
SOME CONSIDERATIONS AFFECTING DESIGN, 
CONSTRUGTION AND WORKING OF LARGE 

STEAM TURBINES. 

In a paper dealing mainly with large turbines for land power 
sbtions read recently at the Institution of EIectricd Engineers,* 
instances of mrious breakdowns in some of these units were 
enumerated, and a general consideration of the failures servcs 
to bring into prominence some of the  important difficulties 
which have to  be surmounted in the design and construction of 
large turbines. Although in prineipIe the design of turbines 
for land and marine use follows the same general lines, thew 
are certain essential features which in the respective cases hare 
s modifying effect and call for apec id  consideration. These may 
be underst-ood if the main requirements for such turbines are 
briefly discussed, 

In the land Gurbine the questions of weight and space arise 
only so far as they may be concerned in initial cost, manufacturing, 
and transport arrangements, and full scope may usually be given 
to the attainment of the maximum poaible efficiency. In the 
general case the economic consideration, with which is dways 
associated reliability, is of paramount importance in shore 
inshllations. On the  other hand, weight and space have an 
important bearing on the design of turbines for marine and 
particularly for naval use, and the economic consideration may 
h a ~ e  to give way son-iewhat to these other factors. Prior to the 
introduction of gearing or other foms of transmission, t h e  
necessary requirements of the propeller, essentially n low-speed 
unit, ako ex&d a most important effect on the marine designs. 
The corresponding effect is not experienced to any great extent 
in land turbines, which are construated almost entirely to drive 
dynamos, essentially high-speed units. With the adoption, 
however, of an intermediate form of braasmission between turbina 
and propeller shaft, the turbines are to a large extent designed 
independent Iy of the propeller requirements, and with such 
designs, except as affected by the weight and space features, 
land practice is more nearly approached. 

As a general principle it may be stated that the main diffioulties 
arise with land turbines in the attempts to attain the high 
efficiencies necessary. It must be remembered that in some 
cases enormous powers are required and the machinery for a 
eonsiderablo portion of its time is working at bigh output, and 
in any case individual n~achines are generally worked at a high- 
load factor. On $he other hand, in the marine, and more particu- 
larly the naval designs, the weight and space features, seeing also 
thab cruising and astern arrangements are necessary, are liable 
to lead to the greatest difficulties. How these features affect 
the design will be seen in the follotvhg, which it must be pointed 

*Some recant developments in large steam turbine practice.- 
K. Baurnrmm. 



out is not intended to dewrib how large turbinee are designed, 
but only to indicate in their very bmad outlines some leading 
features ivoIved, where the main difficulties arise, and the 
methods of overcoming these difficulties. 

In my steam turbine a very high thermodynamic efficiency 
can only be obtained by working between as wide a temperature 
range as practical considerations permit, i.e., by the use of super- 
heated steam and a high degree of vacuum. 'Ij70rking between 
such limits will gim: a large heat drop per pound of steam, ant1 
for a definite number of stages in the turbine this  will result in 
n higher velocity of steam at the different stages than would 
obtain with a turbine using saturated steam and a Ion-er vacuum. 
As the bIade speecl for hest eficiency should bear some relation 
to the steam velocity (the exact relation, which in general raries 
from - 5  to unity, depending on the type of turbine) high-Made 
speeds are necessary In such designs unless a very large number 
of stages are fitted. Fitting a large number of stages, however, 
has attendant disadvantages. The length of the turbine is 
increased involving the construction of stiffer and heavier r0tm-s 
to res is t  deflection and whirling and entailing additional leakage 
lossex at blade tips or diaphragm glands, and the gland mouths. 
In addition there is a loss of efficiency owing to  the additional 
shoclr and friction losses, involved in the longer steam path t o  he 
traversed and increased nindage loam. The same difficulties 
regarding leakage, stiffness and weight of spindle also arise if the 
high-blade speeds desired are obtained by an increase i11 mean 
diameter with the number of stages kept down. 

It will be appreciated therefore that some compromises in this 
respect based on experience have to be effected. 

One important compromise is to fit s compound system, Le.,  
divide the turbines into two unih H.B. and L.P., but the same 
general considerations, although considerably reduced in com- 
plexity, ariae in dealing with these units separately. 

The division of power into two unih is necessary in any case 
in high-powered geared installations in order to obtain a prmtic- 
able design nf gearing, but the division of power is also desirable 
for the sake of the efficiency and reliability of the turbines, the 
simplification of construction and, possibly, a better utilisation 
of the available space. 

A stage in the design is therefore reached when a certain 
nnm ber of &ages and blade speed are provisionally decided upon- 

In naval practice wit,h twin W.P. and L.P. units fitted in 
connection with g~aring, the use of saturated steam has easMed 
a sufficient number of stages to be fitted without invoh-kg the 
neoessity of exceeding a lnsximunl blade speed, at the rnetltl 
diameter, of 500 f.s. in large designs, whereas with superheat 1larrtI 
practice mean blade speeds exceeding 750 fee. have been reached 
in epecid cases. Tbis question of blade speed has a determining 
intluence on the de@ in bhe last strsges of the L.P. portion of 
the turbine. If the high vacuum is to be effectively ~itilised the 



s*am in the last nozzles and Imt row of blaiding must fall to a 
pressure only slightly above the condenser pressure. With e 28 
inch racuum in this last row, tho specific volume of dry steam 
stands at the large figure of 333 cu. ft., per Ib. and with the use of 
a ~ g h  degree of initial superheat, coupIed with the reheating 
effcct on the steam due to leak~ge, shock and friction loswes in 
its pitASage tlkrougl~ the turbi~~c ,  it will be about />er ccnt. dry 
i n  this position, i .e . ,  possess a volunlc of 180-290 cu. ft. per lb. A 
~ v r y  considerable area of flow will therefore be necessary in rt 

Inrge output machine if the steam velocity is still to  hem its 
correct relation to  the blade velocity at this  stage. 

This s b m  velocity has been provisionally fixed by the number 
of stages and it is inadvisable to increase it, at  this last stage by 
alloning a greater prwure drop through the final nozzles, as, 
apart from a loss of efficiency due to its incorrect relation with 
the blade speed, the high resulting leaving velocity will entail 
additiond energy being carried over to the exhaust. The 
requisite area of steam flow is governed in the main by $he angling 
of the nozzles and blading and by t he  length of the blades. Wider 
spacing of t,he individual blades has a, detrimental effect on the 
etticiency due to the possibility of a direct flow through of the 
steam and a loss of impulsive or reaction effect. The blade 
length cannot be inareased inordinately, as it will g i ~ e  too great 
n, circumferential spacing at the tips, and it ia therefore unusual, 
except in some very special c w s ,  to make the length of bbdea 
more than 20 per cenb. of the mean diameter at which they are 
srt . The important factor tm be considered, however, aa regards 
long lengths is the question of centrifugal stress on the blades. 
Th is  stress on a Made of ~mifarm aectiion will vary directly as the 
length of the blade, directly as the square of the blade velocity 
n~ t l inversely as the mean diameter of the blade annulus ; or as it 
is sometimm stated, directly aa the square of the blade velocity 
and the bide "ratio " this Etbtbtter ifigure being the ratio of the 
height of the blade to +he mean diameter. If tho blade hPbs a 
reduced root section, as for exampIe where it is dove-tailed into 
t l t s  rim of the whoel, the stress will be proportionateIy increased 
at this section, as the support of the packing or distance pieces is 
indefinite and is usually ignored in stress c38lculatioas. The 
bending stress on the bldes due to the action of the. steam must 
also be taken into uonsideration, and it is on bhs satisfwtory 
compromises effected in these lmt stage. particulars thah the 
correct ~Ia t ion  between mean diameter and revolutions of the 
turbine or of the L,P, unib of a compound sptem, m&ly 
determined. 

With the speeds macbed in nsval prwtice the riecessary 
compromises have been possible and suitable stresserr obtained 
as permit of the .e of phosphor bronzs Wading, which material 
posqesses a high misting power to erosion and has practically no 
tendency h corrode. 



With superheat, however, and with the high stresses pertaining 
in the largo land units, special alloy steels containing nickel or 
nickeI chromium are used to a large extent., and these steela, 
although resisting erosion if the steam is comparatively dry, am 
generally affected by corrosion, eupecialIy if CO, and oxygen are 
present in the steam, The we of strtidess steel for turbine bhdes 
is referred to  in an article in KO. 3. of these Papers. 

For very large powers, it k found impossible drvays to co- 
relate successf ulIy the vilrious factors outlineti above, and the 
bst  stage difficulty I l a s  to be overcome in other ways, and it will 
be interesting to describe briefly some of these methods. Even 
wit11 these modifications, the last stage considerations stilI hare 
the most important effect on the mair: features of the design for 
the large output machines. 

(1) The LP. Unit is comtructed as a double-flow turbine the 
~ k a m  entering at the centre and flowing through what amounh to 
two turbines mounted on the =me spindle, the exhaust at each 
end being into a common chamber connected to the condenser. 
The blade heights through the L.P. Turbine are therefore one-half 
those that would obtain in a single-flow *turbine of the m e  nnm ber 
of stages. In re-action machines where this mangernent is 
frequently adopted this modification has the advantage of 
eliminating axial thrust, and the  necessities of s dummy piston 
with its attendant leakage. The tip leakage losses are, however, 
incressed as there are now two sets of clearances instead of the 
one, and these clearances depend not on the blade heights but on 
the diameter over the blades. It leads also to a longer and 
heavier turbine involving additional consideration from the point 
of view of s t 8 n e t ~  of the robr to keep it within its critical speed of 
revolution. This modification is met rith in n a ~ a l  practice in the 
Parsons all-geared arrangemenb. 

(2) A h g I e  flow is fitkd for d stages exwpt the last, in 
which two eqwl rows of blades are fittmd, but with steam 
flowing in opposite W o r n  through these two rows respectively. 
Certain di5culties in construction and the arrangement of a free 
exhaust are in~olved with this method. 

(3) In some very 1;rsrge units of 60,000 K.W. (i.e. 80,000 H.P.) 
which have been constructed in America, the arrangement is s 
tripIe-cm~le-compound, the H.P. turbine exhausting to  each of 
the two L.P. turbines, each of which is of the double-flow type, 
thus giving in effect four final stages. 

(4) A Rritisll Campany has introduced what is known as a 
multi-exhaust turbine for overcoming the difEculty, and t hk ,  
although not fitted in the naval service, is worth? of detailed 
description. The fitearn passes throngh the H.P. end of the 
turbine in t.he usual way until it reaches the special diaphragm A 
Fig. 1. At this point the steam is divided into two parts by the 
a m h r  division ring B in the diaphragm. Pmsing through the 
ouhr annulus C, the steam is expanded to tmhe condenser Fressure, 



the ahrtpe of the diaphragm blades and that of the co-operating 
ron- of moving blades at this p& being suitably proportioned. In 
the inner annulus D, the skbeam passes without appreciable expan- 
sion through suitably formed guide blades. Opposite D is the inner 
portion of the raw of moving blades E shaped in such a way that 
the stress= due to the centrifugal force are within the limits fixed 
by t l~e  material, the passages left between the blades being such as 
to pass t.he maximum quantity of steam with the smdlest drop in 
pressure. The steam then reaches the diaphragm F which also 
has two distinct annular parts, the outer part G being suihbIy 
shaped ta expand the steam to condenser pressure, and the inner 
part H to paa the steam on without appreciable expansion, 
through suitably shaped moving blades J to mother diaphragm 
K, where the steam is expanded finally to condenser pressure over 
the full lengths of the blades L. Due to the difference in pressure 
existing in the inner and outer annular pwages, a small leakage 
occurs through the clearance spaces between the guide blades and 
the corresponding moving blades. This leakage ia of tl minor 
order having regard to the large volume of steam dealt with at 
this part of the turbine. With this construction it i s  claimed that 
it is possibb to increase the lelaving area d the final stage in the 
ratio af I to 1-6 with one additional row of exhau~lt blades, in the  
ratio of 1 to 2 - 2 with two additional rowe and in the ratio of l to 
2.7 with three additional rows. The output of the machine 
can thcmfare be increased over a aonsiderable range, and without 
the urn of the two-cylinder conshotion. It is also claimed with 
justification that with thie method of construction it ia possibb 
to construct different multi-exhaust turbine8 for relative exhaust 
eaipacitics of 1, 1-6,  2 .2,  and 3 T on the same mean hametar 
and with the same length and type of blades, thus utilising the 
same patterns for a considerable range of output, with a special 
distance patkrn for the additional stage and length required. 
The srndIer powered turbines will work with partial admi~ion  
at the earlier B-, and the larger turbines with full peripheral 
admission. 

The objections to the foregoing are the additional oomplexities 
surrounding the special diaphragms and also the non-uniform 
blades and nozzles required in the final s h p .  

It might also be pointed out in connection with the last stage 
probIem that it is to  a certain extent simplified in anme large 
stations by arranging to tap of f  a portion of the steam at one or 
more stages towards the L.P. end and utilise the etearn so tapped 
off for feed heating, a modification that secures a slight gain in 
overall thermal efficiency besides reducing the amount of steam 
to be passed through the Iast stages and exhausted to She con- 
denser. 

Returning again to the question of blade stresses. Such 
stresses are s minimum at the tip of the blades and in a uniform 
blade gradually increase to a maximum at the end where the 
bIades adjoin the wheel or drum. With 1EovetaiIed blading, thia 
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stress is proportionately increased at the root section, due mainly 
to the d u c t i o n  of area and possible existence of sharp corners in 
the dovetailing, which latter, corrcct design and machining avoids 
t o  some extent. 

In the highly stressed cases such reduction ia obviody 
undesirable. By combining the blade with the packing or distance 
piece, it is possible with dove-tailed blading to mainbin a section 
at the reduced pmition at least as large aa the section of the 
blade itself (Rg. 2). This is ra usual practice in the last rows of 
bladhg in large Brown-Curkis turbines and in view of the 
advantages generally of such stronger blading, also allowing for tho 
fact that it is less liable to be strained during the initial operation 
of blading the turbine, is now specified for all future naval work. 
Another method of attachment is to rivet the bl&g to the rim 
of the wheel, the- design being such that  the area at the minimum 
mtion ia at least equal to that at the root end of the blade (Fig. 
3). Apart from such method~l it is arranged in extreme cmes of 
land practice to increase the section of the blades gradually from 
a point on the blades to the root either by making them thicker 
in the circumferential direction or wider in the axial direction. 
Such methods have some effeot on the steam flow but any such 
effect@ must be accepted at the expense of obtaining the necwary 
strength and therefore the main consideration, reliabhty, for 
without this latter feature all striving for efficiency is valueless as 
the gain in efficiency may be easily discounted by the repair bill 
and economic Imsea involved in the breakdown and the time such 
a unit is out of operation. 

There is now suffioient knowledge and experienoe available 
to enable the working at- on the vmiou~ parts of a turbine 
to be at least approximately determined although cerbain detail$, 
parhicularly the diaphragms, drums and whwh p m ~ t  great 
dXcultiw in this respect. The p t e s t  analflcaI difficulties, 
however, do not arise directly in connection with the ordinary 
working stmses, but in the tendency of the various parts to vibrate 
and a number of important failures that have occurred in power- 
plant practice have been attributed to failures of details under 
t h e  efFect of Vhrahry s t m e s  tha* h ~ e  been superimposed on 
the ordinary design load stresses. Every turbine, as a4a whole, has 
s series of critical speeds of revolution at which speeds and for a 
range either side of these speeds, dangerous vibrations may be 
set up in the rotor. These speeds synchronise with the fre- 
quencies of vibration of the rotor considered as a loaded beam. 
If the time of one revolution corresponds with a time of a complete 
oscillation of the rotor considered as ~b beam, then m error in the 
balance, which it is never possible ta eliminate completely, may 
cause t h m  dangerous vibrations to occur. This point can be 
fairly easily dealt with in the design stage, and in all Iarge units 
it is usual to  arrange for the rotor to be of sufficient stiff nms to 
possess a lowest critical speed which is at least 30 per cent. above 
the maximum running apecd. 



In small high speed turbines of the De ImaI type this is not. 
the ease, the shafting being purposeIy made very flexible, and the 
running speed is arranged to be considerably higher than the 
bwest (which is the most important) critical speed and which is 
passed through rapidly on speeding up or shutting down. Such 
a procedurs ia not permissible with large turbines owing to the 
rish involved in passing though the critical range, the speeding 
up or shutting down being necessarily slower and thereby involv- 
ing the turbine running at a dangerous epeed for an appreciable 
time. Obviously the procedure is also quite inadmissible for any 
variable speed turbines as are necessary for marine work and 
which may have ta run for periods at any speed up to full sped. 

The greatest differences between land and marine practice 
arise from the necessity in the latter cases of providing far astern 
running and, in tha case of warships, for working economically at 
redwed powers. In vessels fitted with electrio QV hydraulic 
gearing between turbines and propeller shafts, the provisions for 
astern working are incorporated in the rnotor~ or transformere 
mpectively, the turbines working in one direction only. 

In the case of mechcbnicdIy geared or direct-drive installations 
an astern turbine is, however, necessary and conking our atkenrtjon 
to recent British all-geared practice it is usual to  arrange in 
wpitaI ships for a maximum astern power of about one-half and 
in T.B.D.'s of &bout one-third of the full power ahead. This 
power is actually much larger than thaE normally required but i t  
eneures that the efficiency of the astern turbines ia not undulylow 
and thus provides for 8 reasonrnbb  topping power and askrn 
qeed being available when working with n. proportion only of 
boilers in use. The maximum power required in current designs 
c m  be obtained on a single pressure stage ~elocity-compounded 
wheel. 

I t  should be borne in mind that provision for astern working 
entail a loss equivalent to the work of drivdng the idle turbine. 
The astern turbine is now always incorporated in the same c d g  
aa the turbine, an advantage from space and other con- 
~iderations, but this involvea an increase in weight and a, larger 
and etiffer rotor spindb is required which entails a posdbIe increase 
in the leakage losee~l at the glmd mout.hs and in the dkphragm 
g h d s  of the ahead portion. 

In  warship^, efficiency at low powers is of considerable im- 
portance. The falling off in economy resulting from the reduoed 
velocity ra2.i~ of the turbines at low powers is compenmted for, 
in a measure, either by the use of ~pecial cruising twbines or by 
cruising stages incorporated in the main units. The. additional 
sages which are brought into uw a$ low powere ensure a reduction 
in the heat drop per stage and consequently a lower stage ateam 
velocity. This enables s higher velocity ratio between blade and 
steam being maintained with consequently a better efficiency than 
would otherwise be the case. 





The incorporation in the main turbine8 ia now generauy 
pneferred although the additional wheels nwemarg muat then 
always rotate at the high powers in comparatively dense steam 
and thus entail additional frictional Iosses. The provision of a 
stiffer rotor is aho necessary and this has its effect in increasing 
diaphragm and gland losses. At the same t ime there ia a, net 
saving in space, weight and complication as compwed with the 
arrangement of separate cruising turbines. If full advantage iis 
to he taken of the Iatter arrangement, de-clukhing fittings are 
necessary between the cruising and rnairi turbines to  eliminate 
the loss entailed in driving thc  cruising turbines at high powers. 
On returning to low power conditions the main engines niud be 
stopped to  re-engage the cruising turbines, and this disadvantage, 
under war and fleet steaming conditions, does not enable full use 
to  be n~sde of the cruising arrangements. 

135th the present design of Brewn-Cmbis tuxbines the cruising 
wheels incorporated in the main turbines are not bye-passed t o  be 
inoperative at the high powers but are, at all powers above those 
obtainable under the vmious cruising oonditions, worked at a high 
capacity. The general arrangement of the early stages of such 
turbines with two cruising wheels, as fitted in the later T.B.D's 
is shown in Fig. 4. 

The conditions d working are as fofIowe :- 
(1) At very low powem the control valves to the fmt 

stage on bottom casing of the turbine are open, the steam 
supphd pagsing through, in series, salt nozzles of the first 
stage, bottom nozzles of the second and third stages, and 
those nozzlm of the fourth stage nd supplied by the bye- 
P=- 

(2) At low powm but exceeding those obbined in (1) 
the a h m  suppEed to the W stage no& pursues the 
wmw mume but is now supplemented with additional ateam 
supplied by control valves on the bottom casing direct inh 
the second stage chamber and pass togethor through the 
boktom nozzles of the t.hird atwe and those nozzles of the 
fourth stage not supplied by the bye-pass. 

(1) and (2)  supply steam for all powers up to  about 25 per cent. 
of the full power md approximately 15 per cent. can be obtained 
with (X). 

For powers above 25 per cent. additiond steam is obtained 
by openhg the control vdves to the third wheel on the top casing 
and, with the opening out of the first of khese top half valves, the 
slide valve " A  " is moved upwards, from the position oovexing 
the bye-pass " X," to  a position covering the second stra&e bottom 
nozzles and thereby opening the bye-pass 'T " from the first stage 
into the third stage. 

The following now hoIds- 
(a) Steam supplied to  first stage after doing work 

thereon is bye-pwed into the third stage by passage " X." 
t 1W.W B 



(b) Steam supplied to the second stage continue3 to pms 
through the third and fourth stages aa before. 

Steam supplied by the top casing control valve {which valve 
has, through gearing, effected the movement of the interstage 
~ a l v e  " A ") passes ta thc third stage and so through the turbine. 
With this setting, further top casing control vdves may also be 
opened until, at about two-thirds Ghe power, the opening of a 
further control valve causes, through gearing, the slide valve " B " 
to move upward from the position covering bye-pass " Y "' to 
cb position covering the nozzles into the third stage. The covering 
of these third stage nozzles causes the steam, wl~ieh has done work 
on the second stage, to bye-pass by the p~b~sage Y " to  the 
nozzles of the fourth stage. With tlzig setting corresponding to 
conditions at higher pewem the paasage of sham is as follows :- 

(a) Steam supplied to the first stage bye-passes from the 
first stage casing to the fourth stnge nozzles through passages 
t t  X W and 17." 

(6 )  Steam supplied to the second stage b y e - p e s  from 
the second stage casing to the fourth stage nozzIes through 
w a r n  " P." * - (FY Steam to the third stage is now rruppbd entirely by 
top casing nozzles and passea from the third stage through 
the fourth stage nozzIes, .In the fourth- stage casing all. 
steam becomes common ta the snbsquen% stages. 

By meane of thia arrangement and opening only the nozzle 
valves required to obtain the desired speed with a high pressure 
in the control belte3, an economy of the turbines can be maintained, 
approximating to  that ak the high gowors, down to a, very low 
proportion of the full power. 

It is now proposed to note some important running di5culties 
that have occurred in large turbines undor various claas3catiorts 
of failures. 

(I) Dbbrtim of Tarbins Rotor a d  Stcsfor.-This is s con- 
sideration that hzw always occupied the c d u l  atterdion both of 
turbine designers and usam and generalIy increasing oare ia 
requimd both as the dze of the unit and the presgure and tem- 
perature range to which the various details are exposed, am 
increased. I$ is this liability Ga distortion under &he temperature 
and pmsuce conditions that governs the various clemmces 
permitted and therefore has an effect both on the reliability md 
&cicncy. The design stage involves the consideration of careful 
proportioning of the important details to fah off any changeg of 
thickness as much as possible, ~luch as are involved in the provision 
of $&in@ for mountings, f l v  and any necesasry supporh, and 
sbo in the ribbing. When in use, *he warming-up requires careful 
application, and the working-up of the turbine sbould be gradud, 
any sudden changes of speed being &voided as far ss possible. 
These pointa are now well understood, and genemIly appreciated. 
Another featme tha* has to be carefully attended t o  is to ensure 



that atfeases, readting from the expansions of the sbrn  pi* 
supplying the steam to  and connwting the various unit&, are not 
transmitted t o  the Gurbie crtsings, The provision of expamim 
joints in correct positions will overcome m y  such effects. 

Two prtirr1 failures of I q e  30,000 K.W. mach ins  were 
attributed to tthi feature. In one the labyrinth packing on the 
L.P. element failed due to t he  buckling of tho cylinder caused by 
rigid piping between the t.wo surfwe eondenaers which were 
rigidly bolted to the turbine, and when the repair was made good 
flexible piping was i~~stalled between these condensers. h the 
second case the labyrinth packing on the H.P. eIement failed three 
times, Ghe failure being attributed tu heavy distortional stresses 
caused by rigid bracing of the steam pipe near the turbine, although 
excessive clearance in the thrust Mock was cited aa tb contributary 
cause of them faidma. As might be expected, such failures are 
mor6 likely to occur in the reaction mrtchinm where the clearances 
are generatly less ehan in the impulse machines, alkhough in the 
case of a comparrttively s m d  impulse machine (3,000 K.W.) 
failure was attributed to the distortion of a Jsst stage diaphragm, 
which fouled the last wheel, owing to a sudden change in tem- 
perature as a result of changing over from condensing to  non- 
condellsing condition. Under such a condition the last &a- 
phragms m i l l  heat up nluch more quickly than the more masive 
turbine easing. The diaphragms will consequently expand at 
a greater rate than the casing and if the clearances are not 
sufficient, the diaphragms may distort in an sxid M o n  under 
the pressure exerted by the caaing in the radid direction, and if 
excessive, will cwse xubbing between the diaphragm and rohr. 
The difficulties in this comahion are obviously m m  reacute in 
connection with diaphragms of brge diameter and a certain 
amount of radial clearnme whem the diaphragm ia held in the 
cylinder is a necea&y. 

Apart from possible didartion due fo temperatum diEer- 
em-, the disphragms are also expmed ta the didartion due to 
the prmsure difference betwecn the two sides, and it is di-fsicult, 
without introducing corresponding disadvanbgp, t o  arrange for 
a very stiff supporb of these fittings where attached to the cylinder 
casing. The complete wrecking of a large 35,000 K.W. machine 
was attributed to  the deflection of a diaphmgm, which amounted 
to more than the axial clearance and so caused fouling of the 
adjacent m-heel. The accident took place when, due to  m break:- 
down of another machine on the eystem, the Iarge unit was 
caUed upon to  supply overIosd. The rubbing between the &a- 
phragm and disc was so intense *hat btft caused the diaphragm Go 
revolve with the rotor until it fractured and burst the turbine 
cuing. 

It is not posgible ta calculate with any degree of muraey the 
deflection of a diaphragm owing to the peculiar nature of ih 
oonstruction and support, and especially too if the diaphragm is 
in hdvw. It is now considered advisable in this connection to 
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tmt them large diaphragms for deflection before they are actually 
med in the turbine Go ascertain whether thia deflection is well 
wibhin the Emits of the axial ~Ieearsnce, ~IIowances being necessary 
for distortion due to temperature changes. 

(2) C w & q  and Breaking of Tx~bine  lh3cs.--Considerable 
difficulties have been experienced in land practice due to the 
cracking of turbine discs and this fer~ture is one of the grenkst 
difficulties in large high speed turbine design. The canwe of 
failun? may be due to various remns. 

(a) Excessive stresses due to the centrifugal forces. 
(b )  Vibration of the discs. 
(c) Excessive stresses due to uneven distribution of 

temperature. 
( d )  Faulty material. 
(e) Faulty design, manufact-uce or t,reatment during 

manufacture. 

h the general caae the turbine discs bursts with practically 
no warning, compIebly wrecking the turbine and adjoining 
m~hinery .  With the exception of cases where the turbines have 
run away due, say, to  a governor not operating, the failure of the 
disc has been due to e fatigue fracture which may have taken 
considerable time to develop. Thia fatigue fracture is caused by 
tho vibration of the turbine die6 giving rise ta considerable 
vibratory ~treasea being su@mposed on the static stmssas due to  
centrifugal force, end uneven distribribun of temperature. These 
static s ~ ~ s e s  (using the qualxcation '' static " in the sense of 
" shady" although the stresses may be caused by dynamic 
eflcota) arc ausecptiblc to calculation albhough presenting con- 
siderable analytical difficulties, and a1.e in any cam somewhh 
uncertain in proximity to steam b ~ b n c e  holes, keyways with 
sharp cornem, sharp edges, or any rough mmhining work on the 
disc. Such local stressing of the materid must therefore be 
avoided if possible. The vibratory stmses when set up result in 
local stress= exceeding the elastic limit of the makriebl, and bhia 
will ultimately result in a fatigue fracture. 

It is very important, therefore, that tbe turbine discs should 
be designed in such a way that synchronous vibration due to 
small periodic disturbing forces of any kind is not pmibIe. It 
appem from experience tha t  as a general proposibion difficulty 
in thia connection arises if the discs we run ak speeds above about 
650 f.s. ak $be mean blade diameter. If this speed be exceeded 
the discs have to be made much havier than would be necessary 
from the consideration of centrifugal stresses only. 

A turbine disc is liable to vibrate in vmioua ways. The vibra- 
%ion may be of the umbrella-shape ty-pe, or it may be of the 
mgmental typ with two or more nodal &meters. The former 
vibrabion ie iikely to h set up by some axial disturbances of the 
ah& such aa may arise,.my, in a flexible coupling. The latter type 
may be caueed by the uneven distribution of the acFmi8aion of 



~ t m m  over the periphery of the turbine wheel, as m y  mur 
with n&ial admission or with small inaccuracies in the nozzles 
such often exist near the horizontal joint of the diaphragm. 
In such a case the nodal diameters are stationary and the disc 
rotates in a deformed shap which shape is stationary in gpace. 
There is evidence, however. that dangerous vibrations also occur 
where the nodal diameters rotate with the disc. Such vibratiom 
may be set up by a slight vibration of the machine resuIting 
from a rotor out of balance. 

The frequency of natural vibrations of a disc depend not only 
on the form and the physical properties of the material, but also 
on the interns1 forging and machining stresses, and the distribu- 
tion of temperature in the disc. The last-named factors greatly 
conzplic~te the problem of determining the natural frequency of 
vihlntion by calcnlntion, and it  therefore behoves the de~igner 
to lccep well within safe limits rather than attempt to find it by 
triaI and  TOE‘ or by actual, experiment, ws the experjment to be 
satisfactory can only be carried out on. the actual machine under 
working conditions. 

Some of these failures may now be mentioned :- 
15,000 R.UT. Machine : wrecked through bursting of the last 

disc, the fraoture starting from the edge of a balancing hole. 
35,000 K.W. Machine ; 19th wheel bur-st and wrecked machine. 

Previous t,rouble due to vibration and shrouding coming off had 
been experienced. The disc cracked from a balance hole close to 
the rim; these balance holes were roughly machined and had 
sharp corners. 

15,000 K.W. Machine; failure of hqt wheel causing wrecking 
of LAP. cylinder. Wheel cracked between two baIance hoIes. 

5,000 K.W. Machine ; wrecked through bursting of third disc. 
Fatigue crack developed from balance hole in third wheel causing 
fracture. 

20,000 K.W. Machine ; severe vibration ; dl blades were 
stripped off mventh wheel and fifth wheel showed a radial crack, 
The wheels were made of cast steel. wnd cracks have deveIo~ed 
in other discs of similar machine;. The discs were repl&ed 
by others of forged steel. 

5,000 K.W. Machine; wrecked thr~ugh bursting of fimt disc. 
Attlibutecl to vibration on four nodd diameters. Stiffer d i ~ c  
fitted in the replace design. 

6,150 K.W. Machine ; wrecked through bursting of first disc. 
Cause rather obscure but possibility of vibration on four nodd 
diameters is supposed to have caused fracture to commence from 
a Iocal weakness due .to faulty material. A duplicate disc in a 
similar w h i n e  has run sathfactoxiiy for years. A replace disa 
failed in 10 days. StiEer disc fitted subsequently. 

30,000 K.W. Machine ; wrecked through bursting of lagt disc. 
Failure appeared to originate from a deep circumferential t od  
mark made in machining the disc and situated about midway 
between hub and rim. The rnaea l  did not appear entirely 



satisfactory and stresses due to  running and po~aib1e vibratoxy 
causes ~vonld appear to have further accentuated atresses which 
would be aIready above those anticipted in the neighbourhood 
of the deep tool mark. 

An inkrating case of vibration has been reported from 
a ZoeIly machine. It was the 21st of a series of machines all 
of the same power and revoIutions, and no trouble had been 
experienced with the fwst 20. In the 31st machine, disc vibra- 
tion occurred about t h e  nodal diameter, 130' apart. The only 
difference between this machine and the remainder was tha t  it 
wtbs connected to an alternating cment  generator giving s 
number of c yelee different from the others, and this arrangement 
led to the same number of pole-changm in this machine in a g i ~ e n  
time to be equal, fo the revulntiens, and synchronous vibration 
was belie~ed to have been set up. The defective wheel wm 
replaced by one of stiffer makrial. 

Although lightness is a special feature in some classes of 
naval designs, there have been no failurn similar to those above9 
and the generally lower peripheral speeds oombined with c o m t  
design, camful machining, balancing and fitting appear to have 
kept such designs well within safe limits. 

EZding Pud2ures.-The bhding has at aU times been looked 
upon as the most vital feature in a ateam turbine and the majority 
of turbine failures have originated in these details. Generally 
qeakhg, however, with such failures it is mmt unusual for the 
m a c h c  to be absolutely wrecked, as although in cases the 
damage is extensive, it is confined to blades and nozzle plates, 
the msin structural details remaining serPice~bble without 
mackinkg work being necessary. In a number of instances the 
cause htas arisen outside the cylinder by a failure of the lubricating 
aupply, leading to  overheating and wear of the rotor bearings or 
adjusting block, with consequene destruction of the blade clear- 
ances, whi3st in other c m  a foreign body or a loosening of m 
internal fit~ing has initiated the stripping. These are apart from 
those cwes where contact haa occurred through distortion due to 
insuficien* or uneven heating. 

There are, however, a large number of cases where blade 
fdure, other than due to the above causes, Ilas taken place, m 4  
it has been observed in some of the naval imt.ances that t he  
f d u r e  has occurrcd a* positions in which the normal working 
atresses have been welI within safe limits. In ~uch c- it can 
o d y  be assumed that the blade or blades were defective, either 
initially from the. materid point of view, or suffered md-treat- 
ment during the process of blading, or were subjected to  a shock 
effect by rs sudden admission of water to the turbine, either with 
the main steam or auxiliary exhaust supply, Investigation of 
such cases always presents a certain amount of difficulty, as, 
duo to extension of the defeot, it is generally not possible to 
locate the initial source of f~ilure. Tn view, however, of the 
possible causes of failure indicated the remedy is to eliminate eU 



such c a w s  from the design to the running atage. The correct 
design ensures tha t  the proportions are sufficient ta enable the 
sbresses incurred ta be easity borne by the rnateiial adopted, and 
dI sharp corners, such as may adse in dove-tailing, must be 
eliminated to  avoid fin excessive local stress, which may easily 
lead to  fracture and failure in course of time, In the manufac- 
tul.ing stage the m~terial of each individual blade must be u p  to  
sample and must be free from any cracks even of a microscopic 
nature. Very careful examination of the whole of the finished 
bIades is indicated as a necessity. Coming to the blading opera- 
tion the blades must at no time be subjected to mal-treatment 
such as being driven heady round the groove in the wheeI, as 
apart from the driving strains introduced it indicabs that the 
blade itself is also being locally st.ressed owing to its tight fit. 
There is reason to beIieve that under the stress of war conditions 
failures of blades can be attributed to treatment of this nature. 
Further stresses may be introduced in setting the blades when 
fairing them up to ~kccommodate the shuding  or binding strips 
and such work should be carried oub with discretion. The shroud- 
ing itself is a potential cause of failure which must not be ovcr- 
looked. The holes in the shrouding should have rounded cornem 
to obviate introduction of Iocd stresses, and should be evenly 
and centrally s p ~ e d ,  otherwise the blades and shuding  are 
atmined during the fitting, 

Then finaIIy due attention and cam on service must be given 
to obviate any shocks being brought on the blading. 

There still remains the question of vibratory stresses which 
may arise especialIy with the long blades. The vibration may be 
set up by vibration of the disc, by excessive vibration of the 
machine due ta an mwtiafactory rotor balanco, or it may be 
due to Pibration of the blades themselves. I in the latter case 
an albmtion of hhe blade shape is nob practicable, a mom rigid 
eleinent can be obtained by staying intermediak points of the 
blades. 

There have been no failurn in the naval aervice that can be 
attributed to vibratory causes pure and simple, but in two very 
large land units it. would appear that blades failed on the L.P. 
wheel due to an accentuation of the norrna! sbresses by vibration. 
The damage in such cases was local and in one case a loss of 
efficiency was ameptdl by running with the last row of blsdes 
absent. In thc case under consideration the blades mere 34 inches 
long on a mean diameter of 1 1 f t .  7 in. and running at a speed 
at the mean circumference of 720 f.s. ,  the design b g  of an 
extreme nature. 

Intermittent. vibration is sometimes noticed in turbines 
especially on first starting after warming up. T b  m y  be due 
h distortion destroying the clearance of the diaphragm glands 
which consequently make contact with the rotor spindle. After 
shn$ing or running easily for a short period this distortion is 
g e n e d y  overcome. In the earlier Brown-Curtis designs t.hese 



gIands were fitted to touch the spindle, the comb-ringcc in wgments 
being held by a garter spring. Tempomy seizing sometimes took 
place while standing and vibration WAS experienced till the combs 
wore or the seizing wws 01-ewome. I n  all the bter designs, 
however, there is a definite clear~ace between combs and spindle, 
the gland r ings being fitted with a shoulder which ensuree the 
cIewtl,nce Being always maintnined. 
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