple
form of the windings the mica insulation can be a,rmﬁged in a very offactive and strong
way, and a reliable rotor procured even for the highest temperatures. This fact supplies
the reason why no eooling channels in the rotor ave required, sufficient cooling being
effected. by a stronge eurrent of air under high pressure paésiug tlhrough: the air gap

between the stator and the votor. Any gradual plugging up of the cooling channels in
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the rotor, thereby causing over-heating of the same and risk of disturbance, is therefore
excluded. The centimeter- seales show the size of the rotor; under normal conditions
two rotors are big enough for a 3000 K.W. steam turbine plant of the Ljungstrém type.

Figure 13 shows how the same rotor is provided - with mental wedges driven inte
the slots outside the copper windings, which are thus furnished with an excellent support
against centrifugal forces as well as temperature stresses; dislocation of the mica insula-
tion as well as a displacement of the balance when rumning being thus avoided. These
metal wedges placed as they are all around the rotor, compose to a great extent a short
cireniting coil, which in the event of short cirenit in the stator, will greatly counteract
the starting up of dangerous stress between the coils of the rotor, a condition that still
more increases the safety of the rotor design.

Figure 14 shows a complete 1otor as manufactured by Stal in Finspong for a 2800
K.W. steam turbine plant. Both the bearings as well as the fan for the ventilation,
situated ‘at one end, and the two slip rings for bringing the exiting eurrent in f:.-nd.out
are plainly seen.

Figure 15 shows a stator for a 7000 K.W. tarbine with a number of coils inserted
in their respective slots. This stator belongs to the Willesden Power Station in London,
gives a normal tension of 11000 volts, and has been tested up to 25000 volts.

Figure 16 shows a stator of a 2800 K.W. aggregate. The photograph plainly
shows the design of the end connections, including a great number of strong clamps
which are connected to two concentric rings, whereby an extra rigid design with triangle
connections is gained to resist eventual stresses caused by short cireunits. FPurthermore it
will be seen from the figure that the leads are extended @ cortain distance in radial
di-reét-iou, before they are connected peripherically. Tt is possible on account of this
desigﬁ to place the axial cooling channels of the stator between the radially -extended
leads inside of the innermost of the concentric rings of the end supports, an arrangement
which permits cleaning of the channels by means of special brushes without the necessity
of dismounting the machine in any way. '

Cohsequenﬂy, as no channels are necessary in the  rotor and the cooling canals as
well as the end connections of the stator are easily accessible for cleaning the temperature
of the machine may always be kept moderate, and safety against disturbances caused by
overheating avoided in the best way possible; extra filters for cleaniug the air ave in

most cases unnecessary.
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The manufacture of electric generators in conformity with design deseribed has been
taken up by Stal in Finspong with the idea of securing the same acenracy and care for
this part of the plant as is used for the turbine, and also because the intimate connection
between the electric generators and steam turbine, comprehended in - the design, makes
a simultaneous trial necessary ; besides which such matters as time of delivery ete. ave
made independent of outside firms.

Practical results gained with these generators have fully demonstrated the advantages
of the design. In taking up the manufactare of the elechric generators the Stal has
been guided by the experience gained by most firms in similar cases. Among these
might be mentioned the AT.G. in Berlin, where the work-shops for the electric generators
have been placed close to the turbine works, although this concern already owned very
extensive work-shops for electrical machinery. The reason is that high speed generators
directly conneeted to steam turbines present mainly a mechanical problem, which is there-
fore most easily solved in connection with the steam turbine mannfacture.

The connection of the turbine system to the electric generators and the design of
the blade rings being thus described, there remains to be shown the putting together of
the'main parts of the turbine and the insertion, of the same in the united plant.

Figures 17 & 18 show how the two turbine wheels are put together axially, the
rings of one wheel interposed between every two rings of the other wheel.

j?igure 19 shows the lower of the two stationary steam inlet .chambers, which are
placed are on each side of the turbine wheels, To the left is the steam inlet pipe and
to the right a valve, used when effecting the overloading of the turbine. Between those
two arrangements is the outlet pipe for the shaft leakage, the leakage being carried from
the shaft packing in the centre of the steam inlet chamber, throngh which the shaft end
passes to a special feed water heater. This will be more clearly shown in Fig. 26 which
gives a section of the turbine. At the top of the figure is shown the stationary half of
a labyrinth packing for the axial balancing of the turbine, matching the moving half of
the same design, which is fastened on the rear side of turbine disc. The edges and
grooves of these fit inside each another when brought together, as shown Figures 20 &
21, which include the turbine with its two steam inlet chambers temporarily held
together by a champing device specially made to facilitate the erection and the di_sméunt—
ing of the unit. The different parts are kept in their relative and correct position by

small metal pieces resting on the outer flanges of the steam chests. When lowered in
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the right pesition these flanges are bolted to the tnrbine casing and the shaft ends to
the flanges of the rotor sitnated just inside the Dearings.

Figure 22 shows the turbine parts in working position. After this the lowering of
the upper half of the casing takes place. Previous to these operations a special paste
is applied to every surface to make absolutely airﬁght joints all round. As mentioned
before the turbine is placed in its own exhaust, where vacuum prevails, on account of
which the tightening can easily ‘be made effective. The high pressure joints found in
other turbines are therefore altogether avoided in the Stal for the turbine proper, while
on the other hand the introduction - of the steam in this ag in other turbines must be
accomplished by tightening joints subject to high pressure. These have in the Stal
turbine received a shape, which particularly simplifies the erection and the dismounting
of the turbine. As the temperature of the condenser prevails inside the turbine casing,
the same does not nesd any sort of outer insulation and the unit as a whole when
running is practically kept at ordinary room temperature, a fact which is not only an
economical gain bub also a material advantage at times of mounting and dismounting,
when insulating plates with their many bolts ete. are altogether done away with.

The dismounting and putting together of the Ljungstrom-steam-turbine therefore
requires only short time and few workmen on account of the small weight and the compact
shape of the differont parts, as well as the advantages just mentioned. With 3 or 4
trained men the dismounting of a 1400 K.W. machine can be easily finished within two
hours, and the mounting of the same takes about three hours. These figures do not ve-
present the shorbest time recorded, the operations mentioned having been accomplished
within one and two hours respectively or for mounting and dismounting, three hours in
all.  Under normal conditions it is in any case possible to inspeet all the inner parts of
the twrbine within 6 hours if 3 or 4 frained men are at disposal. TIn this connection it
may be worth mentioning that on one occasion, when only one man was to be had, he
finished the mounting of a 1400 K.W. steam turbine within the same time necessary
for several men to do the same work on other turbine types.

Figure 28 shows the inlet valve for a 7000 K.W. turbine plant. The lower part of
the valve is a water cooler, big enough to hold water in a highly disseminated condition
and so avoid shocks. A special water separator is therefore not normally necessary with
this type of turbine, as it is always supplied with the turbine in the form of the inlet

valve, The separator is also provided with a steam strainer made of nickel plates with
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small holes, to prevent large particles, which might damage the mechanism of the turbine
from entering. In addition there arve special means of safety inside the turbine, of
;mtching all particle larger than of a certain size.

While impurities of large size are thus removed the inventors have succeeded in
guarding the turbine agaiust the action of more minute impurities such as those caused
by bad boiler water. At the Willesden Power Station in London, where the condition
of the feed water is especially severe, causing heavy coatings of dirt on the blade rings
of ordinary Parson turbines, it was proved by dismounting the 1000 K. W. Ljungstrom-
turbine installed that the discharge of dirt on the blading of this turbine was ex-
ceedingly small. The time wasting and frequent scraping of the blading necessary with
other turbine systems is therefore avoided with the Ljungstrom type, which besides can
easily be cleaned by means of steam jet apparatus specially designed for the purpose.

By avoiding the dirt savings are made not only in time and money, but also in
steam econsumption, which is increased by dirty blades. |

Figure 24 shows a side view of a 1000 K,W. unit as a whole with one half in
section and also an end projection of the whole plant. The side projection on the right
shows the oil tank with the pipings to and from the different bearings. The circle in
the tank indicates an oil reservoir with a water cooling arrangement, through which the
oil passes before it leaves the tank. The pipes running alongside the turbine are con-
nected through special pipes to the bearings of the generators; these are clearly seen in
the section. The oil cirenlation is maintained by means of an oil pump of the Cog-
wheel-type sitnated in the tank and driven by a vertieal shaft, and worm gear from the
votor shaft of the generator sitnated above. The amount of oil per second is so large,
that the size of all lubricating channels must be made particularly ample, and as the oil
before its entrance to the pump is forced through a strainer in the tank, there is no risk
of blocking the channels. In order to ensure the lubrication of the bearings, when
starting the turbine, there is a hand driven oil pump mounted on the tank, by which
at starting pressure is applied to the inlet valve, lifting it and at the same time pump-
ing oil to the bearings. As the inlet valve can not be opened by the wheel but only
by means of oil pressure, the starting of the turbine is only effected by the hand driven oil
pump, and thus the lubrication of the bearings is automatically secured. This type of
pump is replaced by a centrifugal steam driven pump in the large units. With these,

on opening the steam inlet valve by means of the steam oil pump, the starting up is
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effected with the same result as regards the lubrication of the bearings.

The above mentioned vertical shaft for driving the oil pump is in its upper part
provided with a regulator shown to the right in the upper part of the figure. The
regulator eontrols the speed of both the generator shafts by an oil valve. This valve
controls the pressure under the piston, thus lifting the inlet valve, which is closed by a
strong spring placed on the other side. The inlet is shown to the left of the end
protection, and it is in the upper part of the same that the oil piston is situated.
Besides the regulator the turbine is provided with special safety devices, which act upon
mechanism as soon as the speed of either of the generator shafts exceeds a certain limit.
The oil pressure under the piston of the inlet valve is therehy released, and the valve
closed by the pressure of the spring, and the machine is stopped.

The synchronous speed between the two generators constituting the unit, is auto-
matically gained by connecting the same in parallel. The rotors are coupled in series
and receive their eieitiug curvent from the common exciter, directly driven from the
same generator shaft as drives the regulator. At the starting up of the aggregate, the
two generators come into phase automatically as soon as the speed of about 1400 turns
per minute is reached, this being the speed at which the exciter commences to deliver
current to the two rotors. The two generators can therefore be considered as one machine
as regards operation, instruments ete.

Figure 25 shows a vertical section of the turbine casing with interior turbine parts
and inner bearings for the electric generators. From the inlet valve, situated on the
rear side of the casing, there are as shown two inlet pipes conmected from below to the
two steam chests situated on each side of the two turbine dises, which rotate in the centre.
A section of these steam chests as well as the connection of the pipes to the same will
be clearly understood from the next Figure 26 showing the assembled turbine parts in
section. To the left of the figure a section of the bearings is shown with the oil inlet
coming from beneath, and outside of the same the retmrn pipes for the oil. As seen
from Figure 25 the bearings are connected to the turbine casing by means of bent arms,
which make deflection possible, corresponding to the difference in temperature between
bearing and turbine casing. The way of bolting the outer flanges of the steam chests
to the casing is also shown. On the bearing to the right can be seen the adjusting
screws, by means of which the bearings are put in the correct position at the erection
of the plant.
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Figure 26 shows the lower half of the turbine parts as situated inside the tnrbine
casing. As already described these consist of the blade system, the diffsrent blade rings
of which are plainly shown with their expansion joints; they are connected alternately
to the dise on the right and the disc on the left. i

The passage from the centre outwards and comparison between the length of the
blades in the rings of different diameter is also seen in the figure. On each side of the
turbine wheels are situated the two steam inlet chambers the appearance of which has
already been shown in Figures. One of the shaft ends is shown to the left in figure 26
and between the two shaft ends and the steam chests, are two shaft packings of the
labyrinth type, with the separate outlets, mentioned on page 31 in Figure 20 they ave
here shown with the ends cut off. The design of the shaft packing will be explained
in detail later on. (see pages 35 & 36.) '

The steam enters through the Y-formed inlet pipe B,B, of the Figure 25, the two
outer pipes of which, one for each steam chest, are there shown in section. ‘These pipes
have collars of circular profile, which at the inlet to the steam chests fit tightly to the
middle of short pipes, fastened to ends of the steam inlet chambers.

An elastic tightening arrangement is thus obtained, providing for the steam inlet
pipe, on account of its thin walls, being heated up faster than the steam chest with its
relatively thick dimensions. From the concentric inner part of the steam inlet chambers
the steam passes through holes made in the pipe-formed nave of the turbine dises into
the centre of the blade system and thence out through the same to the exhaust and the
condenser.

Beside the blade system the steam passes also through two other passages from the
steam chambers. One of these passages is the shift packings; the other passage is
situated between the balancing edges fastened on the rear part of the turbine dises and
on the steam chests. The grooves and edges, as deseribed on page 29 fit into one
another, forming the zig-zag concentric labyrinth shown in Figure 28. The pressure
in axial direction caused by the steam between the turbine discs is counteracted by the
pressure put up by the steam passing through the stationary and ‘the moving parts of
the labyrinth packing. How this is automatically effected will be explained along with
the detailed section of the labyrinth.

A close examination of the section (Fig. 26) will show that the expansion rings,

deseribed in connection with the design of the blade rings, are used only not in connec-
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tion with those rings but also in several other places. Such a ring is seen at the
fastening of the steam chest, and is situated between the onter flanges and the main
body of the chamber. A ring formed connection of comparatively small section is thus
provided between the hot chamber and the cold flange, which quite naturally assumes the
same temperature as the condenser.

The great drop in temperature, which exists at this point, is wholly taken up by the
expansion ring, so that dangerons stresses in the material are avoided and at the same
time the loss of heat is reduced to a miniwm.

The balancing plates are also fastened by means of such expansion rings, so that
they have full liberty to expa.nd; independently of the temperature of the steam chambers or
the turbine discs. This gives the advantage, that the steam passing between the plates
practically alone decides the temperature of the same. The relative diameter of the plates
vemaing unchanged on account of the equal thickness of the same, and the clearance can
be kept small, in consequence of which the steam leakage between the balancing plates
under ali working conditions is small, with a favourable result as to the steam economy.

As seen from the figure the turbine dises are divided radially into thres concentric
parts, these also being united in the same fashion by means of expansion rings. Iix-
pansions caused by the high temperatures prevailing in the centre of the turbine ean
therefore be effected without any dangerous stresses arising, thongh this would happen
if the central part of the turbine dise were fixed to the outer part of the same, the
temperature of which is nearly that of the exhaunst steam or condevser.

A common character for all the expansion rings in the turbine is that they materially
preveut the transfer of heat from the warmer to the cooler parts, great thermal advant-
ages leing thus gained, the high temperature of the inlet steam really being concentrated
and retained in the centre of the turbine. The fact that the shaft ends are hollow and
therefore transfer the least possible quantity of heat to the bearings situated close by
also confributes to a good result in this respect. Any overheating of the bearings on
account of the short earrying distance and in case of highly superheated steam is there-
fore aveided. The cylindrical pipe shape of the naves of the turbine dises is also de-
signed for the purpose of compensating the stresses cansed by difference in ftemperature.

From the section as a whole one ean plainly see that the whole system is very
flexible to heat, a faect which will ensure safety when working, especially when highly

superheated steam is used. To make the clearance between all movable parts where the



TURBINE.

SECTION THROUGH BLADING.

STAT.

\_é
"Bz

L

RN
R

\‘\‘\_

RPN AR
~ﬁ4?l?al;mi il

£

%
N

o T WL WL AL L LW L W, L 0.

hk: ﬂ'\

o

AR R R RS AR

s

E B BT LA

VT

\;':.\

L S—

& o w3 »BE



BouRE REEB ML (R &3 EX) 35

o

i

o i

steam can escape as small as possible, very thin strips are always used about the blade
rings, the dummy dises and the shaft packing so that the least possible over-heating will
cecur in case the moving psrts or moving and stationary parts touch. Hence withont

danger to the turbine the great advantage can gained of letting actual wear decide the

clearance just necessary between the edges of the tightening strips, and the leakage can-

be reduced to a minimum even at the highest temperatures.

By the arrangements now deseribed the Ljungstrém-turbine ean be guaranteed to
have the combined advantages put forward for both the reaction turbine and the impulse
turbine, without the disadvantages of the same. To the most economical way of utilizing

_the steam according to the reaction principle has been added in the Ljungstrom-turbine

the capability of the impulse turbine to stand and utilize high steam temperature. In
these circumstances and the double rotation principle there lies the logical and natural
explanation of the superior steam figures, which have been realized in the practice.

The assembly of parts in Fignre 27 shows in the upper left hand corner a complete
shait packing for a 1000 X.W. turbine and in the lower left hand corner one of the
rings for the same. A few of these rings are shown in section to the right, entering
into one another, the left hand set mounted on the shaft and the right mounted on the
steam - inlet chamber, By means of wedges, shown in the section both the sets are:
prevented from slipping from the part on which each is mounted.

As can be seen from the Figure the concentric offsets between the rings comsist of
’chm cylinders ending in a conical shape of extra thin dimension, this bei sing the real
tightening strip of the labyrinth system through which the steam has to pass is zig-zag
and axial direction. Should the thin strips touch the cylinder forms close to them the
heat would be so small that no deformation would be caused. The aren of all the ring
sections is the same. The expansion or contraction of the parts thus happens simul-
taneously and is equal in amount, leaving the clearances mutually unaltered. These
expansions and contractions are independent of the temperature of the shaft end or the
steam chest, because the guiding flanges of the shaft packing rings are not tightly
fastened to the parts on which the rings are placed, but by means of deep grooves
turned in axially immediately outside the guide, thus giving the system a radial elasticity
leaving enough liberty for the radial extension of the parts of the rings, which enter
into one another. This is of special importance for the right function of the shaft pack-

ing, because the latter is at full load subjected to steam of perhaps 350°C., while on the
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other hand with a sudden throwing off of the whole load it must work at a vacuum,
and this caunses the air to rush through the shaft packing, which is thus exposed to a
sudden difference in temperature of about 300° C.

Experience has shown that the clearance of the shaft packings remains unchanged
and can be kept so small that the leakage in spite of the high pressure is immaterial.
Beside, this leakage is by no means a loss, as the steam is cairied to a feed heater
situated outside the turbine so that its heat is brought back to the boiler. The Ljung-
strom-turbine has a considerable advantage over other turbines as vegards the shaft
leakage, beeause in the latter types the steam leakage goes directly to the condenser, this
condition naturally representing a direct loss of steam. However, in the steam figures
given for the Ljungstrom-turbine, no account is taken of this difference, although it
amounts to as much as 1 or 2%. '

Figure 28 shows an enlarged view of part of the labyrinth packings between the
balancing plates ; these plates appear in Figs. 26 & 30 right and left of the blade’
dises, the geometrical axis of the turbine is situated below the figure. The concentric
teeth nearest the centre are furnished with hollows, the purpose for which will be given
later on. If we assume the right hand part of the section to be the balancing plate,
which revolves with the turbine, and further that steam passes through the blade system
as well as through the labyrinths shown in this figure in direction from below and up-
wards, then there will arise an axial steam pressure, which will eanse the revolving dise
to move in either one direetion or the other depending upon the side on which the
pressure is strongest.

Assuming that the largest pressure is on the side of the blade system, the two
balancing discs shown in this section will come closer together, so that the tightening
strips in the lower part come inside the widened part, thus leaving a considerably
larger area for the steam to pass. Imspecting the upper part, situated farthest from the
eentre, we find so alteration of the areas open for the steam to pass. Consequently we
get an increased inlet area without the corresponding increase of the outlet and the
pressure between the plates must necessarily be raised until a complete equilibrium is
attained between the pressure on each side of the moving turbine dise.

If we now assume, that the largest pressure is orviginally prevailing between the
two balancing plates, so that these have come somewhat apart, then there will be the
opposite relation as before between the labyrinth and its tightening strips. The arveas of




Fig. 27,
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the clearance in the upper pm'té. will be increased leaving a free outlet for the steam,
while on' the other hand at the inner part no difference occurs. The pressure between
the places must therefore fall till the point is reached when absolute balance is gained.
It is proved in practice that the balancing is completely automatic at any load, keéping
the dises within the limit of a few tenths of a millimeter. Any thrust bearing for fixing
the axial position of the revolving parts is therefore unnecessury, and the relative axial
position of the turbine disc is automatically fixed inside the turbine itself.

The thrust bearing common in other turbines situated at a considerable axial distance
from the balancing pistons necessarily causes an axial position, changing according to
variation of the temperature, thus naturally increasing the steam leakage, which besides
in general is dependent on the core expended by the engineer in charge when looking
after the thrust bearing. It is quite obvious that under such conditions the exact
adjustment with small clearances which may be obtained on trials at an invariable load
and by specially trained men, can not be kept under actual working conditions by the
engineer in charge, but must be considerably increased. When running normally the
steam consumption will therefore be higher than the tests have indieated; this does not
apply to the Ljungstrom-turbine, in which the clearances are not adjustable, and entirely
independent of the greatsr or smaller accuracy displayed by the engineer as regards
working safety as well as economy. A distinet advantage is also the simplification
attained, making the thrust bearing superfluous.

Figure 29 shows the arrangement previously mentioned for adjustment of the bear-
ings in order to get the rofor in exact position in the centre. As seen from the figure
the lining is held up by adjustable bolts with spherical heads secured to the casing of the
bearing. Under these heads there are loose pieces of steel, which fit exactly to the lining.
The rotors can by this arrangement be easily centered with 0.02 parts of a millimeter
and it has been proved by frequent dismountings and mountings, that this precision is
maintained so well that any readjustment is saperfluous at the usual inspections, after
the turbine has once been put to work.

Figure 30 shows the inner parts of a 5000 K. W. turbide provided with blade drums
of the previously type described on page 28 for the low pressure part, while on the other
hand the inner, high pressure part only requires blade rings with a single row of blades
(see also Figures 8 & 9.)

Tlle figure, upper half of the installation, shows also the automatic overload valves,

b
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mounted on the steam inlet chambers. These are divided into two concentric chambers,
of which the outer one, receiving the high pressure steam, is pub in connection with the
inner one by lifting the overload valves. The steam passes from this inner chamber
through axial pipes and holes drilled in the turbine dises into the larger section of the
turbine, so that the necessary larger areas arve had for the transmission of the larger
amount of steam mnecessary for the overload wanted. The valves open in such a way
that, at a certain load, theve will be a certain pressure in this part of the blade system
transmitted through the holes in the turbine dises and the pipes in the steam inlet
chamber to the bottom side of the pistons for the overload valves, the springs of which
are so set that they yield to the pressure mentioned and thus open the valves, so that
the high pressure steam can pass through.

Figure 31 shows a complete 5000 IK.W. plant. The turbo-generator is mounted on
the condenser, and supported at both ends by special, nearly vertical stays, in their turn

resting on springs on the condenser body, indicated by dotted lines in the end view.

This arrangement with elastic supporis is the normal one used for equalizing the tem-

perature extensions of the condenser and the exhaust tube. The support of the ends of
the units is thus uniform and unchanged even when the turbine is dismounted.

The condenser type used by Svenska Twrbinfabriks Aktiebolaget Ljungstrom for the
turbine units manufactured by them is of Fnglish origin, known as the Contra Flow
Kinetic System, considered by many leading power station experts to be the best system
known so far. The manufacturing concerns in TFinspong have secured the rights to
manufacture this system, with which they very best result has been reached confirming
the favourable opinion given about the same.

As the Contra Flow System is well known a defailed description of it is rather
unnecessary, but a few points might well be remembered in this connection. The ad-
vantage of the air pump arrangement in the Contra Flow System is, that it is obtained
By extremely simple and réliable jneans consisting of an  ordinary centrifugal pump and
a few mouth pieces. The pumping power is very flexible on acconnt of the steam jet
connected in series, and it can be very much increased by letting more steam through

the steam ejector, thus increasing the pumping eapacity in the even of leakage of air

into the condenser. The amount of power needed is not larger with this system, but

rather smaller, than that required for other systems, because the reserve power is here

situated in the steam-ejector, the steam of which is always returned to the condenser,
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and therefore does not rvepresent a loss of heat. As seen from figure 32 the pumping
arrangements have received a very compact form. il

Some of the very first Ljungstrém steam turbine plants and their records in practical
work may be of some interest, '

Tigure 33 shows the first turbine made of this type. It had 1000 K.W. capacity,
was erected in the Willesden Station in London and afterwards taken over by the same
concern. The turbine then run during a period of two years with such a result that the
order for a 7000 K.W. unit was placed with the Ljungstrdém people.

Figure 34 is the first Ljungstrom plant in Sweden, erected at Sandvikens Iron Works
as a reserve to the hydraulic power; it is of 1400 K.'W. capacity. A 2800 K.W. unit
iz now doing its work in the same power station. _

Figure 35 is a 1400 K.W. machine at Skirblacka Paper Mill, running ‘t, the great
satisfaction of the owners. It is well worth mentioning that the guaranteed steam figures
for all plants delivered have been considerably surpassed at the trials, as for instance
with this nmc-’iﬁne, where a vesult nearly 59% better than that guaranteed was actually
reached.

Figure 36 shows the first plant delivered by the English manufacturers, the Brush
Electric Engineering Co., Itd., and erected at the St. Pancras Power Station in Tiondon.
According to an official report from the operating superintendent at this power station
the records show a saving in coal of not less than 16000 yen per year as eompared with
the Parsons turbine used at the same place, which means that the plant could be paid
off in 3 years, a result which must be considered to be more than s;atis’t-acix)ry. Such
figures and still better ones are easily proved by the vesults reached, but are naturally in

the fixst place dependent on the length of time in a year, during which the twbine is

working, If a power station gets such an economical machine in addition to several other

plants previously installed, it is only natural that it will veach a load-factor, which will
exceed the one normal for the power station and the value of the steam saving must
therefore be increased to a considerable cxtent.

Figure 87 is & model of the 7000 K.W. plant delivered to the Willesden Power
Station in London. The condenser is of extra large dimensions and could readily be
used for a 10000 K.W. unit. : :

As to the steam consamption figures for the Stal turbines actually obtained, it may
be mentioned that a 1400 K.W. plant at 1000 w. only used 11.2 Ibs. of steam per

-
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K.W. hour. The corresponding figure for a 2800 K.W. unit. is 10.7 lbs. per K.W.

hour. Comparisons between the Stal turbine and others have shown a superiority of the

o

former of usually between 10 and 15%. The value of this, from a purely economical
point of view, can be.readily understood from the fact that on a working time of 3000

full load hours per year, 109 improvement of the steam economy of the turbine, for the

buyer, means- saving the cost of the plant, including steam-turbine-generator and con-
denser, in one year, on account of the saving in coal. That still better resnlts can be reached
is shown by the previously mentioned report from the operating superintendent of St.
Pancras Power Station in London. And it is quite obvious that such a long working
period a 6000 or 7000 load hours per year can be expected in cerfain ecases, for instance
when the turbine is used in a Power Station together with several other turbines, in
which case its value will be three fold told to the owner in case of 109 superiority in
tho steam consumption. Naturally these figures all depend upon prices of coal and
machinery at different places. The information given refers to conditions as they were
in Europe last year.

The Stal turbine is superior not only when used for ordinary power station work or
similar purposes, but it has also gained admirable results when used for the purpose of
ghip propulsion.

The first steamer fitted with the Stal turbine is a Swedish coastwise freight steamer,

named Mjohner, a sister ship of which was furnished with ordinary triple machinery. A

- comparison between the two showed a coal consumption of more than 429 less, to. the

credit of the Stal steamer, and after in every respect successful service of about one year
the owners oxdered Stal turbines for three more of their new boats.

The Mjolner machinery consists of two 400 K.W. Stal turbine generators of 7200
revolutions delivering alternating current of 120 eyecles to two three-phase induction motors
of a speed of 900 revolutions. This speed is then reduced by a helical gear to 90 re-
volutions per minute, being the most economical for the propeller used.

As the steamer also trades in icy waters, a safety a.rrémgement has been introduced
to prevent the breaking of the propeller shaft, or the teeth of the helical gearing. This
protecting arrangement consists of slipping clutches inserted between the motor and the
smaller spur wheels.

The arrangements for manceuvring are made in such a manner that there is no

difficulty in handling the engines single-handed.




Fig. 38, Fig. 39.
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The electrical manceuvring has shown itself to be particularly satisfactory, it being
poasib‘ie to reverse the machinery considerably quicker, at the same time as the gradual
speed regulation can be made to a considerably lower speed than in the case of piston
machinery, a fact which when going in fog or manceuvring in a harbor is of great
advantage. '

A few figures 38 to 41 from the Mjolner are here shown.

The Ljungstrom people in Finspong are mow busy on orders for Marine turbines
from -concerns in England and Russia as well as Sweden and Norway.

The matter of the Stal turbine for marine use is so extensive, that it will be
impossible to make any closer study of the same here, but a combination of the different
items forming the total gain that can be expected, when using a Stal turbine-electrical
machinery, may be of some interest’ They are:

1. Decreased fuel consumption, i.e. decreased cost for fuel per trip.

2. Increased dead weight ecapacity on account of the smaller weight as compared
with ordinary triple-machinery.

Inereased dead weight on account of the smaller bunkers needed for the trip.
Decrease of the expenses for oil, packings and other machinery parts..

Decrease of the repairing and up-keep costs.

o o op g

needed.

7. TIncreased propeller effect, that means increased speed.

8. Increased economy by 'using electrically driven winches.

To these may be added a few, in some cases considerable, advantages from the

~gonstructive point of view:

1. The possibility of installing machinery in a limited space and of big enough power
to obtain a certain high speed, which would otherwise require considerably larger
dimensions of the ship, with increased cost for building the same.

2. The possibility, by placing the motors far aft, but keeping the generators and
boilers amidships, to avoid tunnels for the shafts, at the same time retaining the
trim of the ship unaltered and independent of the change in the banker quantity.

8. The possibility of installing the generators above the main deck, so that the
space below the deck otherwise used for the machinery can be used for freight.

The Stal people have lately made up a proposal for replacing tne present quadruple

Decrease in cost for food and wages on account of the smaller number of men
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machinery of 16000 S.H.P. in the Cunard line’s S/S Caronia with Stal turbines.

The comparison may be thus summarised :

Coal consumption, alternative I. 0.673 Ibs. per I.H.P. and hour,

Coal consumption, alternative IL. 0.655 lbs. T i

Corresponding figure from the trial trip of S/S Cavonia..,.1,292 1bs,

The saving in coal is thus C* 50%.

The saving in weight of machinery is about 509%. :

The saving in space is such that still using the present boiler plant, a 27000
S.H.P. Ljungstrom turbo-electric machinery can be installed.

This assumes turbo-electric propulsion, but the Ljungstrém people have also worked
out designs for steam turbines working <irectly on the propeller shaft through some
gearing arrangement. The twbine is in this cash designed to be directly reversible
and work astern with 409 of the full load power at 2/8 of the normal speed.

Such an arrangement will probably be of great use for fast going destroyers and
other smaller was ships, but on the other hand the turbo-electric machinery is as a rule
the superior of the two, when used for ordinary trading and passenger vessels as well
as larger warships.

Tokyo, the 21st of Jan. 1916.
Hrrmer HEDBERG.
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AN ANALYSIS OF MODEL SCREW PROPELLER EXPERIMENTS.

By

S. Motora, Member.

There are many quantities which are introduced in investigation of the action of a

screw propeller. They may be summerised as follows :—

1
2
4.

5
6
7

speed of advance

number of revolutions

thrust

furning moment

thrast horse-power = thrust x speed of advance

shaft horsepower=2z x revolutions x twrning moment
thrust horsepower '
shaft horgepower

efficiency =

As will appear in the above table, the quantities (5), (6) and (7) are derived from (1)

to (4). For a given propeller the quantities (1) to (4) are connected by some definite relation

with each other. If any two of them be given, the other two are determinate, and it follows

that if any two of these soven quantities be given, the remaining five are determinate.

Now a serew propeller many be characterised by following elements :(—

T
2
3.
4

diameter

pitch or piteh ratio
area or area Tabio
vumber of blades

form of blades
thickness of blades
diameter of boss &e. &e.

All these elements have influence on the action of propellers. But for a type of

propellers which does not much deviate from usual practice, (5), (6) and (7) arve less im-

portant in comparison with (1), (2), (3) and (4). Hence it is not difficult to apply the

results of experiments obtained from the most usual type of propellers to any other type
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without any setious error, provided suitable corrections are to be made.

The action of a screw propeller may be represented by the equations, taking into
accounts the predominant elements ie. diameter, pitch ratio, and area ratio only as
variables : _ &

T=P I’ 7'y, 1
M=1 D Py (2)
wheve T'=thrust
M=turning moment
P=the density of water
D=diameter of the propeller
V=speed of advance
/i and f; are coefficients proper to the individual propeller. The validity of the above
formulas is evident by the principle of dimensions, for the dimension of thrust is
[MLT-?] and that of pD*V* is [ML LT *]|=[MLT-*] which is identical to the.
dimension of thrust. Similarly the dimensions of the both members of the equation (2) .
are [ML*T?].

Analytieal expressions for /) and /, ave difficult to obtain theovetically. They can be
determined by experiments only. It is, however, evident that /; and /, are some functions
of pitch ratio, avea ratio and slip ratio. Moreover as a propeller accompanies more or
less suface disturbance according to the depth of imumersion, and is affected by the vigs
;D and V0. VD

M

where ¢ is the gravity and p vepresents the viscosity of water. In some cases the

cosity of water, they must also be affected by dimensionless quantities

atmospheri(- pressure seems to be an important factor, as in the case where cavitation

phenomenon takes place, then /i and 7, are again affected by 1;;2 where P, shows the

PVD Pﬂ

atmospheric pressure. If and —7 - be kept unchauged ‘the law of comparison is.

P
strictly applicable. whatever may be the form of Jfrandf,, and the results of the experi-
ments which have been carried out by eminent experimenters such as Mr. R. E. Froude,
Mr. D. W. Taylor and others, showed that within certain range of values of V" and D

which are practicable in fank experiments, the operation of propellers follows appro-
2VD ng Lo

: . ~ Sl
can be taken as constants. But, for wider range of values of J7and D than mentioned

above as in the case of comparing the operation of model screws to that of full sized

-

ximately the law of comparison. Hence, within the range of V" and D,




.ones where the ratio of linear dimensions will sometimes exceed fifty, the terms due to
o VD £
i o

oP?

seem no more .130 be constants. Unfortunately, it is very difficult to
‘H
obtain the effect of viseosity and pressure either by experiments or by theory. The only

and

means to be tried is to compare the vesults of model propeller experiments to those of

-speed trial of full sized ships and propellers and to find correction factors. It is, in the

present condition of owr knowledge about the problem of ship propulsion, the most.

.accwrate process available. Hence, a careful study of experimental vesults of model pro-
pellers would be of great value for designers.

Swurface distorbance is a function of the immersion of propeller. But unless the pro-
peller is so near to the water surface that it draws in air from the surface, the immersion

has no appreciable effect on the action of a propeller. Since, in most of actual cases,

. ; ; ; D :
we have sufficient immersion, we may omit the terms due to g_; and even in the case
? o Vz 3

-of insufficient immersion, it is possible o find some corrections to be applied. :
The equations for 7' and M may, omitting the terms due to (2] " L and, 20

o oV? ? e

now be written as follows:—

T=oD?V?fip,s ay 8) (3)

M=pIPV*fi(p, a,s) 4)
Py I A V

Hence = - i . (b)
2anM  2x fy nD f
where p=piteh ratio
a=area ratio
; ’ . 1
s=glip ratio=1—
npl)
n=number of revolutions per umit time
Divide the both sides of (3) by IF*V?* and replace s by its expression, we geb
2 ::”ﬁ(fjs a, 1—- F_) (6)

0 5 7 npl

i T)?—TV? and % be known, this equation rvepresents a relation between p and o, and
nd

for each set of values of p and o which satisfy the equation (6), corresponds a definite

value of ¢ which is also a funection of

We may construct a diagram expressing the
n

relation between p, o and e, taking any one of them as the abscissa and the remaining
two as the ordinates. It is the most convenient way to take a as base. Fig. 1 shows an
example of such diagrams.
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As will be seen in the diagram, there is a set of values for ¢ and p which gives
and —V— .

T e DAy nl)

For every set of ——— and —— there exists a set of values of v and p which gives

maximum efliciency corresponding to given values of

Dy nlD
maximum efficiency, If we adopt
the space coordinates and take Fig 1
1! 4

=
Dy and 5 parallel fo 2 and-y

axis 1‘espectiv'ely, and ¢p, and « Wﬁ

parallel to z axis, we will get three
£ i

curved surfaces. The height of any /’—‘%?

point on the ¢ surface represents S

the maximum efficiency attainable =

-and which correspond

ook V
B g nlD
to the ecordinates parallel to = and »

axis of the point. The points on p

for

Avres Rehie
and @ surfaces with the same z and ¥

values show the most favorable combination of p and a. If we cut the ¢ surface by
equidistant planes which are parallel to 2y plane and project the lines of intersection on
the same plane, we will get a series of contour lines. Similarly we ean get contonr lines
for ¢ and p on the same zy plave.

In designing a propeller 7' and ¥ may be taken as known quantities. Supposing a
ship is requived to be diiven at an assigned speed, the vesistance of the ship at that
speed is readily speed, the resistance of the ship at that speed is readily estimated by
model experiments or by some other methods. Then 7T and V may be computed by

the formulas,

P £
1—¢
V=(l—w)7,
where V,=speed of the ship i
R =tow rope resistance of the ship at the speed 77
(1—t)=thrust deduction factor
(1—w)=wake factor '

To obtain the accurate values for thrust deduetion and wake factor iz another difficudt



e LB %

e A e e e e e e e

o g B OBk (BA &4 BA) 47

B

problem. But since it is out of the object of this paper it will not be described at
length here. For the present, we may take 7 and ¥V as given. Next things to be con-
sidered are the number of revolutions, the diameter, the pitch ratio. and the area ratio.
Of these four quantities, the first two are more or less restricted within certain limits,

the number of revolutions being in close velation with propelling machinery, and the
 dinmeter being limited by the ship’s draught. On the other hand pitch ratio and avea
ratio are not limited in any way. If we assume suitable values for number of revolutions
and diaineter, we should select p and « without any restriction for their magnitudes, so
as to get maximum efficiency attainable. ¥lence the number of revolutions and the
diameter may be taken as the primary independent variables, and the efficiency, the pitch
ratio, and the avea ratio as the dependent variables, the thrust and the speed being sup-

osed to be given quantities. -Sinece hoth of the variables £ sna t contain D,
o

rv* nl)
there is some inconvenience in using the chart. To avoid this, V%D and ‘r 7 may
be taken as primary variables where the former is the square root of the reciprocal of
--?'1— and the latter is the veciproeal of ¥ multiplied by the squarve root of — T s
PRIR i~ nl) ny:
For shortness, denote =T by Cn and Dby Oy C,and C » therefor, ve-
present n and D) vespectively in certain seale. Hence we can, at a glance, find efliciency
corresponding to the values of # and D which arve to be adopted, or determine n and D
which will give the greatest efficiency, harmonising with other requivments such as the
engine speed and the ship’s draught.

1_|

There are two valuable informations published on the model serew propeller experi-
ments, namely, “ Results of Further Model Screw Propeller Experiments ¥, by Mr. R. E.
Froude, and “Speed and Power of Ships”, by Mr. D. W. Taylor, Naval Constructor
U. S. N. It will not be needed to enter in detail of their investigations. A brief des-
cription will suffice here.
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Froude Taylor
namber . 36 in total comprising 120, all three blade
12 —three blade elliptical elliptical
13 —three blade wide, tip
12 —four blade elliptical
diameter 9.6 in. 16 in.
nominal 0.8, 1.0, 1.2, 1.4 0.6, 0.8, 1.0, 1.2, 1.5, 2.0
pltlhr&ho S e S S Wvilly WO, L., L.ag, L.y, oA,
area ratio 0.287, 0.395, 0.503, for three 0.229, 0.306, 0.382, 0.458,
blade elliptical 0.535
w 0.437, 0.584, 0.730, for three
35 blade wide tip
0.383, 0.527, 0.671, for four
blade elliptical
thickne | 0.038 0.1033
e 0.0774|for serews of 0.229
0.0516( area ratio i
o 0.0258)
i i 0.0894
i 0.0672| for screws of 0.306
0.0448( area ratio
i | 0.02256
| 0.0800
[ 0.0600(for screws of 0.382
| 0.0400{ area ratio
| 0.0200)
| 0.0730
| 0.0544|for screws of 0.458
| 0.0363[ area ratio
I 0.0181
0.0676
0.0507 [for screws of 0.535
. 0.0338( area ratio
;i 0.0169
. |
i ) 3.125 in.
immersion | 0.64 ft. or 0.8 D 16 in. or 1 D
speed of | AR 5 knots or
advance | 000 ft. per min. 506.67 #. per min,
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Charts T, IT, TIT, TV and V are calenlated from the experimental results of Mr.
Froude. Charts T and TTT arve the efficiency charts for three and four bladed screws of
elliptical blades respectively, corresponding slip ratios being shown in dotted lines in the
same charts. Charts IT and IV represent the contour lines of pitch ratio and area ratio
also for the two kinds of propellers. Tt should be remarked that the pitch ratio used
in the amalysis of Mr. Froude's experiments is the analysis pitch ratio defined by him
and consequently the slip ratio shown in Chart T and TIT is not the nominal slip ratio but
is computed by using the analysis pitch ratio. Chart V is constructed by superposing the
charts T and TIT, the explanation of this chart will be found later on. Charts VI, VII
and VIIT arve computed from the experimental data informed by Mr. Taylor. Chart VI
shows the efficiency of three bladed elliptical type with thickness ratio of .04, Charts
VII and VIIT being the same-as chart VI except that the thickness ratio are .06 and
.08 respectively. :

In comparing the Charts I, VI VIL, and VIIL, it will be found that the contour
lines obtained from these two data are quite similar in their configuration, there being
only slight difference in efficiency values. If we take motice of the considerable difference
of conditions of these two sets of experiments, for instance, the type of model propellers
tried, the apparatus employed, and methods of experiments &c., the agreement seems
quite satisfactory.

The curve A4 in the Charts I, ITI, VI, VII and VIIL, are the locus of points at
which the straight lines On —constant touch the contour lines and therefore they determine
the diameter and the efficiency for any assigned value for = ; similarly the curves BB are
the locus of points at which the straight lines (p=constant touch the contour lines
and they determine the revolutions and the efficiency for any given value of the
diameter.

It is obvious in designing a propeller that it is desirable to determine diameter and
revolutions so as to locate C, and O, near to the curves 44 or BB as possible, if the
efficiency of propeller only is to be taken into accounts. But in actual case where a
propeller works in ship’s wake, the problem is not so simple. A propeller which is less
efficient. when the propeller alone is considered, may give better performance when com-
bined with ship, than more efficient one. It is out of the scope of the present paper to
investigate the interaction of propeller and hull. It must, however, be noted that though
the propeller efficiency is quite different from the propulsive efficiency, yet it is by no
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means a useless attempt to study the nature of the propeller action in open water. Tt
will be of great value to caleulate C, and €, for ships which have shown successful
performances and to plot them on the charts. Tt will serve as competent guide for a
designer. T have analysed the trial result of several ships and found that the majority
of €, and C, thus found lie between 4.4 and BB.

A few conclusions which are brought out from these charts may be mentioned.

1. The efficiency is high at 'small number of revolutions, associated with large
diameter, pitch ratio, and arvea ratio, and falls off gradually as rvevolutions increases,
diameter, piteh ratio, and area ratio also becoming smaller. It will be inferred from the
form of the curves that we can attain greater efficiency than those shown in the charts
by adopting small value for C, and large one for . It might be possible to get such
a high efficiency, but it requires heavy, slow running engine and large propeller which
will be prohibitive in practical case. On the contrary, as theve is general tendency in
recent days to adopt high revolutions for propeller in virtue of the extended use of
turbine engine, it will often be found that €, is so great that it lies outside of the
field which is covered by the contour lines and in these cases the difficult problem of
cavitation usually takes place. It is well known fact that model screw does not cavitate
in tank experiment while full sized one does in similar condition. Tf we can construct
an efficiency chart with respect to full sized propellers, there may exist considerable
difference between this and the charts shown in the paper. Iven in this extreme case
it is practicable, by carefull analysis of trial results, to caleulate the corrections, and by
its application, we can infer the most favomrable number of revolutions for turbine and
propeller and determine the corresponding diameter, pitch ratio, area ratio and efficiency.
These charts suggest us that a screw propeller is an exceedingly successful apparatus for
driving ship of moderate speed when coupled with engine of moderate number of revo-
lutions, but that some other means of ship propulsion should be looked for to meet the
ever growing tendency of higher speed for ship and engine in these days.

2.  Any particular combination of pitch ratio and arvea ratio occurs only once in each
chart and the efficiency shown in the charts corresponding to the combination is a little
lower than the maximum efficiency of the propeller characterised by the combination and
the slip is greater than that of the maximum efficiency.

3. Chart V is constructed by superposing chart IIT on chart I. It will be found
that the contour lines intersect at the curve DI. Above this line three bladed propeller
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gives better efficiency than four bladed one, while below it four bladed one is superior.
Tt is frequently vequired to keep the diameter of propeller within certain limit, especially
in merchant ship where the load is variable. In this case the four bladed propelier is
distinetly preferable. The reason why two bladed propeller is not adopted except in
small craft is quite evident. There are many opinions about the comparative merit of
the three bladed and the four bladed propellers enunciated by several authorities. Sum-
marizing their opinions, it may be said that the three bladed propeller has not only
better efficiency than the four bladed one, but it should be lighter and cheaper, that four
bladed propeller is recommended only in cases where a greater portion of each blade is
above the surface of the water during the upper half of its rvevolution as in the case of
cargo steamer without sufficient load, especially in rough water, and that in these conditions
four bladed screws will run more smoothly. Captain Dyson has pointed out in his « Screw
Propeller 7 that in the case where the diameter is to.be reduced below certain limit, the
four bladed screw will give better propulsive efficiency than three bladed screw. That is
exactly the point which the chart V brings out. At a glance, we can determine which of
them, the three bladed or the fbur bladed, is to be preferved, while it requires somewhat
lengthy calenlation if one follows Captain Dyson’s method.

4. Charts VI, VII and VIII give us valuable information about the effect of the
blade thickness on the action of propeller. It is generally accepted that the thinner the
blade the move efficient a serew will be. This statement may be aceurate in similar
sense as three bladed screw is more efficient than four bladed screw. Tt appears that
there exists some limiting value of thickness corresponding to given value of (¢, and O
which give maximum efficiency. To make the blade thinner beyond this limit seems
quite useless. The thickness ratio in these charts are rather too large and I have tried
to get a chart for serews of thickness rvatio 0.02, but failed because there is no maximum
in the efficiency curve shown in Fig. 1. within the range of avea ratio covered by the
model screws experimented with. FEven in construecting these charts, it was often neces-
sary to make use of the method of exterpolation and moreover since there have been
considerable difficulties in fairing curves passing through the points which were caleulated
by experimantal data, they ean not, by no means, be aceurate.

In preparing these chuts it is intended to express the most complicated problem of
screw propeller in the simplest form by keeping the number of variables as small as

possible and assuming that owr choices of the pitch ratio and the area ratio ave quite

ABERRERRESIIEEE N B B &



AERRTEDEERE I EER ¥ B %

52 (AR EEREXR) B AR E BT T B EBE

free. Since all the omitted variables have little, if any, effect on the action of a screw
propeller and furthermore the last assumption need not be strictly adhered to because it
is apparent from Fig. 1. that any slight deviation of the pitch ratio and the avea vatio
from those corresponding to the maximum -efficiency does not produce any material
difference from the maximum efficiency, these charts can practically be applied for wider

range of conditions than what is specified in the course of constructing the charts.




CHART | EFFIIENCY o & 12 FRATIC

THFEE BLADE]D EL LIPTICAL SCREWS trrouoe)

T

[

[

il EF‘“&%”
et U AORATIO (BASER OMNANA

FUGAS YT

Co=D

25

B

s

.. - is

BE

25

T2 THRUST ity TOMS

PLMUMEER OF REVS BER M

i =
tv-Yo7

V- saesn g tovoTs.
LI nanse TERIN FT



CHART )] FITCHRATIO  AREARATIO
THREE BLADET) 1. LIPTICAL SCREW Strmoune)

i S e

e

7= THEUST 1V TONS V=~ soesn pr TS
TLNEAREER OF REVE PER AN LrRmeant=rER N £T



|

CHART Il EFFICIENCY & SLIP RATIO
FOLIR B AL E1LIPTICAL SCREWS smaue

.}

I T T 1 | H

: ' ; ' | ; "

| | [ | | ]

A R o

ks | : el | ]
! | - ' i i .
| | | t | i 1

i ! | — B | |

’w it ! I -Heg ‘if_.ecrp,dmo rmqpn O ANAT VRS BT, 1
i | |

| |

Lo =

7 THRUST # TONS V= sassomw povors
P MLIMIEER OF REV'S PER AN L DRAETER N FT



CHART I FITCHRATIO & AREARATIO
FOUR BLALDED FLLIPTICAL SCRE WS ErotunEe)

e T N T i e s M
- aE 0 P | ‘

. I__._.l‘..._ .!._.__.. i |

——— PRCHRATIO (AWALYSIS).

G-

| i H

] |

I | I |
| | |

A | | . |
Vil R N g ¢ PR Y |

Cn-% A

h_
-
"

b
|

TETHRUST W TONS b= speEow mvors
2= WUMBER OF REVS FER AV D~ LBaETER iy FT



.

CHART V. COMPARISON — OF
TIHREE B AT SGREW S FOLIRRLADED SCREW,

= B e | ‘ ; ‘ = ! :
| | i | | | |
l - i' !
" bty M Sl
| | 1
| | ‘ ‘ |
Iao | | ‘ . | |
I_ !Errﬁ;‘.fs\cr OF THREE BEADED SCREWSS BEME N WITH FLLL LINES ] | 1
| | ABOVE THE CLRVE DI, AND WITH. LIMES BELOW: |
| T{mvsﬂ | |
|
5] EEERE A OF AR B AT CENLNES 1 I
ABOVE THE QLRVE 20 r.ow [ |
THE CURWE D | |
i |
| [ | |
e !
s St it
L n e = |
= !
| |
|
i
f
s |
| ]
i | ,
s | |
li | |
1 |
| | |
i |
IIS ! ——:
|
|
e = =
| !
| |
s | ’ | |
| !
| i |
[ | | |
| - |
I~} o A CHNE - L.~ A R - S S 0 55




Copicld

CHART W/

EFFICIENCY OF THREE BLADED SCREWS
THICKNESS RAT/O =004

(TAFLOR)

=

AW

N\
N\N
A SSAN

| |
o] 'L ] Eal =25 .

g—————

50
L= T;Z: ¥
T= THRUST N TONS \/= SREED iV KNOTS
Hos WUMBER OF REVS PER MIN L= DeApts TER INFT



CHART Vil

FFFICIENGY” OF THREE BLADED SCREWS
THIGINESS RATIO =006

=

TAYLOR)

l

\ |

|
BEE\X

.

Sofe

G




CHART VI
EFFICIENCY OF THREE B/ ADEL) SCREUAS (AY7.OR).
THICKNESS RA770 =008

"
S Serenl

|

|

|

|




B o B % BT OF B M (A7 5 EX) 53

e o R L e -

e

AP.PENDIX.

Fuller Tixplanations being demanded by one of the juries on the prize essay “ An
analysis of model screw propeller experiments” :—
For chart. 1.
Examples of how the resistance is obtained from Froude's figures.
It will be sufficient if this is done for
.68 efficiency,
.88 slip ratio
only ;
“but all the items necessary to understand jthe process shounld -be stated.
For chart. I1.
Similar examples, of how the results are obtained from Froude’s figures.
Say for 1.33 pitch ratio;

also for .45 avea ratio.

The following further communications were made by the author.

Communications.

S. Motora.

There will be several ways of obtaining the charts from the data given by Dr.

¥ BB E
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Froude in his 1908 paper. In fact, I have found that the method I have employed in
preparing the charts I and IT which refer to three-bladed screws was not convenient;
so in the succeeding caleulation for four-bladed serews some improvements have been
made. By this reason, T will explain the process of obtaining the charts III and IV,
though the required examples refer to the charts T and IL. It will be observed that the
only difference between the calculation of the three-bladed screws and the four-bladed
screws exists in the values employed for the B (blade factor) and the efficiency correction
which will appear in the tables Iz and Ib in the following explanations.

The process of obtaining the charts III and IV,

W H
1. Draw the following two sets of curves on the base of (/,=_" where o/ = "% 2
raw the following T (where n 0

denoted by B in Froude’s paper).
a x:—jj——fmp =0.8, 0.9, 1.0, 1.1, 1.2, 1.3, 1.4, 1.5,

b. —~eﬁ°101encyf01p 0.8, 0.9, 1.0, 1.2, 1.3, 1.4, 1.5,
These curves, as indicated by Froude, are correct for the three-bladed elliptical screws
of 045 disc area ratio (Fig. 1).
2. TFrom these curves the following tables are computed.
a. Seven tables of efficiency, corresponding seven area ratios 0.3, .35, .45, .55,
.65, .75, .80, each table referring to the area ratio assigned in the hea of the table.
An example will be seen in the table Ia.
B is the blade factor given in the Froude’s paper,

0.= " H _ TV'x2240x 6080 _ 68775 Tn"
T Bpe 33000 x 60 B 7z

By this relation the first, second, and third columns are written down. The efficiency
values are taken from Fig. I and entered into the upper line of the space prepared
for each value. Then, add the correction for e which are also obtained from Froude's
paper, and the results are shown in the lower lines.

b. BSeven Tables for »D

; the values of @ are taken from Fig. 1, divide them
by p shown at the head of the respective column, the quotients (___-—) are writ-

ten in the lower lines in the space corresponding to each C, values. (Table Ib).

o

3. Combining these fables, eleven diagrams are constructed; an example is shown
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n 'Fig. 2. Tach diagram refers to as pecified vslue of €, or and consists

of two sets of seven curves, corresponding to seven area ratios employed and showing e

and nD on the base of pitech ratio.

4. In each of the above diagrams draw straight lines parallel to the base cérrespond_

ing to %)- 0.9, 1.0, 1.05, &ec.; take the e and p corresponding to the points of the in-

r
tersections of these straight lines and _?%12 curves. These values ave entered in a table,

one for eaen of the diagrams. (Table I1.)

5. The tables are now plotted in curves. (Fig. 3.)

6. Then find the maximum points of each of e curves and read the corresponding
values of e, p and ¢. These values are shown in the Table III which represents the
full results and not an example as in the case of preceeding tables.

7. From this table a diagram {(Fig. 4) is constructed. The ¢ curves for each E;}_TT 7'
value are shown on the base of azpD
The curves corresponding to the mfamedmte values of V],;.T n’ which were employed

in the ecalculation are obtained by constructing the cross curves of this diagram.
Similar curves p and o are obtained in quite aimilar ways.

8. Now, draw a set of straight lines e—constant and take the values of ¢, and

VT

!
2D and __n corresponding to the points of the intersections of the straight lines

and the curves The Table IV shows these values. The second lines in each space

vT_, WD [T,

corresponding to *_— n' are simply the quotients of —— N _T?_?E which are to be sub-
n' D

stuted for 5 for the sake of convenience of practical application.

Similar tables for p aud @ are computed. (Tables V, VI.)

9. The contour curves for ¢, p and @ sre obtained by simply plottiag the values
given in these tables- '

10. A table is computed by the Fig. 5, showing the values of p corresponding to
D and ‘/T
| 4

2~ n' given in the first line and in the first column. The slip ratio (=s) is

caleulated by the formula,

g=T_=_ il
p w'D 60

”
P . 60.80

The results are written below the corresponding p valne. (Table VIL)
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11. Plot these s values on the base of
’

12 Tako the YT/ and 72
the straight lines s=constant and the curves. (Table VIIL)
18. Contour curves will easily be obtained by this table.

(Fig. 7.)
corresponding to the points of the intersections of




Tapre Ia. EFFICTENCY. (4 Blades.)
w=.35
B=.1106
g 6.8775 T "'f‘” :62.185(%’"’2 )
1106 7 z
Pitch Ratio,
S __
a2 s 1 o laplas ! g9 | sl sidigk
.ﬂn’ oo 10 ¥, L ’
k? ik ' Correction for ¢ in 9
TP fi —95|-115| —1.95| —1.25] 21.25| —1.95
AP b . | Fea
_ , (| 48.00! 57.15! 6370| 68.35| 71.42| 7310 74.00| 74.00
1016 | 000256 '01593{ 47.55| 56.45| 62.75| 67.20| 70.17| 71.85| 7275 72.75|
(| 5545| 62.85| e7.70| 70.94| 72.60| 73.00| 7T2.72| TL9Y
020 | -00040 -024b75{ 55.00| 62.15| 66.75| 69.79| 71.35| 71.75| 7TL4T| 70.72
(| 60.23| 66.05| 69.62| 71.55| 72.15| 71.75| 7T0.64| 69.15
024 | .000576 -03582{ 59.78| 65.35 6S.67| 70.40| 70.90| 70.50| 69.39| 67.90
i >
(| 6310 67.60| 70.10| 71.00| 7085| 69.70| 6820| 66.25
028, H00784 '”48795{ 62.65| 66.90 6915 69.85| 69.60| 68.45| 66.95| 65.00
|
64.77| 68.08| 69.86| 69.80| 69.15| 67.50| 65.58| 63.40
{032 | 001024 ‘063575{ 64.32| 67.38| 68.91| 68.65| 67.90| 66.25| 64.33| 62.15
| es.50| 67.90! 63.98| 63.45| 67.30| 65.35| 63.00| 60.62
036 | 001296 |.080590]| g=0x| 6720 65.03| 67.30| 66.05| 64.10| 6175| 59.37
65.66| 67.32| 67.85| 67.00| 65.35| 63.15| 60.58| 57.98
040:) .001600 '099495{ 65.21| 66.62| 66.90| 65.85| 64.10| 61.90| 59.33| 56.73|
65.50| 66.66| 66.65| 65.50| 63.60| 61.00| 58.35| 55.60
044 | .001936 -12040{ 65.05| 65.96| 65.70| 64.35| 62.35| 59.75| 57.10| 54.35
i 6510| 65.93| 65.46| 63.98| 61.76| 59.10| 56.35| 53.70
068 | 002304\ 14398 {| gics| 6595 6451| 62.83| 60.51| 5785 55.10| 5245
]| BEL (| 6a70| 65.15| 64.36| 62.52| 60.00| 57.20| 54.50
052 | .002704|.16815 {| groe| ga'sn| 6341 6L7| 58.75| 5595 5325
| emad 64.30| 64.30| 63.26| 61.05| 58.38| 55.60| 52.75
056 | .008136|.19501 {| go'gs| 6360 | 62.31| 59.90| 57.13| 54.35| 5150




‘_—D_ (4 BIEIJ(}BS-) T_-‘XBLE I;.JF.
a=.3b
B=.1106
12
0,=62.185 q;;i )
VT, | T Pitch Ratio.
V2 J V‘i 0..4 :
& T | e | st as | as 'l 2 | oxk
1.1020| 1.1310 | 1.1620 | 1.1945 | 1.2200 | 1.2640 | 1.3005 | 1.3365
216 | 000266 .01592 { 1.3775 | L2565 1.0860 | 1.0242 | 0.9722 | 0.9288 | 0.8910
1.1400 | 1.1780 | 1.2170 | 1.2580 | 1.3000 | 1.3425 | 1.3875| 1.4315
2020 |00040" | 02487 5{ 1.4249 | 1.3087 1.1436 | 1.0834 | 1.0327 | 0.9910 | 0.9542
1.1785 | 1.2240 [ 1.9710 | 1.3200 | 1.3685 | 1.4170 | 1.4680 | 1.5185
024 | 000576 |.03582 {14730 |1.3599 1.2000 | 1.1405 | 1.0900 | 1.0485 | 1.0125
1.2180 | 1.2700 | 1.3240 | 1.3785 | 1.4340 | 1.4900 | 1.5455 | 1.6005 |
028 | 000784 | 048755 15508 114110 1.2532 | 1.1950 | 1.1462 | 1.1040 | 1.0670| .
1.9575 | 1.3155 | 1.8755 | 1.4360 | 1.4975 | 1.5580 | 1.6180 | 1.6790
082 | .001024| 0636751 15718 1.4615 |1.3055 | 1.2480 | 1.1985 | 1.1557 | 1.1194
1- 1.2970| 1.3610 | 1.4260 | 1.4925 | 1.5580 | 1.6235 | 1.6890 | 1.7545
v38 | 001296 080590{ 1.6211 | 1.5121 1.3568 | 1.2985 | 1.2490 | 1.2065 | 1.1697
1.3350 | 1.4050 | 1.4760 | 1.5465 | 1.6165 | 1.6870 | 1.7570 | 1.8270
e [ARULECD 0994951 16387 | 15610 1.4060 | 1:3472 | 1.2977 | 1.2550 | 1.2180
: |
1.3715 | 1.4470 | 1.5235 | 1.5990 | 1.6735 | 1.7480 | 1.8220 | 1.8950
PRD [ 00 stanno { 1.7142 | 1.6076 1.4536 | 1.3947 | 1.3445 | 1.3014 | 1.2634
, 1.4080 | 1.4885 | 1.5685 | 1.6485 | 1.7280 | 1.8070 | 1.8850 | 1.9605
048 | 002304 | 14328 {| 17600 | 16536 1.4985 | 1.4402 | 1.3900 | 1.3465 | 1.3070
1.4440 | 1.5275 | 1.6120 | 1.8965 | 1.7800 | 1.8635 | 1.9440 | 2,0250
052 | 002704|.16815 {15049 | 1/6o70 |1.5423 | 14835 | 1.4385 | 1.3885 | 1.3800
1.4800 | 1.5680 | 1.6565 | 1.7445 | 1.8320 | 19190 2.0030
056 | .003136| 19501 {\ 15500 1 7490, 15860 | 1.5267 | 1.4762 | 1.4308

|

Upper figures.in every rectangular space are .

Lower

3

2

1

bt

2

a/p.
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= N 30 35 45 55 65 75 80
p &%

L { » 1.498 ! 1470 | 1.452 | 1.448 | 1.436
: | 5775 | 5395 | 59.26 | 59.15 | 58.95
e 1 p 1450 | 1412 | 1864 | 1.342| 1328 | 1.320| 1313

5728 | 59.05 | 61.20 | 61.85 | 6195 | 6145 | 61.00

i/l P | 1827| 1294| 1954 | 1934| 1222 1214 1210

!% p 60.55 | 6195 | 63.70 | 64.00 | 63.75 | 6295 | 62.27
- 1 " | 19292 | 1194 | 1160 | 1144 | 1134| 1126] 1.122
¢ | 63.05 | 6415 | 6545 | 65.35 | 6465 | 6358 | 62.60
il { p | 1183 | 1110 1080 | 1.066| 1056 | 1050 1046
e | 6492 | 6570 | 6655 | 66.00 | 6492 | 6340 | 6220
I 1 .
s { P 1056 1034  1.008| 9°6| .988| 982 .978
| p 66.05 | 66.68 | 67.05 | 6612 | 6470 | 6250 | 6115
| | o
Sk { p | 9s80| 970 946 .936| 928| 923 920
¢ 66.66 | €695 | 6687 | 6560 | 63.85 | 6120 | 59.55




W'D 9 9
( 4 2'8' 255 !
Voo otg o 18 .'
2 l p | 1.450 | 1.360
a 430 | 313
( ’”’pf) 100 |1.05
u 71.95 5 |
YTy = 090 i L |
LT ] p | 1342 | 1.252

@ 467 | 390

n'D

7— | 106 |110 | 115
VT{FEJ}:.OQ‘; A 5] 70.45 71.05 71.00
7 P 1.347 | 1.248 | 1.168

@ 5195/ 440 | .400

n'D '

7— | 110 | 115 | 190 | 195
VT, _o9s 1 ¢ (6845 [69.60 7005 170.00

] P 1.351 | 1.250 | 1.164 | 1.092

« 5680 4935 4465 .420 ;

n'D !

7 | 116 | 120 |1.25 |1.80 | 135
VT s )| e (B613° (6780 i68.68 68.93 169.05
7 _ P 1.850 | 1.246 | 1.165 | 1.090| 1.026

a B79 | 516 | 470 | .436| .385

w' D ;

p— | 120 | 125 | 130 |1.35 | 140 | 145
el e 164.00 16590 67.15 [67.95 168.20 |68.00
T P 1.345 | 1.246 | 1.158 | 1.086 | 1.020| .966

a 586 | .520 | .484 | .437| 418| .373

n'D

~ | 120 | 125 | 130 | 135 | 140 | 1.45 | 150
VTy_os0 4 © 5925 (6200 6400 (65.50 (66.50 [67.05 (67.00
¥ p | 1451 | 1384 | 1.236 | 1.154| 1.080| 1.014| .962

a | T.66 | .006 | .550 | .497| 450| .424| .390




Tapre TIL.—Continued.

YTy 044
]7-

VT =048

VT, - 052
7

VT 056
7

n' 1)

€
P

t

n' D

1.25 | 1.80 | 1.35
57.30 (6015 62.30
1484 | 1.322 | 1.226
650 | 595 | 540
| |

130 |1.35 | 1.40
55.60 ‘58.42 60.83
1413 | 1.810 | 1.214
679 590 | 540
140 | 145 | 150
57.15 [59.55 6135
1.202 | 1.900 1120
583 | | 549 495
140 | 145 | 150
53.30 5590 58.26
1.372 | 1.274 | 1.184

645 | 586 | 547

1.40

64.15
1.143
.488

145
62.67

| 1.182

500

1.60

63.82
-990
440

1.55

60.25
1.107
510

150

65.80
1.012
434

1.50

63.94
1.062
-465

1.65

64.35
934
420

1.60
61.85
1.038

4711

'1.55

66.05
-954
405

1.60

65.10
945
415

1.70

64.45
.886
.390

1.70
63.45
926
423

1.60
66.00

906

357

1.65 | 1.70
65.25 |65.23
896 | 854
370| .333
175

64.50

847
350,
1.75 | 1.80
63.72 |63.90
881 840
384| 360
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