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PREFACE 

The object of this book is to prepare studems for the first and 
Second Class C d c a t e s  of Competency in the subject of Steam 
Engineering Knowledge. 

The text is intended to cover the ground work required for both 
examinations. The syllabus and principles involved are virtually the 
same for both examinations but questions set in the First Class 
requitw a more detalted answer. 

The book is not to be miwidered as a close detail reference work 
but rather as a specific examination guide, in particular almost all 
the sketches are intended as difsct applications to the examination 
requirements. ff f u m r  knowledge from an inwrest aspect is 
required the student is advised to oonrult a specialist text book, 
e.g*, turbines, boitem, control theory, ete., as the range of modem 
marine practice has superseded the times whereby all the subject 
can be accurately pressnted in one volume. 

The M method of study is to read carefully through each 
chapter, practising sketchwork, and when the principles have been 
mastered to sttempt the few examples at the end of the chepter. 
Finally, the miscellaneous questions at the end of the book should 
be worked through. The best preparation for any examination is the 
work on examples, thls is d i w k  in the subject of Engineering 
Knowtecfge as no model answer is awLMe, nor indeed any one 
text book to cover aU the possible questions. As a guide it is 

. suggested thai the student finds his information first and then 
attempis each question in the book in turn, basing his answer on a 
good descriptive sketch and writing occupying about 1 ) sides of 
foolscap in ) hour. 

All the miscellaneous specimen questions given at the end of the 
book are fnrm D.O.T. examinations togetfier wIth the test examptes 
at the end d chapter one. 
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CHAPTER 1 

BOILERS 

Variws of boilers am In use in merchant vessels, Scotch, 
watembe, v e M l ,  package and othr#s. To cwer each and every 
boiler in detail wwld mqulre a h k  in iwlf. hen= in this chapter we 
have restricted the merage to e m p s s s  as many cf the quedms 
a* a b u t  boilers in the examinathn = possible. 

A number of Scotch bollem am still in use today as main and 
auxiliary units nand few if any are being manufaaured. Only a brief 
desaiption will be given, more details can be obtained from the com- 
panion volume No. 8 of the series 

ConmEtion 
Three types d c o m c t i o n  have been used (11 all riveted (2) 

riveted with welding (3) all welded. The majority ofthe more modem 
scotch boilers are mainly the hybrid variety of riveted and welded 
construetion, s*e the all welded type Is mom apensive to produce, 
this is due to the requirements for Class I fusion welded pressure 
.vessel& 

Materia,: 
Plain low carbon open hearth steel of good quality having an ul- 

timate tensile strength between 430 MN/rnl to 540 MN/m2 is used. 
Steef produced by the 'Ksldo' or 'L.D.', or any other oxygen procsss 
would be acceptabla Most steel producing plams are phasing out 
their Bessemer converters and open hearth furnaces, but some open 
hearth furnaces have k e n  converted to oxygen blast 

All flanged plating and stays, etc., whiieh have had their ends upset 
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must b heated to 6000 C and then allowed to cool slowly in order to 
sttes relieve. 

Furnacesr 
Corrugated for strength, this also gives increased heating surface 

area. Not to h thicker than 22 mm (excess material thickness would 
give poor heat transfer and could possibly result in the excess 
material being burnt oft). 

Most Scotch boiler furnaces are suspension bulb type corrugation, 
since, for a given working pressure and furnace diameter. their 
thickness would be less than for other corngation types. This gives 
better heat transfer and Meiency. 

Furnaces must be arranged and fitted so as to ensure that furnace 
renewal can be carried out with minimum possible inconvenience. 
With this object in mind riveted fuma- have their flanw, which is 
connected to the combustion chamber tube plate, so designed that by 
suitable manipulation the flange can pass through the opening in the 
boiler front plating. 

Combustion Cbmber 
These are made up mainly of flat thin plating and hence have to be 

given support by means of stays, girders and tubes. 
Boiler tubes, in addition to cawing gases from combustion 

chamber to boiler uptake. support the boiler front tube plate and the 
combustion charnbw front plate. 

Stays and stay tubes give supwn to the h i le r  back and front 
plating between the combustion chambers in addition to giving sup- 
port to the combustion chamber plating. 

Combustion chamber girders which support tfie top of the com- 
bustion chamber may be built up or welded types. 

Combustion chamber bottom plating requires no suppon by means 
of stays. etc.. since it is curved and is hence the ideal shape for 
withstanding pressure (see Fig. 1 .I ). 

Boiler end and wrapper plating 
The boiler end plating, be. front and back, is supported by means of 

the combustion chamber stays and tubs. In addition, main stays 
about 67 mm diarn are provided. These are in two groups of three 
between the furnaces and in two or three rows with about 400 mm 
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Pig. 1.2 S C M e H  BOILER 

pitch at the top of rhe boiler. 
The main wrapper plating Is usually in hNo parts which are joined 

together by mmns of double strap butt joints of special design. Since 
the wrapper plating Is 'circular it requires no stays for support against 
pressurn. 

Manhole openings are usually made in Ehe bottom of the boiler 
back plate and in the top d the wrepper plating. These openings have 
to be compensated to restom the plate strength and the opening in 
the wrappsr plating must have Its minor axb parallel to the boiler axis, 
the r e a m  for this is that the circumferemisl lor hoop) stress is twice 
as large as the longitudinal stress. Ifhe student should revise the thin 
cylinder theory given In Pan 'A' and prove bu= PD/2t and at = PDI4tl 



M~umlhQa 
Tho dlaporitbn of the usual 3-h bller mountings are aa fo lbw 

and points of importenu nlatlng to thum are: 

(a) Water w#k orifiua for wrtor gaugm glms flttlng 1s et hbst 
127 mm abwa thm wp of the comburtlon chambon, and ths top d 
t h  eombwtlan ahrmban rhould ba elmarly madid on tho outside of 
ths bollsr. 
lbl lmsrnal tssd plpe la obwd ut on4 end a d  prlontd through- 
out k length In ardor to dbtetrlbuto the reladvsly aoot Cod wrtrr ovlr 
a Iarg8 spa- thus d d l n g  bml wbroc~llIw of kt boller plat08 md 
tubn, 
(el B d k r  Mow down ImrmI pip, go= to thm bottom of ths boiler 
in order that the bollrr m y  k completely ernptfed. blow down 
v a k  Is oithrr non mturn or a wok, w a H y  the former to p m n t  brok 
flow Into t h m  bollmr d cold water H the b o l k  is blown down to ths 
S*I. 

(dl Swrm cock 18 uwmlly lktrd In tho warn mpacm w that if the in- 
ternal pipa bmmmma slightly or totally dlr#mnrctmd the bolkr wWr 
lwl mn not k c m e  lowered to a dangerour leva1 Inadvertently. 
(01 Meh wrn d o t  i8 uoublly fitted A h  r dry pipe to d u c a  
moistur* caw ovor In the main storm supply {this is ususl if the 
neam pama8 fmm the bdkr to aupshwtew). 
(fl Two gauge glwaea we f&d to determine th water level. 
($l Whlgde swam gosr dimw from the bllar Ithis alw applios to a 
atsam steering guar). 
(hl Cmnmctions am usually provided ap that the b l l r r  water an be 
d w l W  when rsislng .awm. 

When nioing ots8rn In a Scotch Mlsr  wre must be tsken to #I- 

wrs that the hmrdng up p m ~  h unkm throughout the boikr 
othrmlw ~tmhnlng of the bollsr wlll mks place m d  thlr could had to 
tubes 'springing' and wksqurnt kakaoor, In cdaltlon mdrr muid 
d d o p  In thm plltlng If th s t r o w  are high. It lo c u r n a r y  to oh 
a8 bng as prsc4lollble to nlaa naam and thh rmy bm n long 18 24 
houn If no aimlation rnseno om prwlded othw than nnural convm- 
don ourrant@. 

(II Ssfety vrhvea generally of the I m p w d  hlgh IHr type am 
pswWmd ta nllrw excmw boflmr pmwm, they e n  fittad with reoing 



gear that usually comes down the side or front of the boiler to a con- 
veniem position. Drain lines but no cocks are provided and when the 
safety valves lift these drain lines should be checked to ensure they 
are clear, or damage to  the valve chest may result. 

Blowing Down and Opening Up a Scotch Boiler 
If repairs or an examination of the boiler have to be carried out it 

will have to be emptied. It woukl always be ktter, if time is available, 
to allow the bdler to cool down in its own time &er shut down, then 
pump the water out. In this way the relatively sudden shock cooling 
due to complete blow down would be avoided. 

If the boiler has to be blown down to the sea. allow as much time 
as possible after shut down before commencing. The ships side blow 
down cock must bs opened first then the Mow down valve on the 
boiler can be gradually opened up. In this way the operator has some 
measure af control wsr the situation, if for example the external blow 
down pipe between boiler and ships side was in a corroded condition, 
then if the operator opened up the boiler blow down valve first, this 
couId lead to rupturing of the blow down pipe and a possible accident 
raulting whilst he is engaged in opening up the ships side eock. 

Our senses tell us when the blow down process is coming to a 
close, the noise level falls and the pressure will be observed to be low. 
Care must b taken to ensum that no cold sea water gets into the 
boiler, the boiler when empty of water woulct still contain steam 
which could condense and cause a vacuum condition. this in turn 
could assist the entry of cold sea water. To help prevent sea water en- 
try, the boiler blow down is usually non-return (on some water tube 
boilersa doubleshut off isprwided) but even with a non-returnvalveit is 
strongly advisable to start dosing the boiler blow downvalve when the 
pressure is low enough. and when it is down to the desired value, the 
valve must be closed down tightly and the ships side cock closed. 

At this stags allow as much time as possible for the boiIer to cool 
down and lose all its pressure, and when the pressure is atmospheric 
open up the air eock and gauge glass drains to ensure pressure inside 
boiler is atmospheric. 

Either boiler door can be knocked in at this stage, top or bottom, 
but not both, provided sufficient care is taken. if it is the top door, 
secure a rope to the eyebolt nom-tally provided and make the other 
end of the rope fast. Slacken back but do not remove the dog 
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retaining nuts, take a relatively long plank of woad stand well back 
and kwck the doar down. fhe is now open and the dogs can be 
completely remwed, do not immediately open up the bottom door 
since if the boiler is hot this would led to a c u m  of relati\Fely cod 
air passing through the boiler and sUbggq(lent thermal shock. 

If it f the httorn door, slacken k k  on the dog retaining nuts by 
a very mall  amount. use a large plank of Hwod ~ n d  break the d w r  
joint from a safe dlmnca su that if them f any hot water remining in 
the boiler no injury will occur to anyone. Again, do not immediately 
open up the top door of the Wler. 

Hydraulic Test 
When repairs have been ~arried out on a boiler it is cukmaty to 

subject the boiler to a hydraulic test. Bdom testing, the boiler must 
be prepstad. All equipment and foreign matter must be removed from 
the water space of 'the boiler and the repairs hould be -refully 
examined. 

Any wetdd repair should be struck repeatedly with a hammer to 
see if my faults develop, the sudden shock increasers the stresses that 
may be in the weld and fautts rnay then show up in the form of cracks. 

Ihe boiler safety valves have to be gagged and at1 bailer moun- 
tings, a p m  frwn the feed check wive and air cock, closed. The boibr 
a n  t b n  be filled with clean watew and p u g d  of air. (Fmque~ly the 
bolter Is filled with water fed In through the top door by a canvas h e  
and when filled, the top dwr  k I W d  and boiler topped up through 
the feed lineL 

Using a hydraulic pump unit connected by a smalt bore pipe to the 
boiler direct or to the f w d  line, pressure ean be gradually applied The 
t e n g  pressure is normally 14 times the wwking pressure, applied 
for at least 30 minum. 

With the boiler under pressurn it can now b examined for 
lwkages and f a u k  Weld repairs should again ba given weated 
blows with a hammer to me if they are swnd. 

WATER TUBE BOILERS 

Water tube bailers have to a large emtent superseded the Scotch 
boiler for the supply of steam to main and auxiliary machinery. Even 
donkey U.e. rrrrdliary) bollem are frequently found to be water tube 
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and certainly all modern turbine plants use them for main steam 
S U P P ~ .  

The advantages of water tube boilers are: 

1. High efficiency (generally greater than 85%) hence reduced fuel 
consumption. 
2. Flexibility of desigdmportant space consideration. 
3. Capable of hlgh output (i-e. high evaporative rate)- 
4. High pressures and temperatures improve turbine plant 
efficiency. 
5. Flexible in operation to meet fluctuating demands of the plant 
-uperheat control rapidly responsive to changing demands. 
6. Generally all surfaces are circular hence no supporting stays are 
required. 
7. Steam can Ix raised rapidly fmm cold if the occasion demands 
(3 to 4 hours compared to 24 hours for a Stotch boiler) because of 
the positive circulation. 
8. Considering a Scotch boiler and a water tube boiler with sriniiar 
evaprative rates the water tube boiler would be compact and 
relatively light by comparison and its water content would be about 
7 tonnes or less compared with the Scotch boilefs 30 tonnes. 
9. With double casing radiation loss can be cut to 1% or less. 

Various types of water tube boiler are now in use and envisaged. 
only some will be cansided and this does not imply in any way that 
the boilers not considered are in any way inferior. 

Conmaion 
Materials 
Drums. Good quality low carbon steel. the main constituents are 
0.28% Carbon maximum. 0.5% Manganese approximately, 0.1 % 
Silicon approximately, remainder mainly Write. Ultimate tensile 
strength 430 to 490 MN/mZ with about 20% elongation. 

Steels with chrome, mdybdenum, manganese and vanadium are 
increasingty being used. The increased strength and creep resistance 
enabje less material to be u d .  Reduced weight, cost, machining and 
assembly time being advantages. 
Superheater tubes. Plain low carbon (0.1 5% Carbon approximately) 
steel up to 4000 C steam temperature. 0.5% Molybdenum low carbon 
steel up to 4800 C steam temperature. 
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Austenitic stainless steel. 18% Nickel, 8% Chrome, stabilised against 
weld decay with niobium. for steam tempemturns up to 590° C. 
Weld decay: when stainless steel superheater tubes. in some earlier 
boilers, were wetded to header stubs the m i ~ c t u r e  of the metal 
adjacent to the weld changed. Corrosion protection by the chrome in 
the alloy steel was lost due to precipitation of the element as 
chromium carbide. A band of corrosion around the tube was named 
'weld &car(. 

Creep considerations predominate in the case of supemeater tubes 
sinm they are subjected to the highest temperature (especially the 
last pass) and to boiler pressure. The actual metal temperature will 
depend upon (a) steam f b w  rate and temperature, (bl gas flow rate 
and temperature (c) tube thickness a d  material (dl condition of tube 
surfaces externally and internally. For normal cond'iions the temp- 
erature difference between inside and outside of the tube may be of 
the order, or less than, 3 8 O  C. 

Creep tests are usually carried out over a period of 20 000 hours 
for superheater tubes in order to ascertain the asep rats and 
maximum strain. Creep mte would be approx. 1O4m/mh and 
maximum strain 0.02. 

For otber boiler tubes, i.e. water tubes. the material Llssd is 
generally plain low carbon steel since their operating temperature will 
be the saturation temperature corresponding to the boiler pressure. 

Uncaoled superheater element suppa* and baffles must have 
resistance to creep and cornion. Alloys of nickel and chrome or 
steels containing high proportions of these elements are suitable. 

Drum Cons~ct ion 
For steam and water drum, welding of preformed plating is the 

most usual method. Low pressure boilers have the steam drum 
plating uniform in thickness, with a single longitudinal welded seam. 
High pressure boilers may use two ptates, tube plate and wrapper 
plate, with two longitudinal welded seams. The tube plate is thicker 
than the wrapper plate and it is machined to the thickness of the 
wrapper plate in the region of the weld (Fig. 1.2). 

Test pieces made of the same material as the drum would be 
clamped to the drum and, wing a machine welding process of the 
protected arc type, the weld metal would be continuously deposited 
on to drum and test pieces. When the longitudinal seam or seams are 
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'----END TEST INNER SURF& \- BEND TEST OUTER SURF& 

Fig. 1.2 LONGlTUDlNAL S.EAM OF AWATER TUBE BOILER DRUM 

completed. the test piece is then remwed and the prefwmddrum ends 
would be welded into position. At this point, the wddd seams. 
longitudinal and circumfereMial,anr radiogmphedThe shadow pictures 
obtained will show up any defects such as slag inclusions and 
cracks, etc, these defects would then be made good by chiselling or 
grinding out and then welding. 
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Openings fw boiler mountings, etc, would then be made and all 
the necessary fittings wwld be welded inm psition, Le. branches, 
casing flanm, feet, ete. When all welding to the drum has been wm- 
pleted and radiographed the drum and test piece would then be 
annealed by heating slowty in a furnace up to about 600D C and then 
altowing it to cool dawn slowly. 

The test piece is then cut up as shown in Fig. 1.2 and tested accor- 
ding to Class I welding regulations. 

These regulations apply onty to boilers whose working pressure is 
in excess of 4.44 bar and consist of: 

1 Tensile test of the weld metal to check upon its strength and 
ductility. 
(2) Tensile t ea  of parent and weld metal to check upon joint 
strength. 
(3 and 4) lzod tests to determine the materials notch brittleness 
and ability to withstand impact. 
(5 and 6) Bend tests to cheek ductility and soundness of material. 

Tests 1 to 6 are well known and understood by engineers hence 
detailed descriptions are not warranted, however. macro and micro- 
examination require elucidation. 

E l e m  Jag welding of uniform thickness pformed plate to 
produce drum #or high pressure boilers is being used. The drum is 
arranged vertically and the welding machine moves up a beam 
parallel to the seam. Fg. 1.2 shoe  simpb a cross section through 
the seam and water coded copper guide shoes. Main advantages of 
this welding process are (1 1 one weld run, this reduces W b i l i t y  of 
inclusions, (2) up to 200 mm plate thickness can be welded in one 
run, (3) sound, reliable weld is produced. 

Macro-examination 
Preparation of test piece: this would consist of grinding and 

polishing until scratch free when viewed with the naked eye, then 
washing it in alcohol and then water ro remove grit and grease, etc. 
Next the test piece would be etched with an acid solution to remove 
the thin layer of ammphous dime. structureless) metal which will have 
been burnished over its surface. 

Examination of the prepared test piece with the aid of a h a d  



magnifying lens {x 101 may reveal cracks, porosity, weld structure and 
heating effects. 

Micmexammation 
Preparation of the test piece would be similar to that described 

above but the polishing process would be continued until the surface 
was scratch free when viewed under a m i c r o q e .  M e r  etehing, the 
test piece woufd be examined under the microswpe for defects The 
pearlitic structure .will be seen and so will any mrtsnsitic and 
trowtitic structures, the latter two giving indication of hardening d 
the metal. 

Di i rent  mhing agents can be used, a typical one being NlTAL 
which consists of 2 ml of Nitric acid and 98 ml of alcohol (methylat4 
spirits}. 

Tube holes would now be drilled into the drums and the tubes 
fitted. 

Tubes 
These are ananged to form the furnace walls, etc, and to give 

positive circulation. Circulation is created by a force set up by the 
gravity head caused by differences in water density between tubes. 
This is effected by heat input, friction, head losses due to sudden eon- 
traction and entargemam and inertia I- 

Steam bubbles generated in tubes have lower density than the 
water, this gives natural ci~ulation. However, difference in density 
bstween the d a m  and water decreases as pressure increases and 
there is no diirenca at critical pressure .(220 bar). This causes 
problems for the boiler designer. ' 

Water wall tubes frequently form the rear and side walls of the fur- 
nace and they may be fed with water from floor tube3 which are 
supplied from the water drum, altemtively unheatd large bore 
downcomer tubes external to the furnace may be used to supply the 
wahr wall tubes via their lower headers, no floor t u h s  being 
required. Often, water wall tubes have studs resistance welded to 
them in order to setve as retainers for plastic refractory. The advan- 
tages of water t u b e  are 1. Cooler furnace walls. 2. Reduced boiler 
size, since more heat is extracted per unit furnace volume. 3. Saving 
in refractory, initially, and because of the cooling effect, there will be 
less maintenance requimd. 
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Generating t u b s  are. situated in the path of the furnace gases and 
are arranged to obtain as much of the radiant heat as msib le in addi- 
tion to baffling gas flow. 

Return tubes, for water wall feeding and water drum feeding may 
be situated in th0 gas path in a lower ternpersture region or external 
to the furnace. 

Superheater tubes m y  be situated in bemeen generating and 
return tubes, in this way they create the necessary temperature 
difference to produce positive circuiation in generating and return 
tubes. or they may be arranged in the gas uptakes after the 
generating section. The headers to which the superheater tubes are 
connected would be supply and return headers. Steam from the drum 
passes to the supply header, the steam then passes through the 
superheater tubes to the return header and thence to the main 
engine. Superheating methods are discussed on page 38. 

Finally we have economiser tubes and air preheater tubes which 
are arranged in the flue gas uptake. In the case of the ewnomiser 
tubes they may or may not be fitted with shrunk on cast iron gilfed 
sleeves, the purpose of which, in addition to giving extra heating sur- 
face, is to protect the steel ewnomiser tube from corrosion. The 
choice depends upon operating metal surface temperature. 

Operating metal surface temperature depends upon, tube thiek- 
nsss, feed temperature, feed flow rate, gas flow rate and temperature. 
Generally if feed water inlet temperature to the econorniser is 1400 C 
or below, the sleeves will be firted (Sutphuric acid vapour dew point is 
approximately 1500 C or above. it depends upon various factors, the 
main one being fuel sulphur content). If the feed inlet temperature is 
above 1400 C the economiser tubes may be of the extruded fin type. 

Air preheater tubes made of plain low carbon steel generally have 
air passing through them and the gases around them, although the 
reverse arrangement has been used. These tubes are usually situated 
in the last gas path, hence they operate at the lowest temperature 
and are more likely to be attacked by corrosion products from the 
gases. Various methods have been used to reduce the effect of eorro- 
sion of these tubes, inserts have been provided in order to reduce 
heat transfer and corrasion over the first 0.3 m or so of the tubes, by- 
passes for the air used during manoeuvring to keep tube surface 
temperature high. Recently it has been suggested that glass tubes be 
used in place of the steel ones. Vitreous enamel has also been used 
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as a coating for these tube+unfortunately where it cracked ofi 
severe corrosion resulted. 

Headers 
For superheaters and water walls these are usually solid forged 

square or round section tubes with norrles and ends welded on. 
Doors or plugs, opposite tube holes, may be provided to allow access 
for inspection, expanding or plugging of tubes. 

The main methods used for securing tubes to headers are (1) 
expanding, (2) expanding followed by seal welding. 131 welding to 
nodes or stubs. 

Since welding on site can prove difficult Isuperheater elements 
may have to be renewed during the boiler's working life) it is usual to 
arrange for the number of site welds to be kept to a minimum with 
best possible access. 

Fig. f .3 shows various methods of securing superheater tubes: 

(a1 Used if access to both sides of the weld is possible. 
(bl Welding from one side only. 
(c) This show a five tube element wlded to two 90° nubs on each 
header. 
(d) Tubs expanded into header. Access doors must be provided. 
this method is mt used at  temperatures a w e  4700 C. 

B a W k  and Wlmx Header Bdters 
This simple rugged boiler is not suitable for high pressure steam 

generation in large quantities which is the requirement of the mdem 
turbine installation. 

The advantages of the boiler are: 

1 .  Compact, space saving and robust. 
2. Easily and cheaply repaired. 
3. Easily cleaned. 
4. Reliable and simple to operate. 

Construction 
Fig. 1.4 shows simply the arrangement of a single pass header 

boiler suitable for auxiliary services. Single pass means that the gases 
pass straight up through the boiler from the furnace to the uptake, the 
older three pass boiler is fated with baffles which tend to collect 
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32 mm DIA. TUBES 

FURWCE 

3 PASS BOILER 

Fig. 1.4 HEADER 001 LEU 
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sooty deposits and can result in tube failure apart from affecting 
boiler efficiency. 

The straight generating tubes are expanded into sinuous headers. 
Headem are made sinuous to increase gas path, heat extracted from 
gases and reduce boiler height. Generating tubes are grouped into 
nine 32 mm diameter tubes per handhols and four 51 mm diameter 
tubes per handhole, right or nine graups of 32 mm diameter tubes 
would be found in each header and two groups of 51 mm diameter 
tubes, the lamr are termed screen or fire tubes since they are the 
tubes nearest to the furnace and therefore receive the most radiant 
heat from the Rames (other tube sizes and groupings are possible). 

Each front header is connected to the steam drum and sediment 
drum (mud drum or header) by means of short lengths of 1 0 0  mrn 
diameter tube, the rear headers are connected to the steam drum by 
100 mm diameter return tubes. Headers and tubes are inclined in 
order to imprws circulation and steam generation rap. 

In header boilers which are used for main propelling machinery the 
furnaa walls will be filled with stu- water tubes and super- 
heaters will be provided. The supemeater U tubes are attached to two 
headers at the side of the boiler and the tubes occupy space in the 
generation bank that wouM be used by generation t u h s  in the 
saturated boiler, the front and rear headers are undrilled in way of the 
superheater. 

Fig. 1.5 shows the superheater arrangement for a single pass 
boiler operating up to 48 bar, 4800 C and 27 250 kg/h. Control of 
steam temperature is achieved by regulating the amount of steam 
passing through the submerged attemperator mit in the steam drum. 
Steam passes from the drum through the first superheater section to 
line A. If the regulating valve closes the by-pass line 8, then all the 
steam passes through the attemperator coil to line C and then 
through the second superheater section. If the regulating valve opens 
up fully the bypass Line 3, then steam passes from A to B and C by- 
passing the attemperator coil. In either case all the steam passes 
through the superbeater sections thus ensuring no overheating due to 
steam stanration. 

An alternative means of steam temperature control is to use gas 
dampers and a three pass system. With the arrangement, most of the 
gases can t>e made to either pass w e r  the superheat section or by- 
pass the superheat section as the conditions demand. 



Fig. 1.6 SINGLE PASS HEADER BOlER WITH SUPERHEAT AND WATER 
COOLED FURNACE 

Foster Whwlm 0 type Boilen 
D type boilers, the naming letter refers to the shape, Le. like a letter 

0, are mainly in two grwps. Those dmply designated '0 type' are the 
older variety which operate at 32 bar steam temperature 4000 C, up 
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floor tubas, one floor tube wpplia two water wall tubs.  Ail 
generating tubes are risers and the wwsr drum is f d  by external large 
bore downcomers to ansure positive circulation (in the older D type 
about five of the thirteen rows of genemting tubes after the 
superheater were risers the remainder downcomers under normal 
steaming conditions), about five downcomers would be found at front 
and back of the boiler, they are not shown in the figure. Large bore 
superheater support tubes, about six In number, are also to be found 
in the generating m i o n ,  these are smaller in diameter than the 
downcorners. 

Superheaters are situated after the generating section but before 
the emnomiser. They consist of multi imp elements generally welded 
to tube stubs which are welded to the circular headers (the headers 
are supplied with the tube stub welded in place and the element is 
welded to these during boiler erection) that are situated at the back of 
the boiler. Superheater dement suppon beams cast from 18% 
Chrome, 55% Nickel heat resisting steel are fined to the easing above 
the upper superheater section, and to large bore support t u b s  and 
the casing for the lower super-heater section. 

Fig. 1.7 gives detaits of the welded type of superheater fitted in the 
lower portion of the boiler uptake, allowances have to be made for 
the expansion of the support beams in addition to the allowances in- 
dicated for the elements. 

Economisers are built up with steel tubes fitted with shrunk on 
cast iron gills to give protection and extended surfaces. 

Steam temperature control R r  the E.S.D. boiler is achieved by fit- 
ting an air attemperator between the first and second p a w s  of the 
superheater. The attemperator is made of steel tubes with mild steel 
gills fitted to the tube to give an extended surface, air Row across the 
atternpetator is controlled by means of linked dampers. A bled steam 
air heater is fitted in the air ducting before the linked dampers to give 
additional heat to the air which is supplied frm the forced draught 
fan to the burners, the complete arrangement of air heater, dampers, 
fan and attemperator is situated a t  the boiler front. 

E.S.D. II Boiler 
This boiler was first installed into vessels in 1961 and is an im- 

proved version of the E.S.D. type. It operates a t  56 bar 4909 C steam 
temperature. 
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ELEMENT IS BUTT WELDED 
TO STUB 

Fig. 1.7 WELDED SUPERHEATER 

The main differences in consmction and operation between the 
two boilers are: 

1. Floor tuba are usually slightly inclined to improve circulation. 
2. I n a e a d  space at boiler front as air attemperator and the bulky 
byhpass with linked dampers are dispensed with. 
3. Combstion air used for casing d i n g .  
4. Wider soope for superheat comd. 
5. Reducad steam pressure drap from drum to supetheater outlet. 
6. Superheat ternperaturn m t m l  is by gas dampers. 
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Fig. 1.8 STEAM TEMPERATURE CONTROL SYSTEM 

------- 
I AIR SUPPLY 

FROM FAN 

---------- 

5. 1.10 is the basic design of the E.S.D. II boiler shown in 
diagmmatic form for examhrraion purpoasaa. 

Steam temperature control for the E.S.D. II boiler Is by means of 
gas dampers situated in the boiler uptake. The by-pass contains a 
control unit which is an upward flaw ecommiser section thmugh 
which all the feed water to the boiler passes, this axtracts excess heat 
from the gases as they pass through the by-pass section to the boiler 
uptake. When raising swam no feed water will be passing to the 
boiler, to prevent boiling off and possible darnagg occurring to the 
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control unit, aimuhtion through it b snsurd by meam of 8 khnw 
Isg mnsated to the water drum. 

L.LD, Ill Bolkr 
T#s type of boiler on b own I8 dsdgnrd to rupply rll th. rtrarn 

wsuirrmente of a large tanker or mntrlnsr vassal dwrlaplng wn- 
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Fig. 1.11 STEAM TEMPERATURE CONTROLSYSTEM 

siderable horse power. (A small auxiliary boifer.may be fitted for 
stand* pu-1 

C~nSmrdiOn 
The furnace is made up of close pitched water walls side, front and 

rear. Close pitching of these tubes gives good protection to the refrac- 
tory fmed behind them. Row tubes are protected by brick refractow. 
All t u k  are expanded into drums and headers, and handhole plugs 
for tube inspedon are provided in the headers 
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Eight rows of screen tubes with large pitch at the b m m  to give 
gas passage and ligament strength to drum fom four rows of close 
pitched tubes from about the superheater bottom up. Behind the se- 
cond row of screen tub= shims are provided to help ksep the furnace 
gas tight. 

Burners are arranged in the roof and the furnace gas passes down 
the furnace, through the openings formed by the screen tubs and 
then up over the superheaters. 

The superheater, situated between the m e n  tubes and a side 
water wall, which again is made up of dose pitched tubes that are 
expanded into the drums, is in two passes. The first pass consists of 
the two upper sections through which all the steam passes M o r e  
going direct to the wcond pass, or through an attemperator coil in the 
steam drum water space, then to the second pass. In this way steam 
temperature control can IM achieved. 

To ensure positive circulation of water, large bore uncwled water 
wall and screen tube feeders are fitted external to the boiler. 

A double casing (Fig. 1 .I  21 is also fitted to the boiler which has the 
advantages of, ( 1  ) Reducing quantity of refractory required, (2) Ser- 
ving as an air passage, (3) Making the furnace effectively gas tight Its 
main disadvantages would be increasing b i t e r  size and possibly 
making refractory repairs more inconvenient to Carry out. 

A typical set of figures for the E.S.D. Ill boiler are: 

Evaporation 
normal 
maximum 

Pressure at superheater outlet 
Steam temperature 
Feed temperature at eeonomissr inlet 
Air temperature, airheater outlet 
CO, in flue gas 
Boiler sfficiency 

81 Oookg/h 
100 Wok& 
63 bar 
51S°C 
1 38' C 
1200C 
1 5% 
88.8% 

Membrane Wall Boilers 
This arrangement dispenses with most of the refractory in some 

boilers by the use of membrane walls. These consist of water tubes 
with a strip of steel welded between them to form a panel which is 



Fig. 1.32 ESD tll BOILER 
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Fig. 1.13 FOSTER WHEELER ESD I l l  MARINE BOILER 

then bent into its required shape for the boiler. Alternatively the tubes 
may be finned, welding together h e  fiw will produce the membrane 
construction. This is usually h e  by resistance welding the strips to 
the tube to produce r finned tube, then the finned tubes are placed in 
a jig, and an auto-welder joins adjacent fin tips. There is a great 
saving in cost with membrane tube walls since: 

1. Refractory is not required, there would be a saving in mainten- 
ance and fim wst due to thig Also a savirq in weight 
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Fig. 1.14 MARINE RADIANT BOILER 

2. I m r  and outer casings are not required, furnace is effectbay 
gas tight. 

Fig. 1.14 is a diagrammatic arrangement of a radiant type boiler 
that uses membrane walls in its construction. The furnace is com- 
pletely water coded by the membrane tube walls which are usually 
welded to the d ~ m s  and headers, thus eliminating tube expanding. 
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FURNACE 
12.7 trim WATER TUBES 
wroE STRIPS 

=;Ace\ 
ROOF ONLY 

Fig. 1.15 MEMBRANE WALL 

There is no conventional generating section. this is usual in two drum 
boilers, the gases pass instead through an opening at the lower end of 
the division wall then up over superheater and emnomiser surfaces to 
a gas air prefieater (not &om) in the uptake. 

External unheated lage bore downcorners serve to feed the lower 
drums for the rnembsanm and for steam temperature control, a coil 
attemperator may be situated in the water space of the drum. the 
attempetator would be connected between the primary and secon- 
dary supheater seaions. 

Burners are arranged in the roof. 
The advantages of this type of boiler over the conventional are: 

1. Increased efficiency. 
2. Improved combustion. 
3. Less excess air required. 
4. Increased use of radiant heat, flame length increased by about 
80%. 
5. Refractory limited to burner quarls and other small items. 
6. Gas tightness fa furnace virtually ensured. 
7. Inferior fuels can be burnt without them causing troubtssorne 
slanging of the reframry. 

Note: The tube surface temperature and that of the steel connecting 
sm'p on the furnace facing side of the membrane walls is usually a 
maximum of about 3400 C, hence no refractory to protect the mem- 
brane is required. 
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A typical Marine Radiant boiler of the Babcock type especially 
suited to high pressure steam cycles using membrane tube panel con- 
struction would be rated at: 

Evaporation 45 500 kg/h to 226 000 kgh 
Steam pressure 48.3 bar to 1 10 bar 
Steam temperature 470° C to 538O C 
Excess air 5% 
Efficiency 89% to 90.7% 

With some economisers they can be an integral part of the boiler 
to such an extent wbmby they exist to carry out a portion of the 
function normally accomplished by the generating tubes. Hence the 
tenn b m  tube astiming economiser may be applied since up to 
about 5% of the fged water is evaporated in the economiser under 
normal steaming condftions. 

Some wonomissrs may have only a supply header to which the in- 
let ends of the bare tubes are welded, the outlets b ing connected to 
the boiler drum. This simplifies conmction. 

Gas flow is parallel to steam flow in h e  superheater section, hence 
hottest steam corresponds in location to the coolest gas. fhi 
provides for low metal temperature in service. 

Roof firing with the minimum possibfe number of burners, this 
simplifies construction, operation and control, leads to increased 
residence time for the flame, better use, therefore, of the radiant heat, 
improved combustion and minimum excess air. 5% or below. 

Reduced excess air means that the dew point of the -pour is 
reduced, less acid will be.formed m d  cornion is reduced. 

If tube failure oocurs two possible repairs can be carried out: 

PLUGGED TUBE 
MEMBRANE WALL 

H 
B 

Fig. 1.1 6 MEMBRANE WALL REPAIR 
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1. Holes can be drilled a t  300 mm imenrals along the tube on the 
fireside fw M e d  firebrick retaining bolts as shown in Fig. 1.16. 
Sealing of dm wall is done by plastic refractw clamped between the 
firebrick. and damaged tube and packed into !he damaged tube. 

The plugged hlbe, protected in this way, should be returned to its 

original condition as soon as p o s s i b l ~ d u c e d  steaming may be 
neces~ary to ensum no further damage. 
2. The defective portion of tube would be cut out by first drilling 
pilot holes and then sawing along the membrane and cutting across a 
diametral plane through the tube. The wt ends of the tube and mern- 
brane strip edges would be chamfered and a replacement tube. with 
half width membrane ar ip  already welded on, would be weided in 
plaee, The boiler should then be hydraulically tested. 

Superheater headers with stub t u b s  shop welded to them am 
shown in Fig. 1.1 7. They are externally arranged and will be protected 
from hot gases and flames. If damage were to occur it woukl be in the 
gas passage region or inside the tubes. 

Tubes conmeted to the headers (superheater and econorniser) 
may become damaged and have to be ptuggd, they are cut as in- 
diewed in the diagram so that a straight parrion of tube remains for 
the fitting of a external plug--detail of which is shown. 

For the control of final steam temperature of the E.S.D. Ill boiler 
and Membrane wall boilers of the radiant types refer to the control 
chapter. 

Tangmtially fired boiler 
The Combustion f ngineering W2M9) boiler shown in Fig. 1 .I 8 

and 1 .I 9 wntains ssveral new features, the most outstanding being 
the combustion arrangement. A burner is located at each of the four 
corners of the furnace and they are aligned to be tangential to a circle 
at the antre of the furnace. This imparts a rotaly motion to the com- 
bustion gases giving improved turbulence and air-fuel mixing. This 
spiral effect keeps fuel particles in the furnace longer, so that by the 
time the hot gases reach the tubes all the fuel particles have been 
burned. 

Because air-fuel mixing is so g d ,  with nomtal operation 
employing steam ammising burners it is pogsible to operate with, it is 
claimed 1% excess air. This means reduced slagging and corrosion 
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with higher efficiency. 
The boiler has a unique support arrangement, being supported un- 

der the water drum and intermediate header of the side wall. By 
bating these suppons a t  approximately midheight, expansion of the 
upper part is up and of the lower part down, hence there is less 
relative expansion than in the bottom supported types. 

Rebating 
The reheat principle means that steam after expansion thmugh the 

h.p. turbine is returned to the boiler for reheating to the initial . 
superheat temperature. After, it is expanded through the i.p. and 1.p. 
turbines. This arrangement can improve thermal efticiency by 4% or 
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more. It is likely, k the future, due to soaring fuel costs that reheating 
. systems as a means of economy wilt increase in number. 

Reheat pressure tie. h.p. turbine exhaust pressure) governs to a 
large extent the overall efficiency. Practical-theoretical considerations 
relating to tiis pressure are of paremount importance, e.g. boiler 
pipewark, heating surface, bled steam, position of reheater in bailer 
(or separate reheat boiler), manoewring considerations, etc 

By increasing steam conditions and using reheat the steam Row 
rate can be reduced for the same power output. 

A current type of reheat plant using a Babcock Marine Radiant 
Reheat boiler has reheat a t  100 bar, 5 1 O0 C which compared to a 
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m i g h t  cycle at 63 bar, 5100 C g h  a fuel swing of 7 to 8%. A p  
proximate mlues of premum and temwmre are shown in Ag. 1.20, 
which b a diegrammatic arrangement of this type of Wler. 

The roof R d  boiler has a dlvided gm passage with gas flow con- 
trolled by dampen. Main steam temperature control is the same as 
the non-reheat radiant bdler but reheat tmprrature control is 
achiwd by regulating the gas flow wer the reheater. Damper posi- 
tion Is c~1trolled by a reheater outlet stmm temperature control loop. 

Reheater protection for rn steam i bw  mdt ion  (manoeuvring 
mode) is accomplished by clmsing !he d a m p  Gas leakage past the 
dogsd dampen could cause overheating of the mheater but 
supemeat stages in this part of the gas uptake coot the leakage gas 
sufficiently to preclude this. 
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Fig. 1.20 UNE DIAGRAM OF MARINE RADIANT REHEAT BOILER 

It is not possible to cover all the various types of water tubs boiler 
in present use but the student should be aware of the existence of 
some of the other types not covered in any detail in this chapter. Fig. 
1.21 is an attempt to help the student become aware of these other 

types 

1. Yarrow five drum boiler with single furnace, gas flow over 
saturated and superheat sections eontroHed by dampers. 
2. Selectable superheat boiler wieh single furnace. the dotted tine 
shows the path of the gases through the saturated section behind the 
superheater section, twin gas dampen are fitted to control the gas 
flow wer these boiler sections which are separated by a vertical 
screen. 
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Fig. 1.21 VARlOUSlYPESOFWATERTUBEBOlLERS 
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3. Foster Whseler twin furnaces with a single uptake. 
4. Bakock controlled superheat boiler with twin furnaces and a 
double uptake. 
5. Baboock controlled wperheat boiler with twin fumaces and a 
single gas uptake. 

All those boilers fitted with twin furnaces m t m l  the final steam 
temperatures by using different firing rates in the individual furnaces. 

CONTROL OF SUPERHEAT TEMPERATURE IN 
BOILERS AND DESUPERHEATING 

Scotch Boilws 
The production of superheated steam in this type of boiler is 

generally achieved by the use of small bore steam carrying element U 
tubes inserted into thegas cawing tubes. fhe element tubes are con- 
nected to supply and return headers fitted at the front of the boiler. 

When raising steam the headers are fim drained and the return 
header drain is t& wen to ensure circulation in the etement U tubes, 
the supply header drain being closed. 

Temperature control is by means of a mixing valve. The bulk of the 
steam passes through the superheater section, thus ensuring no over- 
heating of the elements, and some steam passes straight from the 
boiler to the mum line from the superheater header to mix with (and 
hence reduce the temperature) the superheated steam. 

Water tube boilers 
The methods of steam temperature control for water tube boilers 

are: 

I1 } Damper control 
Furnace gas flow across superheater sectims in the h i le r  is con- 

trolled by dampers, the E.S.D. II, Babccck selectable superheat and 
other boilers we this method. 
(2) Oirent ia l  firing 

Two furnaces separated by a section of operating tubes or mem- 
brane wall, one with a superheater section the other without. The gas 
passage could be dual, merging into one, or single. 
(31 A combination of ( I  1 and (2) could be employed. 
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In addition to the foregoing methods attemperation is often used, 
the attemperator may be situated in the air passagmvayti-henee air 
sttemperawr, or in the water space of a b i le r  drum. An attemperator 
removes wme of the superheat in the steam but it is not to be con- 
fused with a dw~perheater. 

Oesuperheatsrs remove the superheat in the steam th8t is to be 
used for auxiliev purpmxs, the r e a m  is that if high temperature 
stearn was used for auxiliaries then the materials used would have to 
be capabfe of withstanding high temperatures, this leads to increased 
first cost DesupeTheBters are genmlfy mils situated in the water 
spams that are supplied with steam from the superheater section 
outlet, this type of dmuperheater b generally called internal. If this 
type of dssupsrhsater develups a leakage then water loss fmm the 
boiler will o a r  since the b i l e r  p m r e  is greater than the steam 
pressure in the desupsrhrater mil. This water less ewfd result in 
water hammer and subsqusm damage in the auxiliary system. 

External dewperheaters may be of the spray type. fig. 1.22 shows 
the mngment .  in which feed water of low solids content at 3.5 bar 
abwe warn  pressure. is supplied at a controlled rate into a verticaliy 
arrangad vsgsel to mix with superheated stmm, the m e s s  w a l r  
whi& Is kept to a minimum. collects at the bottom of the vessel and 
passes out through the drain and trap, the dewperheated steam 
mwss up the annular space formed by the mixing wmparunent and 
the outer container to the auxiliary steam supply line. 

Another type of external desuperheater is shwn  in Fig. 1.22, this 
is really part of the boiler externally arranged. It has a steam a d  
water connection to the boiler drum so ?hat circulation through the 
desuperhixstw takes place. taking heat from the superheated steam in 
the solid drawn steel U shaped tubes. A bfow down valve is fitted in 
order to remws any sludge that may accumulate In the lower poriim 
of the vtsssel. This type of desuperheetsr is for large steam demands 
since the three pass U tube arrangement would be too large to ae- 
cornmodate in the water space of the steam drum. 

For sxtremely large demands for saturated steam an auxiliary 
boiler would probably be the b m  arrangement or one whereby the 
superheater can be completely b y - p a d  without causing any 
damage by steam starvation. 

Often due ta inwrrect boiler aperation, mmponsnts malfunc- 
tioning, or when raising steam, high steam temperatures at outlet 
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from the boiler can be realid. 
High steam temperatures mean high metal temperatures and this 

leads to a reduced l i s p a n  for pmswre comments due to creep. (If 
extra high metal tempemarms are encwmered corrosion dtre to 
Sodium and Vanadium bearing ash can also be a problem.) Hence 
high seam temperwures shwld be avoided. 

A rapid rise in steam temperature could be caused by a fire 
breaking out in the superheater unit due to accumulation of sooty 
deposits Other causes of high temperature w t d  be: 

(a1 Partial or dightty reduced steam flow through the superheater, 
this a u l d  b cawed by (il taking steam for auxiliaries direct from the 
boiler drum, (iil leaking attemperator in the air space. 
(b) lnweased gas temperature due to the burning of extra fuel, this 
wuld & caused by Ql steam demand increasing, (ii) feed heater out 
of sewice, (iii) steam air heater out of senrice, (iv) by-passing a gas 
airheater, (v) dirty gas airheater, (vi) high delivery rate from fan, (iii), 
Iivl and (v) mean no preheated air for the furnace, this can have a 
aooling effect which has to be counteracted by burning more fuel 
which means more excess air as in (vi) which in turn leads to a greater 
volume of hot gas passing through the boiler per unit time. 

Natumlly the psit ion of the superheater section affects the result 
If the superheater is partially screened by generating tubes then it will 
be sffected by radiant heat as well as gas temperature. hence H more 
fuel is being burned a greater quantity of radiant heat is available, this 
would not affect a superheater situated in the gas uptakes of the 
boiler remote h m  the furnace. 

Low steam temperature can also be encountered. If there is a rapid 
fall in steam temperature this would mest likely be due to (11 Boiler 
priming, (2) Sudden leakage developing in the atternperator in the 
water space. 

More gradual falls in steam temperature could be due to (a) ac- 
cumulation of deposits on the superheater leading to poor heat 
transfer from gas & steam, (b) accumulation of deposits inside the 
superheater tubes due to canying too high a water level. defective dry 
pipe, inadequate baffling, oil in the water or relatively high boiler 
water density, (cl reduction in steam demand. 
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REFRACTORY 

What it is 
A refractory is a material in solid form that is capable of main- 

taining its shape at high tempemtures. Refractoriness may be defined 
fmm the foregoing as ability to maintain shape a t  elevated 
temperatures. 

Various types of refractories are wed in modem marine bilers 
they eould be classified simply as follows: 

Firebrick 
Usually these are made from naturally occurring days which con- 

tain alumina and silica, the clay is shaped into brick form and then 
fired in a kiln. The refractoriness and resistance to fuel ash increases 
with the increase of alumina content. 

Plastic refractory 
Small amounts of plastic clay can be added to calcined, (i.e. 

roasted until crumbly) fireclay which has been crushed and graded, 
the amount varies up to 20%. This type of refractory can be moulded 
into position--ftence mouldable. {Note: mouldable refractories have 
to be fired in the furnace. castable refractories are air drying like 
structural concrete.) 

Plastic chrome ore is a refractory that is used considerably for 
monolithic linings (de. one piece) in modem water tube boilers. 

Insulating material 
insulating blocks, bricks, sheets and powder are usually second 

line refractory, ie. they are behind the furnace refractory which is 
exposed to the burner flame. The material could be asbeso6 
millboard, magnesia asbestos, calcined magnesia blocks or diatomite 
blacks, diatomite is porous and siliceous, it may be used as a powder, 
bonded with clay and made into bricka 

What it does 
The refractory materials used in marine boilers perform the 

following funciions: 

1. Gives protection to the furnace casing. 
2. Reduces heat loss from the boiler. 



3. Gives protection to furnace tubes. 
4. Acts as a reservoir of heat. 

Defects 
Refractory exposed to the burner Rame is subject to spalling. 

Spalling is sirnpty loss of refractory material from the hot surface. This 
could be caused by (1) Fluctuations in temperature resulting in 
cracking, (2) Mechanical straining due to furnace pressure variation 
{panting of the boiler is an example. panting could be caused by water 
in the oil. burners malfunctioning, incorrect oil pressure and temp- 
erature), (3) Defective construction, (4) Slag attack, this is a chemical 
reaction between the ash from the fuel and the refractory. Sodium 
and Vanadium constituents in the ash could be mainly responsible, 
they produce a reactive fluid slag which rapidly erodes the furnace 
lining. If the slag which is formed is viscous it may just adhere to the 
refractory. Sea water in the fuel can lead to slag attack since it con- 
tains sodium and calcium salts. 

To avoid crushing of the refractory due to expansion, allowances 
have to be made, also to prevent undue loading due to i& own 
weight. Adequate support has to be given. fig. 1.23 shows 
arrangements of refractory. Fig. 1.23 {a) is a section through a fully 
studded water wall that is to be found in some Babcock and Wilwx 
boilers. the tubes have steel studs resistance welded to them in order 
ta retain and give suppart to the plastic chrome are refractory. Fig. 
1-23 Ib) shows a bare wall arrangement of firebrick with supponing 
bolt. Fig. 1.23 1cI givw the m e r  arrangement for a front and side 
wall showing the allowance for expansion and protection. 

STEAM TO STEAM GENERATION 

In vessels which are fittsd with water tube boilers a protection 
system of steam to steam generation may be used instead of 
desuperheatets and reducing valves, etc. 

The generawr is really a boiler made of earhn steel in which are 
steam carrying heating coils or U tubes made of c a h n  steel or alloy 
steel. It produces from feed water (that may well be untreated fresh 
water) steam at low pressure for auxiliary purposes. Pressures may 
range from 4.5 to 18.5 bar and output may be from 450 to 
45 000 kg/h depending upon gsnsrator size. 
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Fig. 1.23 BOl LER RE FAACTORY 

The main advantages of the system are (1 1 Untreated water can be 
used as feed. (2) Auxiliary system comaminanta do not enter the main 
boilers, (31 Increased economy since I81 if steam from water tube 
boilers was used for auxiliaries, make up feed would have to be 



evaporated fresh or salt water and (b) reduced main boiler main- 
tenance. 

Fig. 124 shows such an arrangement with automatic control and 
feed heating to provide an economy. The generator is fitted with the 
usual boiler mountings such as two safety valves, gauge glass, feed 
regulator, blow down, scum vslve, salinity tast cock and chemical in- 
jection point etc. In order to mlnimise risk of carry over an internal 
dry pipe and baffle arrangement is provided. 

Fig. 124 STEAM TO STEAM GENERATOR 

Double s~pomtion boilers 
These are another v e d n  of steam to steam generation. 
The prirnav system is cornpleteiy ctosed and t a b  the form of a 
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water tube boiler wnsisting of steam and water drums connected by 
tubes. The secondary system consists of a steam generator drum 
which produces steam at low preswre, superheated i f desired, in 
relatively large quantities for auxiliary purposes. Both systems are 
welded throughout, with tubes expanded into position. The arrange- 
ment provides maximum security against problems caused by im- 
purities such as salts and oil in the boiler water. 

Data: 

Primary system 
Working prsssure 50 bar 
Water content 4.7 to 1 1.5 tonnes. 

Secundary system 
Working pressure 16.5 to 18 bar 
Evaporation rats 1 5 000 to 30 000 kglh 
Superheated steam 2300 C ( if  fitted]. 

Although mention was made that the primary system is completely 
clossd. obviously some prwision is made for make up in the event of 
leakage. 

COMBUSTION EQUlPMENT 

G o d  combustion is essential for the efficient running of the boiler 
it gives the best possible heat release and the minimum amount of 
deposits upon the heating surfaces. To ascertain if the combustion is 
good we measure the % CO, content and obsewe the appearance of 
the gases. 

If the % CO, content is high as practicable and the gases are in a 
non smoky condition ?hen the combustion of the fuel is correct. With 
a high % CO, content the % excess air required for combustion will be 
low and this resutes in improved boiler efficiency since less heat is 
taken from the burning fuel by the small amount of excess air. If the 
excess air supply is increased then the % CO, content of the gases 
will fall. The euwe shown in Fig. 1.26 shows the general trend. 

In modem plants c a b n  dioxide and oxygen content of the flue 
gasss is measured. Relationship between 0, content of flue gases 
and excess air is nearly independent of the rype of fuel used in the 
boiler. Hence 0, content of the flue gases is being used more &en in 



SUPERHEATER 

Fig. 1.25 DOUBLE EVAPORATION BOILER 

modern plants to give indication of fud burning efficiency. 
Oxygen content is a better parameter o employ with automatic 

&ntrd of boilers since CO, content can vary depending upon fuel and 
combustion conditions. 

OTI fuel atomism 
Simple pressure jet 

Fig. 1.27 (a) shows diagrammatically the principle of the simple 
pressure jet atomiser. Oil fuel at a pressure of not less than 8 bar is 
supplied to the tangentially arranged pwts, wherein it fslts in 
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% EXCESS AIR 

Fig. 1.26 

.pressure, resulting in the oil swirling around at high velocity inside the 
chamber. The gre8ter the pressure drop the greater would be the 
velocity, but generally supply oil pressure would not be greater than 
25 bar-high pressures create pumping and sealing problems. 

At outlet from the short sharp edgsd orifice (care must be taken 
not to damage the orifice during cleaning) a hollow expanding cone of 
fuel droplets is produced whose initial film thickness reduces as oil 
supply pressure increases. 

The following features of the simple pressure jet atomiser should 
be noted: 

1. Simple, inexpensive and robust. 
2. No moving parts, hence no possibility of seizure. 
3. Large range of droplet size for one pressure. 
4. Turn down ratio is low, about 2.5 to 1. This is the ratio of bumer 
throughput maximum to minimum. If say the maximum throughput is 
2500 kgh then with a turndown ratio of 2.5 to 1 the minimum 
throughput will be 1000 k&. 
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fig. 1.27 OIL FUELATOMISERS 

5. Maximum throughput about 3200 m. 
6. No alteration in air register arrangement for all outputs-this is a 
consequence of the low turndown ratio of this type of burner. 
7. To vary throughput the pressure must be altered, this results in 
variation in droplet size, hence atomisation and combustion will be 
M e a d .  
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Sp;tt type of pressure jet atomiser Fig. 1.27 b) 
With this type of atomiser throughput is varied by adjusting the 

amount of 'spill,' ie. the return flow from the burner. 

Constant delivery pressure type 
Wrth this type, if the amount of pill is increased the throughput 

will be reduced. krt this increases the psessure drop across the 
tangential pons. Hence atmisation is increased and combustion will 
be easier. For this reason the burner has a high turn down ratio, up to 
about 20 : 1 is claimed. 

Constant differential pressure type 
With the differential pressure between delivery and spill kept eon- 

stant the pressure drop across the tangentiat ports is kept emstant 
and the rotational velwity of the fuel in the swirl chamber will not 
alter. This will keep  fuel cone angle and atomisation canstant. 

The main disadvantage with these types of burner is the large 
quantity of hot oil being returned, it may prove difficult to keep con- 
trol over oil temperature. 

Plunger type of pressure jet atomiser 
Fig. 1.27 (9 shows the principle of operation of this type of burner, 

as the oil supply pressure is increased the spring loaded plunger 
moves to uncover extra tangential oil entry holes. The presure drop 
and hence the rotational velocity of the oil remains nearly constant. 

Rotwy w spinning cup atomisers 
fig. 1.28 shows the arrangemem in principle. It consists of a motor 

driven fan. metering pump and fuel cup. 
The fuel cup which rotates a t  70 to 1 0 0  rw/s is supplied with oil at 

low pressure (1.7 to 4.5 bar) from the metwing pump whih is used 
to control throughput. Due to centrifugal force and opposite swirl of 
air to fuel the oil film leaving the cup is rapidly broken down into 
relatively even sized droplets. 

Main features are: 

1. High output possible, up to 3600 kglh. 
2. Low oil supply pr-ure. 
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Fig. 1.28 SPINNING CUP ATOMISER 

3. At low throughputs atomisation due to rerduced oit film thickness 
is impmvQd. 
4. Wide turn down d o ,  rp to 20 : f possible. 
5. Oil viscosity need only be reduced to 400s Redwood number 1 
for satisfa- operation. 

CandHlon of burners, oil condition m u r e  and temperature, con- 
dition of air registers, air supply pressure and temperature are all k- 
tors which can influence combustion. 

Bwners: If them am dirty or the spraysr plates are damaged then 
atomisadon of the fuel will be sfbcmd. 

Oil: If the oil is dirty it can foul up the burners. (filters are provided 
in the dl. supply lines to m w e  most of the dirt padcies but filters 
can get damaged. Ideally the mesh In the last filter should be smaller 
than the holes in the burner spwer date.) 

Water in the oil can affect combustion, it could lead to the burners 
being extinguishd and a dangerous situation arising. It could also 
produce panting which can rrrsuh in structural defects. 

If the oil temperature is too low the oil does not readfly atomise 
since its viscosity will be high, this cwld cause flame impingement, 
overheating, tube and refrsctory failure. If the oil tempemure is too 
high the burner tip brnwmes !oo hot and excesehre carbon deposits 
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Fig. 1.23 OIL FUEL BURNER (WALLSEND-HOWDEN) 

can then be formed on the tip causing spray defects, these could 
again lead to flame impingement on adjacent refractory and damage 
could also occur to the air swirlers 

Oil pressure is a h  important since it affects atomisation and 
lengths of spray jets. 

Air registers: Good mixing of the fuel particles with the air is essen- 
tial, hence the condition of the air registers and their swirling devices 
are important, if they are damaged mechanicalty or by corrosion then 
the air flow will be affected. 

The flame stabiliser shown in Fig. 1.30 (a) achieves flame stability 
by producing eddy streams of air downstream. Fig. 1.30 (bl shows 
the air flow pattern and the air reversals, this will give what is often 
called a 'suspended flame,' 15 to 60 cm downstream of the swirler 
stabiliser. Flame stability is essential to ensure that the oil-air mixture 
does not have a higher velocity than the flame, the air reversals slow 
the combustible mixture down. 
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Aic Tlw excess air supply is g m m d  mainly by the air pressure 
and if this is incorrect combustion will be inmrrsct. 

Fig. 1.29 shows a simple burner arrangement for a boiler, 
preheated pressurised fuel is supplied to the bumer tip which 
produces a cone of finely divided fuel partides that mix with the air 
supplied around the steel burner b&y into the furnace. A safety point 
of some importance is the oil fuel valve arrangement. It is impaspi&b 
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to remow the b u m  from the supparring tube unless the oil fuel is 
shut off, this gruatk reducm rid! of oil spillage in the region of the 
boiler front. 

INNER BARREL OUTER BARREL CAP NUT 

Fig. 1.31 Y'JETTIP m M  ATOMlSlNG OIL BURNER 

Fig. 1.31 shows the busin- end of the relatively meant Y-jet 
steam atomising oil burner that is findiiq i m s e d  favour for water 
tube boibns for the following reasons: 

1. Deposits are greatly reduced, henee suet bbwing and water 
washing of the gas surfaces need not be carried out as fmquentty as 
before (18 months or mom between cleaning has been found 
possible). 
2. Atamahtion and combustion am gready improved. 
3. % CO, reading is increased (% 0, reading has b n  lowered to 
f % or below) hence boiler efficiency is greatly improved. 
4. Atomisation is excellent over a wide range of loads and the tum- 
down ratio is as high as 20 : 1 and above. 
5. With improved combustion, and turndown ratio, reframry 
problems are reduced. 

The major disadvantage of this type of burner is that it uses 
steam-which means water and fueCbut the steam consumption in 
the latest type of steam atomlser is extremely small, less then 2% of 
the oil consumption at peak loads, and oil supply pressure as low as 
1.3 bar can be d. In the want of steam supply failing the burner 
can be easily reverted to the pressurelet principle. A steam conml 
valve may be to &urn dm steam pressure at low loads. 
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An I m p d  steam or air a s s a d  ammiser incorporating acous- 
tics is new to tha field. A dense high frequency (1 4 kHz) vibrating wall 
of pressure waves is fomd by directing the steam (or air) at high 
velocity through an annulus into a resonator chamber. The result is a 
vibrating cylindrical field through which the oil fuel must pass and in 
so doing is e f h d v d y  atombed before igniting. Advantages claimed 
are (1) reduced maintenance, (21 wide turn down ratio, (3) excellent 
flame stability at a l  loads. 

Boilw .Q1sm 

Due to soaring fuel costs it has become extremely important that 
boiler efficiencies are maintained st Phe highest value possible under 
operating conditions. and that the designer produces a boiler arrange- 
ment such that it is simple, safe, highly eff~dent capable of burning 
widely different oils and rel i i l r .  

Combustion equations, whkh are eswntial In boiler efliciency 
calarlatiohs. have been covered in detail in Volume 8, but some 
miteration is nmxsary. 

C +  0, + a 2  

Relativemasses 12+(18x2)  44 
Relative masses 1 + 23 -t 3J 

Hence 1 kg of Carbon mquirss 23 kg of Oxygen and forms 3.) kg of 
Carbon Dioxide liberating 33.7 MJ of heat in the process. 

Combustbn of H-en 
2H, + 0, + 2H20 

Relativemasses ! 2 x l x 2 1 + ( 1 6 x 2 )  + ( 2 x 1 8 )  
Relative masses 1 + 8 -+ 9 

Hence 1 kg of Hydrugen requires 8 kg of Oxygen and forms 9 kg of 
water vapour liberating 144.4 MJ of heat in the process. 

Combustion of Sdphur 
s+o2 - s o 2  

Relativemasses 32 + (16 x 2) 64 
Relative ma- 1 + 1 + 2 
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Hence- 1 kg of Sulphur requires 1 kg of Oxygen and forms 2 kg of 
Sulphur Pioxide liberating 9.32 MJ/kg of heat in the process. 

CelonWc d u e  
Higher calorific value h.e.v. = 33.7C + 144.4(H2 -0481 + 9.32s 
Lower calorific value Lcv. = h.c.v. - 2.465(H201 

In practice the 1.w. is chosen since it represents a more realistic 
value. (Hz-048) is the available Hydrogen since the fuel analysis 
will contain some water, and the Hydrogen in the analysis is the total. 
2.465 (H,O) is the heat taken from the burning fuel to turn all the H,O 
in the fuel and that formed during combustion into steam. 

Typplca/ praetiml exampie 
Fuel analysis: Carbon 88%, Hydrogen lo%, 

Sulphur 1.2%. Owgen 0.4% 
Fuel oil: hcn. 43 MJ/kg 
Ambient air temperature: 3 F  C 
Funnel gas outlet temperature: 1 1 6 C 
Specific heat of funnel gas 1.06 kJncgO C 
Excess air supplied 5% 

Oxygen required for combustion of Carbon = 0.88 x 23 
= 2.35 kg 

Oxygen required far combustion of Hydrogen = 0.1 x 8 
= 0.8 kg 

Oxygen required for combustion of Sulphur = 0.032 x 1 
= 0.012 kg 

Total oxygen required = 2.35 + 0.8 + 0.0 1 2 - 0.004 
= 3.1 58 

Theoretical air required =3.158 x 100/23 
(n.b. air contains = 13.7 kg& of fuel 
23% Oxygen) 

Actual air supplied = 1.05 x 13.7 
= 14.39 kgkg of fuel 

Amount of gadkg of fuel = 15.39 kg 
Heat carried away by gases = 1 5.38 x 1.06 (1 18 - 38) 

= 1270 kJ/kg, Le. 1.27 MJIkg 



Moisture in funnel gases =0.1 x 9 
= 0.9 k&g of fuel 

Heat carried away by moisture = 0.9 x 2.455 
= 2.22 MJkg 

Heat belance 
Heat supplied 

To steam Gas loss Moisture loss 
39.5 1 MJhg (92%) 1.27 MJ/kg (2.9%) 2-22 MJ/kg (5.1 %) 

Hence boiler dliciency is 92% (39.51/43 x 1.00%) 
A more accurate value could be 91% since some loss to radiation 
would occur. 

BOILER MOUNTINGS 

1. Blow down valve 
Fig, 1.32 is a bailer blow down of the parallel spring loaded slide 

valve type suitable for high pressure operation. The double seating 
arrangement reduces risk of leakage and as an additional precautim 
the valves may be fitred in pairs. 

A spanner fits over the square end of the pinion spindle only when 
the valve is in the closed position, when the valve is opened the 
spanner cannot be rernwed from the spindle. This senres as a 
safeguard, for if a number of boikrs were connected to the one blow 
down line it is impossible to have more than one blow down valve 
open, since there is only one spanner for all the valves, hence boiler 
contents could not be blown into an empty boiler. 

Since the valves and seats are going to be subjected to aorrosjve 
and erosive conditions, the materiat used must be non-corrosive and 
hard. Also the valve body is subjected to high pressure hence cast 
steel or equivalent material would be required. 

2. Feed water regulators 
These are essential for boilers with high evaporative rates such as 

water tube boilers. The advantages of feed water regulation are: 
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Fig. 1.32 BOLLER BLOW DOWN VALVE 

(a) Reduced risk of priming, h e m  this safeguards the wpeheater. 
(bl Drier steam, hence the solids content of the steam will be 
reduced and contamination of steam piping is reduced. 
(4 Red- risk of water shortage, m t h g  and failure. 
(dl Maintains steadier steaming conditions. 
(el Relieves personnel of the arduous duty of feed water regulation. 

The Weir robot f a d  controller shown in Fig. t -33 gives sensitive 
control over the water level and maintains it between two extremes, 
no load wndition and maximum bad It responds rapidly to changes 
in water level. ' 
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Fig. 1-33 BOILER FEED REGULATOR (WEIRS} 

Operation of the regulator is as follows: Some of the feed water 
fmm the pump pass= through the variable oritice '6' (formed by the 
needle valve and the hole in the vahre spindte) up to the piston 
chamber vie the hole through the valve spindle and then to the boiler 
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feed line through the fbced odfice 'A' (formed by the piston in the 
piston chamber). When the valve is in equilibrium the pressure 

If the water level in the boiler rises, the water level in the float 
chamber will rise and the needle valve will be lowered, thus in- 
aeadng the s*- of the orifice 'B' and increasing pressure P, The 
valve is then forced down until equillbrlurn b once again restored and 
a reduced quantity of feed water will now pass to the boiler. 

If the water I d  in the boiler falls, the water level in the float 
chamber will fall and the nealle vdve will be d i ,  thus raducing the 
s'm of the orifice 'B' and reducing pressure P,. The valve is then 
forced up until equilibrium is restored and an increased quant*~ of 
wstw will now pass to the boiler. 

Washers are fittad to the vahre spindle that enable the working 
water level to be altered. 

Washers i n in -  working waer level 
Washens o d d  working water h l  in the ratio of 1 :7 
L a  washer thickness: water level ahmion. 
For hand regulation of the f e d  water a by-pass valvei is fitted. If 

this by-pssa is opened the pressure dirence P+, is nearly zero 
and the feed valve will open to its full extent Regulation of the feed 
water will then have to be carried out on the boiler feed check by 
hand. 

An arrangement of this regulator for more sensitbe control is 
shown in Fig. 1.34. Thb m o m e n t  regulator controls the feed 
water level by signals received from two sources, (1 1 Water level, (2) 
Steam flow. The construotion of this regulator is similar to the single 
element type Fig. 1.33 except for the additional linkage to the needle 
valve from a specially spring-loaded stainless steel bellows that has 
its bellows space connected to the superheater odlet 

Main comrol of the f e d  supply is by means of the bellows unit. As 
the steam demand inaeases, the pressure in the bellows chamber 
will decrease, the needle valve will be raised and the feed supply to 
the boiler will increasa The revem being the case for reduction in 
steam h a n d  With this arrangement a steadier water level is main- 
tained in the boiler for vqing steam demand. 

If however changes in water he1  for some reason occur, the water 
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Ievel wtrol lie. float system) comes into weration over-tiding the 
steam control. 

To minimb water leakage into the superheated steam line in the 
event of ?he bellows failrig, an orWice plats is provided. Atso to 
safeguard the beltows from e e  pregsure d ' i e n c e  [it could not 
withstand boiler p m u r s  on one side only) whem taking h e  regulator 
out of sewica a butfer v a h  is littwl whiih wwld wmmunieab the 
inside of the bellows with the float chamber pressure via the belahoe 
tine. 

Copes f e d  watw regular shown in Eg. 1.35 is also of the 'two ele- 
ment type.' One is a steam flow element whiih senses pmssure drop 
across the superheater, kis wilt increase as s m m  flow Increases. 
The other is a t h e r m m  h i &  mpods  to change in water level. 

The themostat consists of a polished stainless steel tube, fitted in 
a figid steel frame, connected at its upper end by a lagged plpe lo the 
warn space of the boiler drum, and by a unbgged pipe at its h e r  
md to the water spa-. 

Water in the lower part of the thermostat t u b  cools, by radiation, 
to a temperature below that of the steam in the upper part, henee in 
water level in the hrbe causes it to expend or axtact. 

With a rising water twel the thermostat tube contracts and since 
the frame is damped Ias shown) to the tube, the lever will be rotated 
anti-dockwii. Lb motion Is relayed through the bell crank to h e  pilot 
vatve. This alters the air supply pressure to the controller. The higher 
the water level the higher, in propordon, is the air supply p m #  to 
the contrdler. 

The two signals, one from the level sensing element the other  from 
the steam fiow sensor, are hd  into a mmroller which relays the resul- 
tant signal !n the valve psitimer of the feed c o m l  vahre. fhi valve 
is movd when the veriabfes discussed alter. 

An example of what could happmir rn follow: If the burners are 
suddenly dnguishwl the resulting collapse of steam bubble3 would 
lower the boller water level, o w i n g  up the feed valve, the water level 
would then be restoreid and when the boiler is flashed up the water 
level would become dangerwdy high. However with the controller 
fitted this will not happen, since if tile bmers we- extinguished steam 
demand must have fallen, this means that the controller will dose in 
the fwd valve d u d n g  water flow w the boiler. For fuFther discussion 
see control chapter. 
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Sl l futyvah 
The improved hiih lift safety valve and the full bore safety valve 

relay operated, are dealt with in Voi. 8 of the wries since they are 
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general questions. However, for water tubs boilers operating at high 
pressures and temperatures the thermodisc type of safety valve with 
reduced blow down is finding hereasing favour. 

Slow d m  is important in the operation of the boilers, the term 
blow down h r s  to the steam waage that occurs after the excess 
pressure is r e l i e d  and is caused by the vahre not seating rapidly. If 
blow down wn be reduced in any way then the plant is being 
operated more efficiently. 

Fig. 1.36 shows.some of the details of the Consolidated ther- 
modisc type of safety valve suitable for high pressure operation (64 
bar and a h  if required). 

With the valve in the open position as shown in ths main diagram 
steam is deflected as it escapes to give improved reaction effect on 
valve and piston assembly, this gives increased l i .  Steam will also be 
passing through the hole in the valve assembly to chamber A and 
then to the atmosphere via the cpen vent. 

When the valve starts to close down, the ventilation to atmosphere 
of the steam fmm .chamber A will be stopped. This causes a pressure 
build up in h e  chamber which assists closing of the valve. The ad- 
ditional closing form due to  this arrangement m l d  be approximately 
equal w the pressure in chamber A mukiplied by (D2 - d W 4 .  

In addition do this arrangement the reaction effect due to the blow 
down ring will be r6duced as the valvs is dosing. The combination of 
these wo ~ d j ~ ~ t ~ b l e  items helps close the valve rapidly once the 
excess pressure has been relieved thus mdueing blow down. 

A thermodisc valve seat is lftted to the valve assembly and it is a 
relatively thin valve section. Due to its flexibility, and reduced 
possibility of thermal distortion due to temperature differences 
through the valve, the vake should give good steam tightness. 

The reason for the thmodisc is basically steam tightness. If we 
consider a ordinary valve with a tiny steam leakage. The local area at 
the point of leakage is cooled due to steam throttling and the metal 
contracts. This contraction increases the gap between valve and seat, 
increasing the leakage rate. This effect is more pronounced at higher 
pressures e.g. saturated steam throttled from 100 bar to atmospheric 
pressure drops in temperature by 2000 C approximately. 

The thin thermodise element (detail Fig. 1.351: 

1 - Reduces thermal gradient across the seating surfaces. 
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fig. Y 36  SAFEN VALVE FOR HIGH PRESSURE BOILERS 

2. Deflects easity and accommodates any distortion of the seat 
3. Enables good steam tightness due to steam pressure acting on 
the inner surface of the element fotcing it onto the seat 

WATER TUBE BOILER EXAMINATION 
The dasiflcation d e t i e s  require all boilers where working 

pressure is in mess of 4.5 bar and w h  heating surface is greater 
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than 4.5 m2 to be examined every two years until the boiler is eight 
years old and a v ~  year thereafter. 

An examination of the boiler must ewer the external and internal 
parts including superheaters, ecaslmisem air preheaters. casings, 
etc. Boiler mountings must be examined and safety valves tested and 
adjusted if required. The oil fuel burning system must be examined 
and tested. If necessary, plate or tube thicknesses must be checked 
and the boiler pressure parts may be tested hydraulically. 

Before commencing to examine a boiler it is advisable to examine 
the bailer plans and make m e s  dealing with the route to be taken 
and the various items that should be examined along the route. Points 
to obsave, with wlanatory notes, along a typical route could be as 
follows: 

1. Age of boikr 
If boiler is old then previous surveys will have k e n  carried out and 

possible repairs done. Familiarise oneself with the history, it could 
give indications of persistent faults. 

2. Pressure end steam temperaturn 
If the steam temperature is high a t  outlet from the superheater 

then special steel and welding techniques may have bsen used, if the 
boiler is new it is well to t>e aware of how these new materials, etc, 
are behauing in practice. 

3. Inside steam drum 
All the internal fiaings, including those remwed for access pur- 

poses, should be examined for corrosion and erosion. The 
attemperator (or desuperheater) tubes, if fitted, should be carefully 
sxamined since if they fail. wawr could enter the superheater causing 
weheating and failure of superheater elements. If considered 
necesary the attempemtor may be pressure tested hydraulically. 

Drum and tubes should be examined for corrosion and if any doubt 
exists regarding the internal condition of the tubes some of them 
should be removed (fire side tubes}, cut up, and examined for scale 
and aomrsion. Fire side tubes are chosen since these would be 
affected first. 

Boiler mounting openings should be checked and boiler door tried 
into position. 
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4. Outside m r n  drum 
All boiler mountings must be examined for evidence of leakages 

and corrosion. Check to ensure the mountings are securely fastened. 

5. Back and side of boilw 
Examine the inside of the superheater headers (if they are at the 

back) for scale and corrosion. Repeat the examination on the upper 
and lower h e d m  for water wa lk  Carefully examine casing for 
leakages since furnace gas leaking into the boiler room could make 
condiions untenabte. Check safety valves and drains. 

6. Furnmca 
Examine the refractory for defects, the water drum is protected 

from e x d w  temperatures by refractory and if this refractory is 
damaged, cracking of the dmm due to flame impingement could 
result, since the drum plating is relativety thick and therefore not 
h c t i v e l y  cmled. 

Examine tubes for distortion, the roof tubes are nearly horizontat 
and in a region of high temperature so they may be among the first to 
be affected. Check superheater tubes and supports for distortion and 
wastage. excessive slagging (due to poor fuel or combustion1 can a h  
lead to tube wastage. 

Where tubes enter drums check for leakages. 

7. Inside wuter drum 
The Inside of the water drum must be examined in the same way 

as the inside of the steam drum. Check blow down valve. 

8. Supthemtar--gas side 
The boiler is usually designed scr that the gas side of the 

superheater can be readily examined. This is important since it 

operates at the highest temperature. Slagging of the superhsater can 
lead to high furnace pressures because of the obstruction leading to 
inefficient boiler operation and where gases can pass through, wer- 
heating of the superheater elements can oecur. 

Superheater suppwts have often bum away in the past due to in- 

effective Or nm-existed cooling. If the elements are not supported 
then additional stres6es are set up in the tubes, drainage is affected 
and the gas flow is altered possibly causing a reduction in boiler 
efficiency. 
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9. Emnomiser and air preheamr 
The internal and external condition of the tubes must be ascer- 

tained, externally the tubes may have been affected by acid attack, in- 
ternally the emnomiser tubes may be scaled up or corroded. 

EXTERNAL BOILER CLEANING 

1. Soot blowing 
Regular use of soot blowers is essential if the boiler is to be main- 

tained in a clean and hence efficient condition. The time period 
between operations of the blowers will be governed by the installa- 
tion requirements, e.g. if a poor fuel is being used or if the vessel is 
operating on short voyages with long standby and manoeuvring 
periods. 

In a water iube boiler the soot blower operating sequence would 
generally be (after increasing fan pressure to help remove deposits by 
increased gas flow). 

1. Operate air preheatw or emnomiser blowers since this is where 
the great- soot depasits are likely tu be encountered. 
2. Operate furnace soot blowes. 
3. Operate emnomiser then air prehsater soot blowers in H e r  to 
chase the deposits from the furnace up the uptake and out of the 
boiler plant. 

2. Water washing 
Bonded deposits on superheaters. econornissrs and air preheatsrs 

may be encountered, especially when using the poorer grades of 
fuels. fortunately thsse bonded deposits, which generally cannot be 
removed by soot blowing, contain water soluble substances. By using 
a solution containing a wetting agent (to reduce the surface tension) 
and an alkali in conjunction with common salt to soak the deposits 
with before using the hot, high pressure water jets, the removal of the 
deposits can be greatly simplified. 

Washing should be done from the top of the boiler working down 
and should be continuous Drains are provided in the furnace floor 
and these can be located by inspection of the boiler plans. After 
washing all the deposits out of the boiler it should be thoroughly dried 
by using a small fire. 
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WATER TREATMENT 

Boiler water treatment has been dealt with in detail in volume 
8 of the series, hence only recently adopted and proposed 
developments will be considered here together with some of the new 
topics raised in examination questions. 

To produce water suitable for the modem high pressure boiler and 
to maintain the contamination of the water to a minimum once it is in 
the system requires a relatively sophisticated production and treat- 
ment plant. A modem production and treatment plant could be made 
up of the following: 

1. Distillation ptant 
Various types are available but most modem installations use low 

pressure evaporation (including flash) in order to produce distillate 
with low salids content as cheaply as possible. 

A well designed evaporator will be capable of producing distillate 
with total dissolved solids content of less than 1 p.p.m. but with suf- 
ficient carbon dioxide to give a pH value of around 5.4. This acid dis- 
tillate can cnrrode ferrous and non-femus metals. 

Methods of minimising and possibly sliminding this corrosion are: 

1. Add volatile amines to raise pH value. 
2. Use, ideally, non corrodible metals. 
3. Protect make up feed storage tanks with the addition of small 
amounts of polyphasphate k the distillate and pre-coat tanks with 
protective paint 
4. Prevent undercooling of evapwator distillate. Carbon dioxide 
solubility increases with decrease in temperature. 
5. Use dernineralisation plant. 

2. Deminerelismtion. plant 
The distillate from the evaporation plant will wntain salts. these 

can be completely removed in a de-mineralisation plant. Fig. 1.37 
shows diagrammatically such a plant, it operates on the ion exchange 
principle. In each d the -changers is a resin which replaces the salts 
with ions as indicated 

In order to appreciate better what is happening in an ion exchanger 
the way in which elements are bond4 together will be briefly 
examined. There are two main types of chemical bonding called 
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D1STltLATE 
CONTAINING SALTS 

WTION f XCHANGER 
N+ M * 'he+  

REPLACED WITH 

SALT FREE 
WATER 

Fig. 1.37 DE-MPIERAUSATION PLANT (ION EXCHANGER) 

covalent bonding and elwmvalent bonding. 
Cowlent bondw: Elsctrons are shared b t w w n  elements in order 
that the elements m y  be bonded together to form compounds, an 
example is carbon dioxide C 4 ,  here the slectmm of the m e n  and 
carbon elements am shared. 

Elemvalent bondng: Bectrons are given and receiwd between 
elernem in order to pwduca a bonded wmpound, an mample is 
sodium chloride NaU, here the electron donor is the Na and the e k e  
mm acceptor is the U, heme Naa = Na+ 4 U-. The donor and 
a-r are ims sin- they haw gained or lost electrons. fhey have 
elemiml charge and this Is indicated by the signs (which also in- 
dieate how many electrons have been gained or lost by the elements, 
one sign one electron, two signs two electrons, etcl the Na+ is 
p&tively &aged and is called a arion, the Ct is negathrehl charged 
and is called an anioh 

It is also possible to obta'm c o m p a u ~  which act as anions, e-g. 
SO,+* and C03-. 

Henm in Ehe ion exchanger the cations are replaced with hydrogen 
ions from the exehawe resin and the anions are replaced with 
hydroKyl h. The d m  have to be regene& by using an acid and 
an alkli to mplace the hydmxyl and hydr- ions and to werh out 
the salrs. 



Fig. 1.38 shows a mixed bed de-mineralisation plant of the 
regenerative type. 

When the e d n s  require regenerating, indicated by a predster- 
mined maximum conductivity reading e.g. O.Spmhodcm? the 
following sequence is used. 

1. Backwashing with fresh water. Due to anion resin demity being 
lower than the cation, backwashing causes separation of the resins. 

WATER IN 

FREE SPACE 

CAUSTIC IN 
THEN WATER 

AIR OUT 

% 

SOLUTION 
3 

AIR IN 
4 

Fig. 1 3 8  MIXED BED DE-MINERAUSATION 
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The free space in the chamber allows for expansion of the bed during 
this process. 
2. Regeneration of the anion resin with a caustic solution to replace 
the OH- ions. Follow with a water rinse w remove spent solution. 
3. Regeneration of the cation resin with a acid solution to replace 
the H* ions. Follow with a warer rinse. 
4. Rcmix the bed by blowing air through. 

A typical unit cwld handle up to 10 tonne* and could purify 
1800 Mnnes of water before requiring regeneration-this depends 
upon purity of water suppli i. 

Tho trend today is m use an ion exchange pknt with a single 
exchanger {or de-mineralisation bed as they are often called) wherein 
the resin is compound and is replaced with a new charge after a cer- 
tain priod of time has elapsed-this depends upon the condition and 
quantity of feed passing through. 

3. Deaeratlon plant 
The water from the di+mineralisation plant is make up and reserve 

feed for the feed system, the water already in the feed system can 
become contaminated with gases. 

Possible sources of contamination are: 

{a) undercooling of the condensate in the ~onderrser. 
(bl bled steam supply pressure to the deaerstor falling off, 
(GI dirty air ejector filters, 
(dl ingress of small amounts of salt water. 

De-aeration would be twofoM mechanical and chemical. 
After mechanical deaeration-achieved by boiling the feed and 

removing the non cdensibte gases, the oxygen contsnt may be as 
low as 0.005 p.p.m. and the carbon dioxide 0.001 p.p.m. But even 
these srnstl amounts of gases can cause corrosion hence it is 
necessary to treat the feed chemicalty. 

It is worth noting thw one of the main sources of trouble in modem 
high pressure boiler plam is corrosion of the feed and condensate 
system which results in copper-iron scale being picked up and 
deposited in the boiler. These deposits set up corrosion cells, due to 
dissimilar metab in boiler water, which causes loss d tube material. 

A fact that has emerged is the copper-iron scale composition is 
remarkably cumistent, being approximately 7W iron, 10% calcium. 
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10% copper, remainder made up of zinc, magnesium and sodium. 
It is possible that the scale deposited on water wall tubes could 

cause the tubes to become insulated. This would lead to overheating 
of the metal below the scale and water being flash evaporated, 
leaving boiler water solids on the metal surface in a highly mncen- 
trated i o n .  This is turn cwld lead to caustic attack. 

Hydrazine solution (6096 Hydrazine 40% water approximately) is 
finding increasing popularity for oxygen scavenging, it reacts under 
boiler conditions with the oxygen to farm water, 

reaction: Hydrazine + Oxygen + Water + Nitrogen 
N,H, + 0, + 2H,O + N, 

thus having the advantage of not increasing the boiler water density. 
Initially it was thought that excessive dosage of hydrazine could 

lead to steam and condensate line corrosion due to ammonia being 
produced as the excess hydrazine .decomposed: 

(Hydrazine--+ Ammonia + Nitrogen) 

However. a controlled excess is beneficial to the steam and con- 
densate system as it counteracts the effect of carbon dioxide 
corrosion. This figure would be approximately 0.1 to 0.3 p.p.m. of 
hydrazine. 

Hydrazine should be injected after the de-aerator pump discharge, 
this is logical for several reasons: 

1. The de-aerator is being allowed to do the job it is designed for. 
2. De-aerator performance can be checked by taking a water Sam- 
ple before hyd&zins injection point. 

kcem hydrazine can be convened according to the equation 

Hydrarine+ Ammonia + Nitrogen 
3N,H, -+ 4NH, .t N, 

The nitrogen and ammonia carry over with the steam from the 
boilw and when the steam condenses the ammonia reacts with the 
water to form ammonium hydroxide. 

i.e. Ammonia +Water 4 Ammonium Hydroxide 
NH, + H,O 4 NH,OH 

As the ammonium hydroxide is alkaline it will increase the pH of 
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the condensate and if orrygwt is prasent It wm bad to  mion on of 
copper aloys. 

There may bs a delay in tha ktild up of a resew% of hydratine in 
the biler water since it reacts with my metal oxid& (apart from 
Fe,O,I that may be pn#ient. 

Sodium sulphite may still be used as an q m  scavenger, if that 
is the case hen the following points regarding it are i m p m t :  (a) pH 
value Is importrtmt to reaction rate with the oPryaen, at about 7 pH it is 
a maPdrnurn hence the d i u m  sulphite should be injected into the 
w a r n  Wore any alkaline ingredients, Ib) In hi* pressure boilers the 
sulpfiii can break down to give hydrogen sulphiie (k$) and passibly 
sulphur dloldde (SOJ which can attack sted, brass and capper, (c) It 
i n m a w  dissolved solids comem 

4. Cond.nsate line asatmaat 
Where the steam is wet, and a h  in the cmdensate system, corm 

sion mn ocwr due to the presence of carban dioxide canied over with 
the steam To ensure alkalinity in this metion of the system a volatile 
akdimr may be Injected into h e  steam line. These alkalisers are 
generally ammonia or eyeloharcybmine, they mrnbine with the ateam 
as it eon- to fcm carbonates and bicarbonates whih dewm- 
m e  b the boiler to give back the CO, and the alkaliser, some of 
whidr then nttums to the steam system. 

If the pH value of the condensate is maintained at about 9 this 
should ensure no ##rosion in the law temperature steam and con- 
dl- seciims of the @ant 

Such a pH value woutd not be maintained with hydradne alone, 
the previwsiy mentioned rnonocyclohexalamine with morpholine can 
be added (at aw paint in the system, they distil off with the steam 
and mimulate continuously) io maimin correct feed pH. 

When the boiler is new, silica {SO& can cancentrate in the water 
(even after good pr~ommissioningb Silica can volatilii and carry 
over with the steam and deposit upon turbine blades, M n g  ef- 
ficiency. By keeping pH carefully conmlled the amount of sitica the 
wwsr contains can be controlled, the higher the pH the more silica 
the water can contain and the greatsr the a n y  over. 

Semi automatic and fully aummadc water mstmmt systems are 
available. 

With the semi automatic symm the operator analyses the make 
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up feed and the boiler water, he then doses the system and operates 
blow down by remote control or by preset tirnimg devices, the ad- 
ditives are injected in solution form. 

A fully automatic system will require a computer to give con- 
tinuous analyses of make up feed, condensate and possibly water in 
the boiier. It will then adjust the continuous treatment of the water 
and blow down if required. 

With modern high pressure automated boiler plant intermittent 
analysis of the water is not satisfactory. The main reasons are: 

1. The high water purity required. 
2. The monotony of a very frequent essential manual and mental 
exercise, i.e. testing and analysing. 
3. The extremely high evapoiative rate of the boiler, which in a 
relatively short space of time could lead to instigation of damage if 
water condition detwiwates. 

Fig. 1.39 shows a continuous monitoring arrangement for some of 
the boiler water patameters. The monitoring devices have their 
signals retayed to a control mom where they can be under continuous 
supervision. 

Conductivity: this measures salt concentration in the warer. 
Hydrazine: this measures hydrazine reserve which is essential 

for maintaining the black magnetite (Fe,OJ layer, 
removing oxygen and keeping the water in a 
reducing condition. 

Signals from the phosphate (PO,) and pH monitors can be fed into 
a X-Y plotter for comparison with e.g. the standard graph used for the 
co-dinated phosphate--pH treatment. Fig. 1.39 shows the form of 
graph used with this treatment. Simply, if the intersection of the GO- 
ordinates lies below the curve there will be no free caustic in the 
boiler water. 

It is  possible to convert the signals receivd in order to operate 
chemical dosage equipment 

Note. The treatment of the boiler rivater with phosphates and 
coagulants, etc, has been ckak with in Volume 8 so it was not in- 
cluded in the foregoing discussion of a modetn treatment plant 
although it w u t d  be an integral part of such a plant 
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pp.m PHOSPHATE 

Fig. 1.39 COMlNUOlJS BOltER WATER ANALYSIS 

Conductivity meammment 
Specific conductivity mhdcmJ b the conductance of a column of 

mercury 1 cm2 cross sectional rnea end 1 em long. This is a large unit 
and rnicrornhdcrn3 is used and when comcted to 200 C is called a 
dionic unit. 

A duct iv i ty  meter is usually an ordinary ohmeter, calibrated in 
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conductivity un'm, with a small hand driven generator acmss two 
efectdss which are adjustable in distance apart to alkw for 
temperaturn cometion. 

The d e d e s  are immersed in a tube containing the water sam- 
ple and after temperature adjustment the reading is obtained by 
rotating the generator for a k revolutlona and noting the w l e  
reading of wnduetivf. 

Conductivity of pure distilled water 045 tiionic units. 
Conductivity of fresh water is about 500 dionie units. 

T-1 d i d v s d  adids mewyrement 
This can be waluated on a rwgh fim basis from the conductivity 

meter provided that chemical treatment is first applied. Conductivity 
is mainly due to OH- (hydroxyll and H+ Ihydrog8n) ions so that these 
must M first mndardkd for all solutions before the actual dissolved 
solids reading a n  h -elated fmm the conductivity reading. 

Standardisation usually consists of &ding acid to the boiler water 
(assumed alkaline) to neutralise hydroxyl ions. Conductivity is then on 
atcommon basis due to dissolved mineral solids in the water, which 
eortstltute the d i d d  solids. 

A calibration scale change graph w alternative instturnerti scale is 
necessary to givs a dissolved solids reading. The sample may require 
dUution with distilled water to reduce conductivity to a readable 
value. 

Elsctrical dinomatw 
The electrical supply to tha insmumsnt rnw be direct wrrem The 

potentiometer is provaed to give a fixed stantkrb calibration voltage 
MI that nu em= to voltage diiemmes exist. 

Pure water is non conducting so that current flow is an indiatbn 
of impurit'es, f.e. the grmer the w m  the greater the impurfty in 
the water. 

Referring to Fig. 1 -40. 
When the impurity content exceeds a fixed value the current is suf- 

ficient to operate the Relay 2 so ghrlng vimal or audible 'warning by 
dosing the circuit. Continued operation ai increasing current would 
muse Relay 1 to short circuit the meter and so protect it. 

Water temperature increases conductivity so that a temperature 
compensation is required. A temperature compensating thermometer 
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SENSITIVE MlLLlAMElER 
CALleRATED IN p.pm 

Fig. 1.40 ElECTRlCALSWNOMmR 

is as a shunt across dhe mewr. Temperature increase causes a r i se  of 
mercury level and a cutting out of resistance which allow more 
current through the shunt and lass thmugh the meter. The correct 
calibmtion arrrent through the meter is fixed, current variations due 
to temperature am shunted. 

TEST EXAMPLES 

claw 2 
1. Make a detailed sketch of a main Mler having a roof fired fur- 
nace showing the gas path through the boiler. State one advantage 
and one disadvantage of roaffi-1 Explain how gas flow is achieved. 
2. Make a detailed sketch of a superheater showing its position in a 
main boikr and the flow paths of steam and combustion gasrcs. 

Degaitre three defects commonly found in superheatem and 
explain their muse. 
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3. Sksteh and -rib an ion exchange column. State with masons 
where it is situated in the plant. Explain i s  function. 
4. Describe wieh sketches how a burst tube in the membrane wall 
of a main boiler furnace is deslt with. Give two advantages d mem- 
brane wall comtruction. Define the importance of c o m t  rnernbne. 
width and the &eet of too broad or narrow a membrane. 
5. Desaibe with sketches one way whereby steam from a main 
boiler is maintained at apdrnately w m n t  tempmture irrespee 
tive of generation ram. 

State what vital precaution needs to be observed when raising 
steam h a Mler  -sing this facility. 

State why auxiliary steam is not usually taken from the steam 
drum. 
6. Draw in detail a Cope's boiler feed regulator. labelling all 
components. 

State with reasons what advantages it has over the simple float 

type. 
Explain with ske tch  how: 

(11 the thermostat element responds to water level changes. 
(b} the smam flow element m o n d s  to steam flow changes 

Clam 1 
1. Sketch the furnace of a radiant heat boiler showing the disposi- 
tion of t u b  and headers and dimetiwr of water flow. Comment on 
tube diameter, pitch, and material used. State how the genetating 
tube9 are attached to ?he headers. Give two reasons why unheated 
down-rxlmers are sometimes fitted. State why radiant heat boilers 
are claimed to be superior to most other ddgna 
2. With reference w main boilers: 

(a) sketch the variaus ways whereby supedteatsr elements am 
wtaehed to the headers. 
(b) suggest with reasons which method in (a) is superior to the 
others. 

3. Explain how steam delivered by a main boiler m y  be maintained 
at an approximately eonmnt temperature independent of the genera- 
tion rate by: 

(a) the position of the superheater, 
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Ib) the usre of meehanieal control of gas flow, 
Ie) means exkmal to the Wlw. 

D d b e  one arrangement W supply low superheat steam by means 
arrternrl to the boiler. 

&plain why the supply is not taken directly from the steam drum. 
4. Explain with sketches how the followirg characteristics am in- 
corporwed in high mpadty spring loaded safety vahres: 

(a1 opening quickly and fully w'haut wire drawing, 
(b) eking quickly with equal pmcish, 
I d  cmplwe tightness until moment of lii 

5. Draw in detail 8 feed regulator whom mion is only partialty 
gwemed by boiler water level. 

-kin how it fudons.  
State with reasons what cfdvamages it y e s  o w  other types 

of regulator. 
6. With r e f e m  to boiler water purity and treatment writs notes 
on each of the foltawirtg: 

(a) rnagnae, 
(b) hydrogen embrittlement, 
id rreutraling amines. 
(dl filming amines. 
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TURBINE THEORY 

Steam turbines can be broadty classified into two groups, impulse 
and reaction. 

In the simple impulse turbine steam is supplied to a set of fixed 
nodes wherein the steam falls in pressure and gains in velocihy. The 
high velocity steam issuing from the naales is directed to impinge 
upon a raw of blades which are fbted to the periphery of a rotor, this 
causes the rotor to be mated. 

In the reaction turbine, alternate mws of fixed and m d n g  blades, 
attached to the casing and rotor respectively, form passageways 
which serve as fixed aild free nooles. The steam passes through the 
fwed blading and gairts in velocity, it then impinges upon the moving 
blades ta give an impulsive &kt. The steam then passes through 
the moving blades expanding as it does so to give a reaction 
effect---hence this type of turbine is often referred to as impulse- 
reaction. 

The foregoing is just a brief outline of the impulse and reaction tur- 
bines which will be examined in greater detail in this and the 
following chapter. 

TURBINE NOZLES 

In the design of turbine mrrle many factors have to be taken into 
considemtion. some of the important ones are: 

1. The velocity of steam at exit from the nozzles that is required. 
2. The shape of the nonle. 
3. The quantity of steam that has to pass through the nozzle per 
unit time, 
4. The temperature af operation. 

1. The vetocity of the steam at exit from the nonle is generated by 
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converting heat energy into kin* energy. 
If we assume th velociw of the m a m  approaching ttte node is 

ma l l  in comparison to the velocity of the steam leaving the node 
then it may be neglected. The vekcity of the steam leaving the node 
may then be calculated from the following fwmula: 

where H is the heat drop of the steam as it pasass through the nozzle 

in Jh. 
where g is the acceleration due m gmity, i.a 9.81 m/g. 
and V is the leaving velocity in m/k 

Hmce the desired docity of the .stearn kaving the node is 
govemd by the heat dmp, which in turn is gowned by the pressure 
drop The p s w e  drop is dependent upon the shape of the d e -  

2, The shape of the noale as has bean stated above govern the 
velocity of the steam issuing from the nozrle. 

If the velocity V is requirad to be subsonk then a miverging type 
of node will be used. If however V has to be supersonic the node 
generally used is of the cmmrging-dhreging type, hater known as 
the De-Lava1 -la 

As node length incma- the losses due to friction also increase, 
far a d e  abut  50 mm kngth *to may be about 5% of the heat 
drop in the nozzle and for 1 SO mm length about 15%. Convergent 
nozzles am usually small in length, megent-divergent have to be 
relativety longer in order to obtain a large exit velociy at low 
pressure. 

In the corrvergent4hrergem mrzde the divergence must not be too 
gmat as this means the outer ae8m streams are nM at a fawumMe 
angle for the blades, these outer steam streams will produce shock at 
entry to the blades with sukquen? vibration effects, hence the 
divergence angle is kept to about f 2 O .  To limit the advene effecl and 
waste of the outer steam stmms, a parallel extension may be 
provided (see K g  2.1 1. It may be thought that the divergence angle 
could therefore be i n c d  in order to reduce node length and ftic- 
tion loss However, if the divergence angle is made too great (24 or 
more) the shock at the change in section (divergent to parallel) results 
in turbulence, that will effect the steam streams and reduce node af- 

ficiency. It must be remembered that adding length to the nozzle, by 
the introduction of a parallel section, incresses the friction loss and 
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this must b balanced with the gain in having parallel deam stream 
3. The mass of steam that passes thmugh the nozzle per unit time 

is dependent upon la) the wIocIty of the abeam at the throat (b) the 
ares of the hroai and (el that mci f ie  vdums at the throat Me. the 
m3hg of steam,, 

If m = kg of steam passing through the nople every second. 
A = area afthe throat in mz. 
V = velocity of the Heam at the throat in d s .  
v, = spe& volume of the steam at the throat in m3/bg. 
Y ,  = specfie volume of the steam at the node 

m c e  in ma&. 
p , =. pmsmre of steam 8% nosle emranee in N/m2. 
p, 5 m u m  of steam throat in M/mf. 

Hence m = VAlv, kgls 1. 
also p,v; = p,v; b the expansion law from entrance to throat. 

P' f v, = v, substitute into equation 1. 
( P 3  

It can k shwm (but i t  b beyond the saps of this book) that qua- 
tion 2 1s a maximum when pdp, * 0.57, the actual ratio depends 
upon dm index n which can vary from 1,3 for superheated steam to 
about 1.1 13 for very wet steam. 

The pressure p, -- O.S7p, is called the w i b f  pressure. It is the 
pressure at which A is a minimum a d  the discharge per unit area Is a 
maximum. 

A? the wiiJcal pressure the steam will have sonic vetocity, that is 
the maximum velocity that can be w i n d  in a convergent nazzle. If 
A Is reduced beyond the minimum neeegssry to obtain the critical 
pressure, no further incr- in velocity will be obtained but the dis- 
charge rats from the throat will be reduced. 

The velocity of the steam can be increased beymd the sonic 
vetocity obtained at the throat of the convergent part of a n d e  by 
addhg a divergent m n .  Stwm issuing fmm the throat into the 
&wetgent sedan behsves like a controtled expanding projectile 
where final velocity Is dependent upan the pressure drop from throat 
to outside of m l e ,  lp, to p,). 
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\ k 
VELOCITY OF STEAM - VELOCITY OF STEAM 
APPROACHING NOZZLE - - LEAVING NOZZLE = 0 Vm/s c SONIC 

CONVERGING 

PRESSURE DROP 
ANO VELOClTY 

CYLINDRICAL EXTENSION INTO 
HOUSING KEEP STEAM 
STREAMS PARALLEL 

Fig. 2 1  

Fig. 2.2 shows variation of quantity discharge with variation of 
h c a l  pmssun, ratio and inlet p m r e .  m/A b the kg of steam 
passing through the thmat per second per unit area of throat 

pdp, is the pressure ratio throat to inlet. 
Curves 1 and 2 show how d A  inuwses aspdp, is reduced, when 
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THROAT 
AREA 

INLET 1 HROAT SEAM 
PRESSURE PRESSURE FLOW - 
PI m kgls  s CONVERG€NT-D1YERGEM NOfZLE 

ExlT 
PRESSURE 
"3 

PREssURE RATIO PZfp, 

Fig. 2.2 

p, e 0.57p,, m b  is at a maximum. Any further reduction in pip, does 
not increase the discharge ram. 

Cuwe 1 is for a lower inlet pressure p, than curve 2. 
4. Tho temperature of operation (and the prsssure) governs the 

choke of material to be used for the nwtles 
Materials used must be: 

(a) Of high strength to withstand d?a high pressures. 
(b) Hard enough to withstand the ~rosive effect of the steam. 
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ABSOLUTE VELOCITY OF STEAM 
AT ENTRANCE TO BLADE 

3, BLADE VELOCITY 
U 

POSINWON 
ABSOLUTE VELOCITY OF STEAM 
AT EXIT FROM BLADE 

FIXED 
REFERENCE 
YOlNT VELOCITY DIAGRAM FOR BLADE INLET 

FIXED 
REFERENCE 
POINT 
I 

I 

I _ v 1 
r 

ICTv-2ufiwLocITy D I A w z u  FOR 
BLADE OUTLET 

Fi i .  2.3 

(c) Creep resistant in order to maintain its shape. 
(dl Resistant to corrosion. 

Stainless steel-stainless iron or monel metal would be a probable 
choice. 

SIMPLE IMPULSE TURBINE STAGE EFFICIENCY 

In the ideal simple impube turbine consisting of nozzles and a 
single row wheel, the steam would issue from the nozzles in the 
direction of motion of the blades (this cannot be so in practice). Fig. 
2.3 shows the arrangement with steam leaving the nodes at velocity 
V and blades moving with velocity U. 
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It will be dear from the diagrams sf velocity that the change in ab- 
solute velocity of the steam in the direction of motion of the blades 
(this direction being positive) is given by 

If m is the kg of steam entering the blade per second, then from 
Newtons. seamd law the force on the b M e  is 

and the power developed P = m2(V - U) x U Nm/s 
The power svailaMe in the steam = +mV1 Nm/s 

Stage effsciency 

power develow ' = p- availak 

~ ig .  2.4 is a graphical Illustration of equation 1 and it will be deariy 
seen from the graph and table of values that maximum stage efficien- 
cy occurs when the blade wloc'w is exactly one ha# of the steam 
wlodty at inkt to the blades. W& this retio, the absolute velocity of 
the s t e m  at exit from the blades must be rcwo. 

It would be of interest at thii stags to compare the operating 
toque at peak efficiency with the MlqW exerted under standing 
conditions. 

If R = mean Made ring radius 
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v E L o c n v  RATIO UIV I o 1119 (IIL I UB 1112 1518 131~1718 1 1 
EFFICIENCY 1 0 17/1613/4fi5#61 1 (lYl6l3/4 17/161 0 

0.5 
VELOCITY RATIO U/V 

Fig. 2.4 

:. T = mZVR(1 - U/V} 
When U=O,T=m2VR 
WhenU=V/2,T=mVR 

Hence the standing torque is theoretically twice the value of the 
torque obtained under maximum efficiency running. 

Fig. 2.5 shows graphically equation 2. 

ACTUAL VELOCIW DIAGRAMS FOR AN 
IMPULSE STAGE 

Fig. 2.6 shows the actual impulse turbine arrangement of nozzle to 
blade. Steam leaving the nozzle cannot enter the Wading tangential to 
the blade ring, however the nozzle angle a is usually kept as small as 
possible (lo0 to 200) to reduce side thrust on the blade ring. 



~ ~ ~ C ' n ~  0 lb 1b .WB lb s/e 3k 718 1 
TORQUE T 2 195 1-5 1-25 M 0.75 06 0.25 0 

VELOCITY RATIO U/V 

FIg. 2.5 

The Wade inlet angle 9, must be chosen so as to ensure under nor- 
mal operating conditions of running that the steam enters the W i n g  
without shock (Le. enters smoothly). From the vdocity diagram at 
blade inlet it can be seen that the relative velocity of steam to Made at 
Inlet, V , makes an angle with th blade ring of 8, thus ensuring 
smooth entry. 

The change in absolute velocity of the steam in the direction of 
motion of the blades is given in this case by: 

V cos a - (- v cos @) positive dintction again to the right. 
i.e. V cos a + v cos /3 this expreasbn is given the symbol Vw and is 
called the docity of WM. 

Power developed would be mVwU N d s  
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NOZZLES 

STEAM VELOClTY 
V m/s E INLET ANGLE 

BLADES 

VELOCm DIAGRAM 
FOR BLA# INLET 

VELOCITY WAORAM 
FOR BLADE OUTLET 

I 

COMBINED VELOUTY 
DIAGRAM 

Fi. 2.6 

If we assume no friction bsses through the blades and that the 
path through the blading is parallel there will be no change in relative 
velocity of the steam to the blade 
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Also if blading is assumed symmetrical 8, = 8, 

. v, 00s dl = v, cm e2 

. V C Q S Q - U = V ~ ~ ~ ~  

. . V C O ~ ~ = V C O S ~ - ~ U  
and V,=Vcosa+vwsB 
. . V,  = 2(V cos a - U )  

power developed 
sm fie"EY' = -r available 

If this equation is compared with equation 1, 

it differs only by the cos a term. For a noale angle a =200 the 
maximum effidenq that can be obtained is approximately 90% with 
UN bcing approximstety one half. As a is increased the efficiency of 
the stage will be decreased, this is the important fact derived from 
equation 3. 

In practice the stage efficierw will be lower than that obtained 
from equation 3 because of (a) Friction loss, (b) Steam leakage, (c) 
Windage and pumping losses. 

At optimum velocity ratio it would possibly b i  of the order of 80%, 
see Fig. 2.7. 

COMPOUNDING FOR VELOCITY 

A velocity mmpounded section of a turbine consists of a row of 
mrsles, through which a bge pressure drop Mes place, followed by 
alternate mws of m w i r i  and fbced blade& Theoretically, the path 
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VELOCITY RATIO = &!$ zgK 
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Fig. 2.7 

SINGLE ROW IMPULSE 
TURBINE IMWLSE - REACTIN 

TURBINE 
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\ 

through ?he moving and fvrsd bladeq is kept parallel 80 that the 
p-re remains un'hrn as the steam passes through. 

: i ,' 

0 
0 0.1 0.2 0.3 P.L 05 04 0.7 0.8 0.9 1.0 

The moving Mad= are attached to a wheel {so forming what is 
often eatled a Curtis wheel) which in nrrn is fmed to the rotor shaft or 
is forged Integral with the rest of the rotor. The fixed blader are at- 
tached to the casing and thy need only extend over an arc sufficient 
to cww the arc formed by the nodes. In some turbines the n d e s  
may be errran@ alf around the wing, the fixed Mading would then 
have to extend all around the aim. fhis arrangement gives a uni- 
form forw distniution on the wheel, which wwld help to reduce 
vibration. 

Advantages D be gained through using a two or three row whsel 
veioelty compounded are: 
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FIXED BLADES 

Fig. 2.8 COMPOUNDING FOR VELOCIN 

1. b g e  pressure drap is obtained through the nozzle which has the 
fdlowing effects due to amall casing pressure: 

(a) Glands less difficult to ksep steam tight 
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(b) Gland length can be reduced. 
1cI Reduced p m u r e  str-s. 

2.. Reduction in turbine length. 
3. Reduction in cost since less mWerial would be required, also the 
casing material does not have to withstand high temperature creep 
conditions so less expensive metal can be used. 

The disadvantages to be weighed against these advantages are: 

1. Lower efftei~ncy. 
2. Increased steam consumption. 

Maximum theoret;cal efficiency for 
velocity compounded wheel 

Referring to Fig. 2.9 and to the velocity diagmms given in Fig. 2.3 
the absolute velocity of the steam at exit from a row of moving blades 
in the simple tangential entry impulse turbine is given by subtracting 
twice the blade velocity from the absolute velocity of the steam at in- 
let. This means therefore that the leaving velocities would be: 

For a single row V -  2U 
For s double row (V-  2Ul- 2U = V - 4 0  
For a triple row ( V - 4 U ) - 2 U = V - B U .  

The fixed blading just diverts the path of the steam. theoretically 
without velocity toss. 

It was shown (equation 1, page 87) that the maximum Micieney 
for a single row of moving blades oecured when the velocity ratio 
U/V = +, i.e. when the Made veloe'ky equalled one half of the steam 
velocity at inlet and that the absolute velocity of steam at exit was 
equal to zero. 

If we now considered a two row vetocity compounded wheel (be. 
two mwing row). Maximum ekiency would be obtained when the 
leaving velocity was zero. 

In this case the blade speed must be equal to V/4 and !he 
thmmical efficiency would be 75% (substitute U V/4 into equation 
1, page 87). 

Now consider a three row vetocity mpwnded wheel. Maximum 
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ABSOLUTE VELOElTY OF STEAM 
AT ENTRANCE TO BLADE V 

MOVING BLAOE - YDE '"m"y 
ABSOLUTE VELOCITY OF STEAM 
AT OUTLET FROM BLADE v 

v FIXED BLAOE 

MOVtNG BLADE \ = 

efficiency again would be obtained when the leaving docity is zero. 

ie. V- 6U = 0 

Blade speed wwld now be equal to V/6 and the theoretical ef- 
ficiency would be 5S% approximately. 

When practical considerations are taken into account these stage 
efficiencies would probably be mote I i k  
65 to 70% for a two r ~ w  wheel, 
and M)%forathmerowwhsel. 
In an actual velocity compounded section such as that shown in 



Fig. 2.10 WLOClM COMPOUNDED SECTION M R  IMPULSETURBINE 

fig. 2.10 !he node box and fixed blade holder will extend otter the 
same arc. Blading will gradually i n m s e  in height as we move away 
from the node since the velocity of the aeam is falling off, mass flow 
is constant and the spwific volume of the steam is to all intents and 
purposes canstant (some slight variation does take place in the 
specific volume of the steam due to reheating caused by friction). 

As different materials are used in the construction of the node 
plate and casing, and temperature differences are encountered, 
arcpansion allowances have O be made. 

THEORETICAL CONSTRUCTION OF AN IMPULSE TURBINE 
BLADE 

Profile blading is mainly usd  in impulse turbines. having super- 
d e d  the now rather OM fashioned plate type blade. Profile Mading is 
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robust and efficient, usually the blading pathway will be non parallel 
so that a certain reaction effect is produced in addition to the impulse 
obtained from the steam issuing from noales. 

Fig. 2.1 1 is a step by step construction for a very simple 
equiangular paralld path profile blade. Referring to the diagram we 
commence the construction by I. Drawing three equally spaced 
parallel lines, A, B and C. 2. Draw triangle a b c with Made inlet angle, 
for constructional convenience, made equal to 30° Le. 8, = 309 3. 
Draw arcs of radius r, and r, using c as centre where r, =cb and 
r, = distance from c to line ab. 4. Construct anothertriangle a b c with 
apex c at centre of arc radius r,. Now draw common tangents to the 
arcs in order to complete the profile. In the diagram. the various 
stages of the construction have been done by means of separate 
diagrams. the student is advisd to construct the blade profile by 
superimposing the separate diagrams one upon the other. 

A modem standard impulse blade is also shown in Fig. 2.1 1. The 
inlet sdge has in practice w be given gome thickness in order that the 
mechanical strength of the blade is not impaired, however, this edge 
can cause steam Row difficulty at inlet and to reduce the d-fiwfty 
and improve efficiency the edge is rounded. An extension of the Made 
at exit helps to give better guidance to the steam as it leaves the 
blade, again improving upon efficiency. 

With a modern impulse blade an increase in efficiency of 5 to f 5% 
can be obtained wer the plcler symmetrical we the actual value 
would depend mainly upon the inlet angle to the blade. 

COMPOUNDING FOR PRESSURE 

A presure compounded impulse turbine is made up of a number 
of stages. Each stage consists of a row of nonles fixed to a 
diaphragm followed by a row of blades attached to a wheel. In other 
words it is built of a number of simple impulse turbines. 

The nozzle carrying diaphragms are fitted into the casing in halves 
and between diaphragms a uniform pressure zone exists in which the 
blade caving wheel, either fitted to the shal? or forged integral with 
the shaft, rotates. 

To prevent steam leakage between the uniform pressure zones, 
each zone being at a lower pressure than the previous one, shaft seals 
or diaphragm packing is provided. 
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IWLET EDGE ROUNDW 
10 IMPROVE EFFICIENCY 
/ 

MOMRN 
TURBINE 

Advantages of pressure compounding are: 

IMPULSE 

1. Steam vekcies are b r e d  due to the smaller heat drop that 
occurs through the diaphragm mzzles. With smaller Mading velocity, 
dower speeds af rotation are possible and centrifugal effects are 
minimioed. (It must be remembered that centrifugal force is propor- 
tional to the squm of the velocity.) 
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2. Efiiciency is increased. if wa wish to obtain the same reduced 
Made velocity in a velocily compounded wheel with one row of 
noales that would be obtained in a pressure compounded turbine. 
Then a drop in stage efficiency must be accepted due to the three or 
four row velocity compounding required. Whereas stage efficiency is 
high for e a h  single impulse tuhine unit used in a pressure com- 
pounded system. 

The principal disadvantages of pressure compounding would be: 

1. Increased first cost. 
2. Increased length of turbine, 

Various combinations of velac'i compounding and pressure com- 
pounding have been used in order to try and obtain the benefits to be 
gained from each individually. A common arrangement is to have a 
two raw velocity eornpounded seaion followed by a pressure 
compound section. this gives a neat, compaet. ePfieient and 
relatively moderately priced turbine. 

REACTION TURBINE 

In the introduction to this chapter a brief description was given of 
the reaction turbine principk, to take this f u h r ,  reference can be 
made to fig. 2. t 3. 

This Fig. shows the path of the steam formed by the asrofoil 
shaped Mading attached to casing and rotor mpeaively. Casing 
blading passes all round the turbine and the mwing blades are at- 
tached to a cylindrical rotor, generally of unEom diameter throughout 
its length being stepped down at its ends to fwm bearing journals. 
Both fUPed and moving blades form nortles, one row of Fixed blades 
and one row of moving blades foming a stage-hence there are 
equal numbers of rows of tixed and moving blading. 
As the steam passes through a row of fixed easing blades it fallqin 

Pressure. The heat drop through the blading results in an increase in 
absolute velocity of the steam. Use is made uf the change in wlociw 
in the d i m  of motion of the moving Mades to give an irnpulsiie 
effect. 

The moving blades are identical in shape to the fixed Mades, the 
path through them again being made convergent so that the steam 
will fall in presure. Them will be, due to the fact that the blades are 
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Fig. 2.12 COMPOUNDING FOR PRESSURE 

moving, a faU in the absolute velocity of the steam but a gain in 
relative velocity will be achieved. A reaction occurs due to the change 
of velocity wMh the Madhg-this is a free ~ w l e  effect. This turbine 
therefore is often referred to as the i r n p u ~ a c r i o n  instead of more 
simply a reaction turbine. 
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NO2 ZLES 
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ACT AS FREE - 

FIXED BLADES 

Theomhlly, as the amm pressure hlls through the turbine and 
the speeiRc volume incrsr#~sar, each stage should hcr8ase in height to 
accommodate the increase in volume. Hawever, this would prove 
axpensive on a large turbine with s gmat number of stages, so a corn- 
promise is sometimes reached by stepping the casing and having 
two, three, four or more stages of equal heights (we Ftg. 2.1 3). 

It will be appreciated that Wade running clearenaur must be kept 
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small in order to limit the loss of steam that could pass the blading to 
perform useful work, this loss would be greatest a t  the higher 
pressures due te the low specific volume. In order m limit loss at high 
pressures the irnpuls8-maction turbine could be preceded by a vsloci- 
ty wmpounded impulse wheel. This would have the added effect of 
reducing turbine length and number of reaction stage required. 

Reaction turbine velocity diagrams 
With identical forms of blading for fixed and moving, ignoring fric- 

tion losses and assuming perfea enoy into moving blades, the inlet 
and outlet velocity triangles are similar such that: 

The velocity of whirl V, = V cos a + v cos 4 
and the wwer developed in the stage is mV, U Nm/s. 

In order to obtain maximum theoretical efficiency in an impulse- 
reaction turbine the blade velocity U should be equal to the steam 
velocity V, if entry was tangential to the blade ring. Hawever, with en- 
try as shown in Fig. 2.14 the blade velocity would be approximately 
0.9 of the steam velocity. Fig. 2.7 shows huw the effieienw of a stage 
in a reaction turbine varies with variation of velocity ratio UN and it 
can be seen that maximum efficiency occurs in the region 

Appmximate constauction for a d o n  turbine Made pofile fig. 
2.15 
I. Commence by drawing two parallel lines and let the perpen- 
dicular distance between the lines be unity (ie. distance AB). 
2. Draw line AC at angle 8,(i.e. outlet angle) to line AB. 8, * 15'. 
3. With compasses set 8t distance AB centre C sttike an arc across 
AB to obtain centre D. 
4. With compasses set at distance AB centre D draw are CE. 
5. ExtendBAtoFsu&tbtBF=l+xAB.  
6. Draw line KG pamllel to AE and with compasses wt at distance 
BF certwe F draw arc CG. 
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FlXEO BLADES ICASIPIO) 

BLADE 
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MOVING BLADES (ROTOR) U mls  - 

F STEAM TO MO\lING 
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MWlNGBtADE KLF 
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MOVING BLADE 
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BLADE 
OUTLET 
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COMBINED VELOCITY 
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VELOClTV OF WHIRL V, J 

I +-Vlos a + v~~~ r 

Fig. 2.14 

7. With compasses set at &stance + x AB centre G strike an arc, 
repeat using csntre E so that i n t m o n  of a m  gibes point H. 
8. Using centre H draw arc GE. 
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GAS TURBINES 

Gas turbines have not proved as exhgmely popular as it was first 
thought that they would. Initial devdaprnern was mpW but when it 
was found that their dicienw was relathew low and l i  could be 
done ta Imprwe it, development dowed down considerably. The 
main diPfieulty k seems is a ua the high gas temperature that can be 
obtained. If the temperature drop *raugh.the turbbrs can be in- 
creased then the M e n c y  will k increased, however, m a t d a i  limit 
the inln gas ternwmture to the turbine. Experiments have k e n  
mrried wt using ceramic mamtials for tufbine blading so that the 
urnpetature a t  inlet could be increased from abwt 7500 C to about 
12000 C tKIw6vw the ceramics am invariably wry b M e  and diiarlt 
to form into accurwely dimensioned shapes, hence more rewarch will 
have to k carded out before such rnateljak would be amptable in 
ma- 

Variws blade -ling systems h m  been developed and these 
have prwed mwe s u m 1  than using m m i c  materials, however 
the cost of a cooling system can be high when one thinks in term of 
hollow blading, etc, 

A simple gas turbine m*m of a compressor and turbine fitted on 
to a shgle shak The c o m p m r  delivsrs air at a pressurn of about 
4.8 bar d temperature 2000 C to a combustion chamber in which 
the fuel is burnt. fhe combustion gases at a temperature of about 
7500 C leave the combustion c h a m h  and enter the turbine, whtrreh, 
they fall in pressurn and tempemre th- giving up energy. 
Exhaust frwn the turbine would be at about 4500 C and atmospheric 
p m m .  

Power output from the turbine is used to drive the compressor and 
the load, the mmprsssor takes 80% or more of the power output 

Simple gas turllines of this nature would not be a practical marine 
prowition since thsy are not suitable for widely varying load con- 
ditions and the staning m m r  m q u l d  would have to k enmous. 

A separate turbirte or Load Turbine as it sometimes is called over- 
comes the d i ~ u l d e $  memimed above. The campressor with turbine 
on the same shaft can be easily started with a relatively malt stsning 
motor-it would not have to turn gearing and propel ler -4  it can 
be kept running at a steady sped ,during manoeuvring caditima 
Gas flow to the toad turbine can be regulated in order to aceom- 
madate changes in power demand. The load turbine ewld drive the 
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Rg. 2.15 APPROXlMATE COMSTRUCFlON FOR A REACnON TURBINE 
BLADE 

Fb.2.16 GAS TURBINE WITH HEAT MCHANGER 
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propslkr through r dutch unit of the hydraulic type which woutd be 
-Me, thus no astern tutbine wwld be required. H an astern tur- 
bine b f 'hd t k m  a drop in efRciency wwld be automatic due to its 
fri*n. windage and pumping W An akemadw to a clutch could 
be a controllable pitch p p l k r .  

Such a turbine plant mruld not be ve+ &ciem. its fuel consump 
tian would probably be in the region of 0.4 -mpare this 
with a d i d  sngened installation w h  fuel miwimption wuld be 
0.21 ke(kWh. 

To imprwe on the Mklency, usm can k made of the h a t  energy 
in the &must gases to preheat the air W g  the WrnpmssDr. The 
mmgemsm is shown diagrammatically br Fig 2 1  6, h cmld -My 
redm the fual wruumptian to abwt 0.25 k&Wh An additional im- 
m m m t  a u l d  be ao wsa m u m e  c u i n m n  with i n w i n g  
btwm the stag- 

Fk?e mon Gas G ~ t o r s  
The frss piston gas turbine plant consis& of one or more gas 

genmmrs which supply gas ao the turbine or turbin- A gas 
genecator cwnbines corn-r and m u s t i o n  chsmber into m e  
unit and cm&s of two p W n  units opposed a each other but 
operating mky. Each piston unit is made up of me large and one 
small diameter piston, the maller piston mciproeates in a e y l i d r  in 
which air inl,et pns F, gas outlet ports and fuel injectors am p r o w .  
C h a m h  C is the cushion chamber, D and E air compression and 
rewriwr Ehambers re~peetively. 

cy& of opsrm-on 
If we oonsidw the plstam at the extreme w a r d  position about 

to mow Inwwds, chambers D and E filled wi* air %t about at- 
mospheric m u r e  a d  cushion air in chamber C at maximum 
m m .  

Mdng imrmrda powads each other the large pistons will die 
charge air thtwgh valves B in- chamber E raising the air In pressure. 
The small pistow meanwHle #Imp- the air in the mdne Wnder 
to a sufficiently high enough m u r e  and tempemturn to enable the 
fuel which is hjectd to be ignited and burnt. 

When the pigoons m w e  from the exhems inward position o m r ,  
due to the hot high pr;esstlm gas in the engine cylinder, air will be 
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fig.2.17 FREE PISTON GASTURBINE 

drawn in through valwns A onto chambers D, vahras 8 dosed and air 
, En the cuehion chamben, C being compmssed. Apoim will be reached 

an the outward stroke when the pistons start uncovering the gas 
ports a d  scavenge pwrs F. Then gas can pass to the turbine, and 
scavenging and r&arging of the engina cylinder can take place with 
presawtised air m i n g  from chamber E through F. When the 
pistons reach the e r n e  outward position the cycle of operations is 
back to the starting point 

Under steady m t i n g  mdiiions the equation: 
Work done in engine cylinder = Work h e  in compressor F/linder 
-good 

If the work done in the engins cylinder b b a s e d  by altering the 
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fuel supply, then pressures will increase and the stroke will increase if 
the abwe equation is to be obeyed. 

Increasing the pressure increases the f r e q u e ~  of opemtion (Le. 
cyeleds !Hem]) hence the gas quantity delivered per unit of time will 
increase. 

Fuel timing must be advanced as the load is increased in order to 
maintain g c d  combustion. It must be remembered that with a free 
piston unit stroke and compression ratio is a variable. 

Starting of the gas gsnerstor is achieved by the use of starting air 
being supplied to the cushion chambers. 

TEST WAMPLES 

Class 2 
1. Explain with the aid of diagrams what is meant by (a1 Velociw 
compounding. (bl Pressure mpounding in impulse turbines. 
2. Discuss with diagrams (where required) the passage of steam 
hmugh a madon turbine, explain clearly what happens to the steam 
as it passes through a stags in the tu&ine. 
3. What are the & k e r n s  between convergent and convergent- 
divergant nottlesl What are the effects of these differences? 
4. Discus the advantages and disadvantages of using a two or 
three row vetocity compounded impuls8 wheel in a turbine. 
5. Explain briefly a gas tuhine system, its method of operation and 
its disadvantages. 

Class t 
1. 0 ' i g s  the various de ign  requirements for the steam n d e s  
used in impulse turbines, explain how the steam increases in vehity 
as it passes through the nozzle. 
2. Show graphically how the pressure and velocity of steam varies 
as it pa- through, (a1 a velocity compounded wheet (b) a pressure 
compounded turbine. What advantages are there in velocity 
compounding? 
3. Compare impulse and reaction turbine principles stating where 
one would be more usefully employed than the other. 
4. Make a diagrammatic sketch of a free piston gas generator. 
Explain its method of operation and enumerate the advantages to be 
gained by using a gas generator. 
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GEARING 

Various types of gears are used to produce a positive drive 
between two shafts which are next to one another. Those of major in- 
terest to the turbine engineer are the spur gears and helical gears. 

Spur gears have reeth which are parallel to the shafts, and helical 
gears have each tooth cut on a he ti^. With parallel shafts engaged 
with helical gearing the term spur gearing may be used to describe 
the gears. 

GEARING DEFINITIONS 

Pi- cylinders: 
Are the imaginary cylinders of the gears that could d l  together 

without slip. The section of a pitch cylinder at right angles to the 
cylinder axis is called the Pitch circ/e. 

Cirwlar pitch: 
This is the arc length on the pitch circle circumference between 

identical points on adjacent teeth. 

Diametml pitch (d.p.1: 
Is the number of teeth per unit of diameter of the pitch cirde. 

Number of teeth 
i.e. dp. = 

n x diameter of pitch circle 

Addendum: 
Is the radial height of tooth from pitch circle to tip circle. 

Dedendum: 
Is the radial depth of tooth from pitch drcle to root circle. 
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The working contact surface of the addendum is called face and 
working surface of the dedendurn is called flank. An all addendum 
gear is when the pitch e ide  radius is located at the outside diameter 
of the main gear wheel so that the wheel teeth have all dedendum 
flanks and the pinion teeth are all addendum faces Such a gear gives 
relative sliding war the whole tooth surface, giving smooth running 
and r e d u d  risk of pitting. 

T d  loading factor 'K' 
The K factor, as it is generally called. is of importance to the gear 

designer and manufacturer but knowledge d its existence and ap- 
proximate values gives the practising Marine Engineer a better a p  
preciation of gearing. In the same way that the Engineer develops a 
sense of 'pH values' he can acquire a sense fw the 'K' factor. 

Evaluation of the factor is relatively complex, the revised formula 
given in Uoyd's register is W = KdG/(G + 1 ) where W is the 
maximum tangential tooth load in fornebnit length 
where d is the pitch cimle diameter 
where G is the gear ratio. i.e. pinion spsed(whse1 speed. 

Obviously if d and G are Constant, the higher the values of K, the 
higher the value of W and hence the greater can be the power 
transmitted. 

With unhardened steel pinions and wheels of the type used in the 
19-50 e n  K vmisd from about 40 to 80. 

With through hardened steels K = 1 50 for primary. 130 for secon- 
dary gears. 

With hard on soft gears (pinion to wheel) K =240 for primary, 
2 1 0 for secondary. 

With case hardened gears K = 360 for primary, 320 for secondary. 
The above are maimurn permissible 'K fac?ors', in practice lower 

values wwM be adopted, but it can be seen that the tooth loading 
has increased four or more times since the earlier types 
manufactured 

lmokrte 
An involute curve is a curve which would be generated by a fixed 

point on a taut eotd which be being unwwnd from a cylinder (or 
drum) in a plane at right angtes to the axis of the winder. 



WOUWDOFFORUM 

INVOLUTE 

TIP 

ADUENDUM 

OEOEFtOUM 

IWTERFEREM BETWEEN 

CIRCLE 

INVOCUTE TOOTH 

CYLINDERS 

PnQl CIRCLES FOR TWO dEARS 
IN M€§H ARE THE CYLINDERS 
THAT COU LO R O U  TOGETHER 
WlTUOUT SLIP 

Fig. 3.1 

The bese W e  for the i n v o h  is the section through the cylinder 
at right angles to the axis of the cylinder. 

Fig. 3.1 shows in profile an involute Moth far spur gearing, ad- 
ditional depth & given to the moth below the base circle to ensure 
that during opention no interterenae occurs between tooth tip and 
gear roots. 

The mason why involute tooth forms are used is to ensure uniform 



112 REED'S !TEAM ENGINEERING KNOWLEDGE 

speeds of rotation of driven gears, be. the velocity ratio of the two 
gears in mesh is kept eonstant. 

Fig. 3.2 is an illustration of two spur gears with involute teeth, in 
mesh with one another. Assuming that the small gear is the driver 
and the larger the driven, a tangent PQ to the base circles can be 
drawn as shown. Where this tangent intersects the line of centres RS 
we have a point of special significance called the phch point. This 
pitch point is also the poim of contact between the pitch circles, and 
providing gears are designed so that the common normal at the point 
of contact between two teeth is along the line PQ Ehrough the pitch 
point, the gears will have a wnstant velocity ratio. 

With the involute gearing as shown, contact h e e n  two teeth 
will begin a t  A and end ai B. If we consider the point where the teeth 
are in contact, i.e. just before point 8, and we draw a line normal to 
PQ through this point of c m c t  then it will be s common tangent to 
the involutes of the two gsara Hence involute teeth fuRl the 
necessary condition for constant velocity ratio between gears. 

PQ, abng which tooth contact takes place, is called the line of ac- 
tion and the angle between the tine of action and the common 
tangent to the pitch circles is called the pressure angle. Gear 
designen have standardised tooth pressure ang t~ ,  they would be 
$41 or 20 degrees. The latter for high speed drives. 

The normal force between gear teeth acts along the line of action 
and torque in the gearing would k the product of this force and its 
perpendicular distance from the gear centre (i.e. PS or RQ). 

To avoid interference between gear teeth the tip circle radius of the 
driver must be less than RP and that of the driven wheel must be less 
than SO, this ensures that the tip corner of one tooth does not cut 
into the root of another, remove part of the involute and hence reduce 
tooth strength. 

Helical spur gearing is designed so that the helix angle ensures 
that one end of a helical tooth becomes meshed before the opposite 
end of a preceding tmth disengages. In this way more than one tooth 
is in mesh at the same time. 

Advantages of helical spur gearing are: 

1. Greater distribution of load. 
2. Smooth operatiowno sudden engaging and disengaging. 

3. Gears operate quietly. 



?sLj=L 
TIP CIRCLE 

Fig. 3.2 lNVOLUTE GEARING 

With single helical gearing there will be an axial thrust in the shafts 
since the gear teeth are not parallel to the shaft. Double helical 
gearing overcomes this difficulty, the double helical gears have 
posing helix angles, forming a herringbone pattern, which causes the 
axial thrusts to cancel each other out 

Helical gearing involute construction Is shown diagrammatically in 
Fig. 3.3. The straight line AB on the plane, which b wound around the 
base cylinder, makes an angie with the base cylinder axis. This angle 
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UIE A-8 ON PLANE 
OfMaATES A SERIES OF 
INVOLUTES AS THE PLANE 
IS UNWOUND TO QlVE 
TOOTH PROFILE 

Fig. 3.3 HELICAL GEARING (INVOLUTE CONSTRUCTION) 

is the helix angle (or lead angle) for the gearing. since if the plane 
were unwound from the base cylinder its length would be nD (the cir- 
cumference) and the lead of the moth would be: 

nD x Tangent of lead angle 

Helix or lead angles are about 300. 

EPICYCLIC GEARING 

The main difference between parallel shaft gears and epicyclic is 
that in the former the wheel axes are fi*d whereas in the epicyclic at 
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lead one axis mwes relative to anothw f h d  axis. 
An epicyclic gear consists of a sun wheel on a central axis, a inter- 

new toathed r iq cald the annulus, planet or star wheel c a w  and 
plant or star wheels which revohre on spindles which are attached to 
the carrier. 

With the same bask arrangement various gear ratios are poesible 
for the same sized pars  if different items are used for input, output 
and fixing. 

P l a m y  arrangement Fig 3.4 
In this case the annulus b fixed and the high speed shaft would be 

connected to the sun wheel. the lower speed output on the planet 
carrier shaft This arrangwnmt gives speed raductions of 3 : 1 to 12 : 1 
depending upon relative e a r  wheel dimensions. 

PLANETARY GEAR 

STAR GEAR 

Fb. 3.4 EPICYCLIC GEARING 
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Star arrangemmt Fig. 3.4 
Here the carrier is fixed, high speed input cm sun wheel shaft and 

output annulus carrier shaft. Input and output revolve in opposite 
directions and with this arrangement speed reductions of from 2 : 1 to 
1 1 : 1 depending upon relative gear wheel dimensions, are possible. 
Such a gear (strictiy nut an epicyclic since planet wheel axes are 
stationary, be. why the system is called stad would be useful for the 
first stage reduction in a h.p. turbine set as the centrifugal affect of 
planets would be reduced. 

Solar arrangement 
This is used for speeiaLapplication since the gear ratio is low about 

1.1 : 1 to 1.7 : 1. The input goes to the annulus. the output from the 
planet wheel carrier, and the sun wheel is fixed. 

GEARING ARRANGEMENTS 

Typical, gearing arrangements in use are shown in Figs. 3.5 and 
3.6, one turbine drive is shown in each case, the pinions for multi- 
turbine drives are round the wheel periphery. 

Single duet ion gwring 
Is mainly used for turbine dfiven alternators and pumps. For main 

pputsion the high turbine speeds needed for high pressure and high 
efficiency operation require reductions of over 50: 1 and the limit for 
single reduction gearing is about 30: t since a 150 mm diameter 
pinion would require a 4.5 m diameter wheel. which is too large. 

A typical single reduction gear ratio is about 22: t with turbine 
speed about 2000 rw/min. The term hunting tooth is applied to 
illustrate the fact that a non-exact gear ratio is usually used. For 
example a 30 tooth pinion at 22 : 1 would require a 660 tooth wheel 
for an exact ratio. In practice 659 or 861 teeth are utilissd so permit- 
ting every tooth on the pinion to mesh in turn with every tooth on the 
wheel giving an wen wear distribution. 

Double reduction gearing is commonly used with turbines who- 
speeds w up to about 7000 rev/min but where large slow running 
propell= are used triple reduction gearing would be employed for 
turbine speeds of 6000 rev/min or more. A typical double reduction 
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DOUBLE REDUCTION OEAAlNO WUBLE REDUCTION GEARING 
INTERLEAVED ARTICUUTED 

MAIN E A R  WHEEL 

OOUBLE REOUCTION GEARING SINGLE REDUCTION 
LOCKED TRAIN GEARING 

Fb. 3.5 MPlCAl GEAR1 NO ARRANGEMENTS 

muid be-rbine speed 6800 rev/min, propeller speed 100 rev/min, 
66:l. 

The imerfeaved design is sketchad, an alternative where the 
primary wheels straddle the secondary wheels is more compact and 
is generally referred to as nested. 

Articulated gearing allows easier removal of individual trains and 
gives greater flexibility as regards alignment with less risk of faults of 
pitch being mpwirnpos8d. 
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Fig. 3.6 DOUBLE REDUCTION GEARING 1WERLEAVED (SPUT PRIMARY) 

The locked train design has been mainly employed in R.N. practice, 
sometimes called dual tandem gears, and is lighter and more corn- 
p a n  In this arrangement, power from the turbine is transmitted from 
the turbine to two primary reduction wheels by a centrally dispossd 
single pinion. The loading on the wheels is thus halved as compared 
with the usual single primary wheel drive. The lower tooth pressure 
pennits of a mote campact unit A further advantage is that the 
tangential thrust of the primary pinion k nuutmlii, thereby greatly 
reducing the pinion bearing loading. Each primary wheel is connected 
to its secondary pinion by means of a quill shaft and flexlble coupling. 
Thus the drive absorbs any torque inequality bemeen the two 
pinions, thereby equalking the load. This extremely compact type of 
reduction gear was used for all new- B M  steam turbine driven 
warships and may be found in use for some high p o w d  merchant 
s h i .  The sketch shws a mall  single turbhe unit: h.p and 1.p. tur- 
bine installation will employ the same type of gear arrangement, 
except that the seicond reduction will use fw r  pin- instead of two. 
On the sketch the primary and scrconhry sets have had to be drawn a 
d'wtance apart for dam. In practice they are very cbse and the qull 
driveisvsyshoh 

The we of a quill (noddl shaft gives a reduction of weight, gives 
greater flexibility in absorbing misalignment and may also ba utilised 
at the design stage to alter shaft stiffness due to the hollow 'tube' so 
amend i  vibration characteristics in various speed rangas. The fine 
tooth design of involute tooth is utilised, many of the features are 
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similar to the flexible coupling (gear type) described later, Fig. 4.4. 
This quill shaft coupling is used in locked train and articulated gear 
sets in many cases. Gearing dfichtcy i~ about 98% at full power for 
most designs. A quill haft intermediate speed coupling is as shown 
in Fig. 3.7. 

COUPLING BOLT 

\ 
RETAINING KEY 

NUT QUILL SHAFT 

Fig. 3.7 QUILL SHAFT I~RMEDIATE SPEED COUPUNG 

A tripla reduction g6ar as used in the Stal-Laval turbine system is 
shown diagrammatically in Fi. 3.8. 

This system is used for slow running propellers (80 to 95 rev/min), 
large diamster slow running propellen have higher propulsive ef- 
ficiency but some of this is offset against the slight reduction m 
gearing efficiency, the greater number of gearing reductions the 
smaller the gearing efficiency. 

The h.p. turbine unit has a star gear for first reduction (as men- 
tioned previously this reduces centrifugal effect), planetary for second 
reduction and parallel shaft pinion to bull gear for third reduction. 1.p. 
turbine unit has double reduction as shown. 

Rounded off typical speeds would be: 

Triple reduction h.p. 
1 st reduction 6000/1400 rev/min 
2nd reduction 140W 400 rev/min 
3rd reduction 400/ 80 rev/min 

Double reduction 1.p. 
4200/700 rev/min 

700/ 80  rev/min 
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HP TURBINE 
DRIVE 

WUBLE REDUCTION TRIPLE REOWON 

GEARING CONStRUCTlON AND MATERIALS 

Early designs uti l i id a heavy cast iron gear case. Gear wheel 
centres were usually of can iron (wlth suitable lightening holes) fitted 
onto a shaft taper, keyed and smmmcl by a large nut Wheel rims were 
shrunk on and secured axially by screws w keys between rim and 
wheel centre. 

Modem practice utilises an all welded prefabricated steel gear 
case, it is important that it be guflicintly rigid to avoid undue d d e e  
tions under varying load conditions and maintain bearing alignment 
to ensure uniform tooth loading. Generally the gear is supported at 
two to four points in order to m i n i d  the effect of ship strains due to 
cargo distribution and sea-ways. 

The gear wheels consist of steel webplates welded to gear wheel 
tym m d  hub. A completely automatic electro-slag or submerged arc 
welding processes is used on the pre-heated tyre and w e b  (pre- 
heated about 2500 C) the mmainder of the gear welding is usually 
done by hand, After welding, the structure is stress relieved at 6OOO C 
and inspected by X-ray and magnetic crack detection processes. The 
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steel gear wheel centre is keyed and butted against the shaft collar 
nut, there is no taper arrangement. 

The wheel lyre, or rim, could be through hardened steel to British 
Standard Specification EnlBC, of composition:--Carbon 0.4% 
Silieon 0.3%, Manganese 1.596, MolyWenurn 0.3% u.Q. 780 
M N/mZ. 

Pinions could be forged steel to British Standard Specification En 
36C, of composition:-Carbon 0.1 5%, Silicon 0.2%, Manganese 
0.6%, Nickel 3%. Chrome 1%, MoPyMmum 0.1 5% (one of the 3% 
Nick l  steels) u.~s .  1000 MN/mz, case hardend to a depth of about 
2 rnm. 

Doubk helical pinion teeth are usually harder than wheel teeth 
since they are in use to a greater degree. It would be normal for them 
to be hobbed, case hardened, hardened and ground. Wheel teeth may 
be just hobbed. 

During manufacture the teeth are normalised after rougb 
machining to remove a m e s ,  any hchbing or shaving m u d  be 
carried out under controlled temperature conditions to avoid slight 
undulations in the teeth due to variation in expansion. Nitrided, induc- 
tion hardened and flame hardened gears are also used. but it is e s ~ ~ -  
tial that pinion and wheel teeth be bedded accurately to each other 
awoss the full tooth face. 

With epicyclic gearing, sun and planet wheels would be similar in 
manufacture to pinions and generally nitrided. If the tooth loading 
factor is high (i-e. high K) the annulus wwld also be nitrided. 

Gear c e s  
Design objectives may be as follows: 

1. A simple inexpensive structure. 
2. Compact, to save space and simplify transport problem from 
manufacturer to ship. Yet. having good access for inspection 
purposes. 
3. A one piece fabricated structure. 
4. It must be rigid externally to avoid twisting, yet it must be inter- 
nally flexible to accomodate tooth forces. 
5. A simple support arrangement to the ships structure to which 
the weight and variable reaction forces are transmitted. 
6. To fit easily to standard hull framework 
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7. Casing must be oiltight, hence it must ba designed to haveas 
few joints as possible. 

Accomodadng the main gear wheel can present problem If the 
speed reduction is large, which is ?he modem oend for slow turning 
propdh, the main (or bull) gear in a double reduction arrangement 
could be large. This incressed size and wei* affects the gear case 
dimensions, supports and -on in the vessel. Use of epicydic 
gearing, inerwrsed primary reduction or triple reduction gearing can 
maintain the main wheal dimensions within tolerable limits. 

A modern single piece gearease for a moss compound turbine 
using double redudon dual tandem articulated gearing is shown in 
Fig. 3.9. The casing has no bottom half but a light dl-retaining, 
trough is fined. Mdn whsel b r i n g  support is secured fmm below 
with vsdcal bolts, in aW~tion horizontal bolts together with keys and 
dowels may be provided. 

Q r r  records 
It is essential that records of gear teeth condition be kept Means 

of obtaining the record may vary but it must be kept up to date for 
comparison purposes. Changes in d i n g s  recorded, howevei small, 

PRtMARY WHEEL 

Fii. 3.9 MODERN GEAR CASE 
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indicate a the aperator all is not well. He shoukl investigate the 
reason for the change. 

A simple record may cons& of sketches of numbered teeth (from 
some reference mark for identlfbtion) with a brief description of the 
degree and type of damage (as shown in Fig. 3.10). Alternatively, a 
type of 'brass tubbing' of the tooth surhce may be taken using a soft 
lead pencil and paper. Or, marking blur may be lightly smeared across 
the tooth surface which is then wiped and a piece of transparent 
stidcy plastic tape b placed over the tooth surhe, this when rubbed 
over picks up the marking blue from the recesses. The tape is then 
removed and stuck into the record book alongside the tooth iden- 
tification number. 
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GEARING FAULTS 

To reduce the risk of gearing hub it is m i s l  that a l i m e n t  is 
pepfeet, that the m n  lobticam is uged over a long running in 
period, and that !he IuMcating oil is rukquently kept in first dass 
wnditbn. Causes of faults, other than those imptid abwe, could be 
one w a combination of the following; incorrect heat treabnent, shock 
hading, v€bmtion, bad surface Cnish and =Ang. 

m n g  
New gear teeth may have varlatiom In surbce smwthn- and 

hardness, and the high and had spots carry most of the initial kading 
under cydic conditions. This locsl intense eydic loading results in sub 
surface fatigue and fine fatigue crack& Lubricating oil can enter these 
crack and intense hydraulic pressurn, c a d  by the closing of the 
teeth upon reengagement, can IW out metal particles from the sur- 
face af the gear. The defect is generally more pronoun& at or near 
the pitch line dncs this is the region of maximum bad on the gear. 

T b  charamrist~ rwnded mities ar pi&# may lnk up having very 
carrying areas, and eventually tooth fraaure about the pitch line 

may occur. 
in tens^, isolated, relatively deep pitting may k found at the ends 

of ahe gear wheel tewh, this may h due to insufficient end relief. i.a 
the chamfeting or roundlng off of the tooth profile to minimise the 
possibility of raisers. 

Inoipimt pitting, sometimes wlled correahre pitting, rn y occur in 
new gears. After the hard or high spots break away the gear may 
wear more evenly until the surface is smooth and p o l i i  

Scuffing of w r i n g  
If the oil film between the teeth breaks down, metal to metal wn- 

tact between surhce asperities ean occur rautting in local fusion or 
welding. this is caused by high tmperatum generated by frictbn as 
the surface asperities mwe across each other under high load. As 
sliding continues the wslded metal is tom apart and the tooth 
worldng surface damaged. 

It is normalty f w d  on the softer of the two gears m mesh and 
usually occurs dudng ramdon sinee the damage is generally found 
an the dedendum af the whwl and the adderrdurn of the pinion. 



There should be no difficulty in recognising defect due to swfFing. 
the surFace will be dull and rough compared to the unaffected surface. 
The sadfed surface when examined with low magnification will be 
seen to be tom and scored in the direction of sliding, working from 
the root of the wheel t m h  m the pitch line. 

Interference wear 
If the roots and tips of the gear teeth have not been carefully 

relieved it is possible ffrr the tips to dig into the roots causing wear of 
the wheel roots (the softer material). 

Abrasive wirrtr 

Solid particles in the lubricating oil causing scoring of the teeth. 
Gmoving of the tooth surface in the direction of sliding and possibly 
some of the hard particles becoming embedded in the teeth are in- 

dications of abrasive wear. 

Flaking 
Usually confined to ease hardened gears and could be caused by 

poor heat treatment combined with any condition which stresses the 
metal beyond its yield point Flakes of hardened metal break away 
fmm the surFace due to the high load. 

P l d c  flow 
Local stresses tend to form a wave in the metal which rolls ahead 

of the point of contact, this results in sub surface fatigue failure and 
wuld result in ridging or w e n  Rakes of metal b i n g  sheared from the 
surface. 

TEST EXAMPLES 

Class 2 
1. With reference to gearing explain the following: (a) spur gearing, 
(b) double helical gearing. Explain the advantages of helical gearing 
over straight spur gearing. 
2. With reference to gearing emlain the follawing: 
{a} Addendum, (b) dedendum, (el line of action. Id} pressure angle. 
3. What is the s h w  of a modem gear tooth? How is lubrication 
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atbctd? What &vantages and disadvantages are there with this 
form of construction? 
4. Sketch and she gearing used for a turbine having double 
redu~tiam gearing. Hwv is the main gear wheel ~ r u c t e d  and what 
materials are used for the gem7 
5. Write errplanaw notes on the Wbwing items which apply to 
marine gearing: (a1 pitting, (b) abrasive wea~, ((cl toott! fracture. 

Ckws l 
1. SWch and c lesc rh  8 nodal drive artangemem suitable for a tur- 
bine plant. Oiscusg the advantages to be gained by using such a drive. 
2. Dedbe,  wifh the ald of sketches if requid, the various types d 
defect that a n  oecu in marine gearing. 
3. D'is the materials from w h i i  pinion and gear wheels are 
manufactured and sketch any form of gear train with whi& you are 
familiar, naming the type to which you refer, and the speeds of each 
hem in the gear wain. 
4 Sketch and describe the fullowing gear trains: locked train, 
nested, arbiwlatd. 
5. Some turbine installations employ tripte reduction gear drive. 
Wftfi h e  aid of a sketch explain how this is achieved and explain the 
d i renee  between epieydk gears of the star and planetary type. 
6. Explain the fdlwing d&cm which o a r  to gearing: pitting, 
abrasive wear, spalling or flaking, initial pitting or incipient pitting. 



CHAPTER 4 

TURBINE PRAC'CTCE 

In @nerd a whole volume, or vdumes, wuld be given under the 
above heading. This chapter will attempt to amdense the subject into 
the bask essentials In this respect the basis used will be the 
questionsr set in the subjm at the D.O.T. examinations. The wwk will 
be divided up into four main seetibns+Turbines in general, Impulse- 
Turbine details, Impulse-Reaction Turbine details, Associated Equip 
mmt details. 

TURBINES IN GENERAL 

Warming fhmugh Proemlure 
This practice varies greatly as two of the main factors are: 1. The 

age and design of the turbines and 2. Type and duty d ship For 
example, three methods in outline, among many are: 

1. A six hour period, aknost full vawum, manoeuvring valves 
mcked open, gland steam on. circulating water on, lubricating oil on, 
no usa of turning gear, turning on steam for a few revolutions after 
about 4 h u m  for + hour Intervals, etc 
2. Warming up from =Id, boilers and m@nes, all systems and 
valves open, gradual shuttiw in, fairty cmtinuous use of turning gear, 
m. 
3. A 2 hour mod, tow vacuum, warming through valve open, 
gland steam on, circulating wqter on, lubritating oil on, continuo& 
use of turning gear, etc. 

The first method is older prsctice, the second method was utilised 
in R.N. practice. the last methad is more modem practice and would 
be a pmferred method. From the examlnetfon viewpoint the best a p  
proach for a student is to d-ribe the system dl- A hls own 
- r i m .  
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To give some information, for comparisun, the following pro- 
cedures are given for warming thrwgh turbine installations. 

The description given for Method 1 is for impulsereaction turbines 
of Parsons type based on a ship of about 15 years of age. lnduded in 
this am also details of manoeuvring and general shut down and 
emergency stop procedures. 

The description given for Method 2 is for turbines in general based 
on slightly more modern practice although it is by no means the latest 
or standard practice. Also included are some general remarks relating 
to distortion, etc. 

Method I 
1 All drains are opened and the 1.p. exhaust temperature should 
nwrr exceed J O B  C. A slow warm through is practised of about 4 
hours dumtion {minimum). 
2. Main circulating, extraction and lubricating oil pumps are put on 
(appropriate valves, e.g. oil run down valves, are previously checked 
as open). Adjustable thrust blocks (if fitted) are set to maximum 
dearance, i.e. 'Contacts off. Engines are turned with turning gear 
then turning gear is removed. Manoeuvring valves and guard valves 
are 'cracked' open, gland steam is put on, air ejector is put on to give 
about 0.85 bar, test of emergency stop vakre is carried out expansion 
of sliding feet are checked for no obstructions and the initial reading 
noted on expansion gauges. Restriction of lubricating supply is often 
applied to allow the oil temperature lo reach 32O C quiekty, it is then 
fully opened. 
3. Vacuum is raised to about 0.5 bar after 2+ hours and engines are 
turned slowly ahead (and astern) on main steam for a few revolutions 
only a bout every 1 0 minutes for the next 1 + hours. (Test briefly for full 
vacuum + hour before stand by.) 

Note. 
A stop should be provided at the manoeuvring valves so that if the 

engines cannot be turned the valves can be s s t o  allow more war- 
ming through steam after about 1+ hours from the start. for about 1 
hour, and then the turbines can be allowed to 'soak' until a turn on 

main steam can be arranged. 
4. During manoeuvring the drains are regulated as required. At long 
stops vacuum will be dropped to a b u t  0.5 bar. 



5. At 'full away' drains are mainly shut, astern guard valves are 
dosed, 'Contacts On' (if end tiahtsned blading), bled steam valves 
opened, turbine elearanoe gauges are cheeked, ete. The routine 
adopted depends vely much on the individual ship and awiliaw plant. 
6. For entering port the routine given in Section 5 is virtually 
reversed. At shut down for extended stays in port, with engines not 
required, the main circulating pump and lukicating oil pump are nor- 
mally run for about I +  hours and then shut off. All valves are then 
shut, including the emergency stop valve. 
7. The c o r n  temperature gradient is vital during warming through 
periods. Long stand by periods are also particularly difficult if the 
engines cannot be turned. Distortion is very liable to happen at these 
times. 
8. In the event of an emergency stop of the main engines at sea 
then the manoeuvring valves should be instantly shut. The astern 
guard valve is then opened and astern braking steam can be applied. 
It is best to mwe to 'Contacts Off  'if the turbines have end tightened 
blading before applying astern steam. The emegency stop valve is 
normally arranged to close so as to mask ahead steam only so that 
astern braking steam is available to bring the engines rapidly to a 
stop. 

Method 2 
The time period utilised (for turbines) is a b u t  1 + hours, Distortion 

results from variations of temperature gradient which is most liable to 
occur during warming through or stand by periods. 

The main causes of distortion are: 

(a) Stop periods at full vacuum. 
{b) Local overheating by use of gland steam only. 
(c) Local overheating. by steam admission of 1. Live steam through 
restricted nozzle groups or auxiliary connections. 2. Exhaust steam to 
main condenser or 3. Direct live steam to a cotd astern turbine. 

To avoid distortion the turbines ideally shwld be uniformly heated 
to the running temperature gradient Local overheating must be 
avoided and excessive condensation prevented, adequate drainage is 
essential. Turbine rotation during the danger periods is almost essen- 
tial and arrangements between deck and engine departments to 
allow for this must be clearly established and understood. 
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1. All main valves between bailers and h-p. turbine, up to and in- 
duding the final warming through valve, should be opened and other 
valves, e.g. gland steam, auxiliaty heating, manoeuvring valves, etc 
should be shut. The boilers are then flashed away, all drains on valves, 
piping and turbines should be fully ppen. The manoeuvring valve 
should have a lo& and if this is fitted the turning gear can be 
operated regularly or continuously. 
2. The heating me should be conaolled so that inlet temperature 
to the 1.p. turbine reaches about 75OC after one hour, if the turning 
gear is in action it can now be removed. The vacuum should then be 
r a i d  as rapidly as possibte, by putting gland steam on, to about 0.5 
bas to 0.34 bar and the tuhines turned a few revolutions on steam. 
Only ahead mmtion is normally preferred, depending on the arrange- 
ment, unless it is essential to use astern steam to avoid mooring di- 
ficulties astern steam can cause severe distortion to a cold. fairly 
static, astern turbine. In this respect much depends on the design of 
the warming through valve arrangement as well as the turbine set, 
astern turbine warming through arrangements by suitable valves 
couM well be provided wih  advantage to obviate such dieulties. 
The temperature of the exhaust to condenser space should be kept 
under continual obsewation. Vacuum should not exceed 0.34 bar. 
valves can be shut in or regulated as steam pressure rises. If main 
boiler steam is immediately available then the a b v e  procedure is 
applicable, provided proper wanning and draining of pipes and fittings 
is carried out. 
3. The warming through valve is now closed and ahead man- 
oeuvring valve opened slightly. The turbines shwld then be turned 
under steam at 2 minute intewals for 15 minutes. The vacuum should 
now be fully raised to test the system and then dropped to 0.34 bar. 
Engines are now ready for stand by. 
4. If turbines are so prepared, they should, if not being used, be 
moved under steam at intervals not exceeding 10 minutes. Grave risk 
of damage can result from maintaining turbines in a state of im- 

mediate readiness, without rotation under steam at short intervals of 
time. If it is essential that rotation can not be carried out then all 
steam to tuhines shwld be shut off and gland steam also shut off. If 
rapid starting is however still required the gland steam can be left an 
but at a minimum to keep the lowest rmsonable vacuum for an ef- 
k ien t  start. If possible after such wnditions the rotation at 2 minute 
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intervals for 15 minutes. at 0.34 bar vacuum should be repeated 
before bringing turbines into normal operation. 
5. Drainage is vital to avoid distortion All drain valves must be 
clear and should not be closed until the turbine has been rotating for 
several minutes. they should be opened at slow speeds or stop 
periods. The possibility of leakage past valves and subsequent water 
accumulation m u l  always be allowed far. 
6. Auxiliary exhaust steam entering main condensers shoukl be 
reduced to a minimum w stand by periods. Partial cooling of turbines 
after steaming results in distortion and should not be allowed. If a all 
possible engines should be skwly mwed ahead and the vacuum 
reduced. Steam should not be admitted to turbines at full vacuum un- 
less they are allowed to rots%?. 
7. During probr~gtxl astern running the 1.p. turbine tempemtuns 
and expansion indicators must be closely watehed. Lp. astern casing 
temperatures should not exceed 2500 C and exhaust spaces should 
not exceed 1 200 C. 
8. In the event of unusual noises from turbine machinery the tur- 
bines must be stopped and allowed to stand for at least 15 minutes 
without steam bdwe attempting rotation again. All types of 
clearance indicator should be closely watched a all times. 

Turbine materials 
The following is intended as a guide. Trade names of materials and 

detailed material composition have delibstately been avoided. It 
should be noted that most examination questions on turbine details 
require the material wed to be named and a brief outline of its 
properties given. 

h.p. eas;ngs 
3% motybdenurn -st steel or 0.5% molybdenum. 0.3% vanadium 

cast steel. 

1.p. casings 
Cast steel. In certain cases fabricated mild steel. 

Rotors (wtid. hollow, built up, gashed) 
Forged chrorn~molybdenum steel w 0.5% molybdenum steel. 
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Blading 
0.12% carbon, 12% chrome. 1 % nickel stainless iron w 0.24% car- 

bon, 12% chrome stainless steel or 0.25% carbon. 12% chrome, 36% 
nickel steel. 

Nonles 
Stainless iron or 67% nickel, 28% copper. monel metal. 

Glands 
Cup-nickel or leaded nickel bronze (65% copper). 

Packsrs and spacers 
Rarely used. If fitted, brass or son iron. 

I 

. Turbine wheels 
As for rotor material. 

Diaphmgm centres 
Mild steel or 0.5% molybdenum steel. 

Note. 
Rotors should be normal id  at about 900°C and annealed at 

660°C for about 48 hours. All casings should be annealed. Mild 
steels are often used to 427O C Aumenitic stainlese steels (18% 
chrome, 8% nickel, 1% colornbiurn) have been used to 6500 C. 
Nimonic steels which have a very high nickel and chrome content 
with additions such as titanium have been used for still higher 
working temperatures. 

Creep, strength at high temperatures, erosion resistance and 
working temperature are the main governing factors for material 
choice. Some of the elements mentioned in the foregoing list are im- 
ponant because they improve in some way the properties of the 
rnaterist. e.g. 

Nickel, increases strength and erosion resistance. 
Chromium, increases resistance a corrosion and erosion. 
Molybdenum, increases strength a t  high temperatures. 
Vanadium, increases strength and fatigue resistance. 
Practically all turbine rotor forgings are made today of vacuum 
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treated steel. This process reduces the dissolved Hydrogen level and 
minimises the risk of thermal flake formation as forging cools after 
pressing. 

Advantages and disadvantages of turbines 
Consider the following advantages of turbines: 

1. Uniform torque under steady load. 

2. Few contact friction parts. 
3. No internal lubrication. 
4. Low centre of gravity in ship. 
5. High power weight ratio in a small space. 
6. Good static and dynamic balance. 

7. Reduced maintenance. 

Consider the following disadvantages of turbines: 

1. High speeds require reduction gearing for propulsion. 
2. Not directly reversible, astem turbine required. 
3. Low starting power. 
4. Manoeuvring can be slightly sluggish. 

Consider the following on fuel consumption: 

The specific consumption (all purposes) of an internal combustion 
reciprocating engine is about 0.23 kg/kWh. Specific fuel consumption 

for turbines has reduced in the last twenty years from about 0.37 to 
0.24 kg/kWh so that the modern turbine is highly competitive. To 
achieve such low fuel consumption rates however it is essential to 
have high efficiency boilers, employ very high steam temperatures, 
utilise reheat, utilise auxiliary drives from main engine, etc., as well as 
designing the turbine itself for maximum efficiency. 

Double casing turbines 
Use of high temperatures and pressures introduces a difficult 

design problem. The casing has to be made thicker to resist higher 
pressures and also act as the main support girder for the turbine rotor 
itself. The expansion on such a structure is difficult to allow for whilst 
maintaining correct axial clearances along the turbine rotor length. 
One solution is to introduce a double casing. The inner casing is 
pressure strength resistant but is of simple design and free to expand 
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with ability to absorb thermal messes arising with the large expan- 
sion due to the use of elevamd steam temperatures. This inner casing 
does not however have to act as the main strength and support 
girder. The h e r  casing is fully = w e d  by the outer casing which 
acts as a support d l e .  The outer casing can be made ass rigid sup 
port as it is only subject to exhaust steam pressure and temperature. 
This d n g  maintains concentricity and alignment imqwctahm of 
expansi; 

Exhaust steam between the casings acts as a steam jacket and 
reduces heat losses from the wffaces which improves thermal 
efficiency. 

R M n g  to Fig. 4.1 : 

The cast s t d  inner cylinder barrel contains the diaphragms and is 

I .  

SUPPORT 

Fig. 4.1 EXPANSION ARRANGEMENTS 
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supported from and within the fabricated outer barrel support struc- 
ture. Locating keys, in a fote and aft direction, in the lower half casing 
are usually fitted and in the sketch shown the inner cylinder is sup- 
paned and secured by keeps and bdts to the palms of the outer 
structure. Fore and aft expansion allowance together with accurate 
location are desirable. All steam connections to the inner cylinder are 
given radial expansion allowance through the outer casing. 

It should be noted that allowance for casing expansion (outer) is by 
panting plates whose Rexure can adequately deal with such expan- 
sions. This practice has largely superseded the use of the sliding foot 
type of expansion and seating arrangement. 

The turbine sliding foot arrangement is, however, also sketched for 
reference. The principle should be clear from Fig. 4.1. Note that 
expansion of casings is normally allowed in one direction only. that is, 
away from the fwed attachment forward from the gear box. 

Fig. 4.2 shows diagrammatically support and expansion arrange- 
ments for a high pressure turbine. The arrangement allows the casing 
to expand axially, from the gear box end, and radially. Whilst rnain- 
taining accurate location at all times. 

Two sliding feet supports below casing centre line have axial keys 
for location as shown-these must be kept free by means of high 
temperature lubricant. Four suppofi palms, two aft which do not per- 
mit axial movement and two forward which do, are connected to 
horizontal extensions of the casing joim complete the arrangement. 

Rotor position relative to the casing is controlled by the thrust 
bearing at the forward end, Internal rings, correctly dimensioned and 
fitted in the thrust bearing, should ensure no further adjustment is 
necessary. 

Careful study of the turbine basis plans on subsequent pages will 
show &ffe~nt  expansion arrangements e.g. vertical location keys, 
elongated hdes etc., but all turbine casings and rotors must be 
allowed to expand freely whilst maintaining accurate location to 
seatings and to each other. Otherwise distortion. stresses and 
damage due to rubbing etc. can occur. 

Piping connected to the casing must be flexible to avoid restraining 
or causing casing movement which cw ld  lead to stresses. misalign- 
ment and possible damage. Bellows pieces or sleeve expansion con- 
nexions for large diameter piping and large radius b e d s  or pipe 
within a pipe system for small diameter. 



REED'S HE4M ENGlNEERlNG KPJClWLEDGE 

ROTOR CENTRE UNE 
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PALMS 

Fig. 42  MODERN TURBlM E SUPPORT AND EXPANSION ARRANGEMENT 

Twbino dClllmn01 wugos 
The operation and application of such gauges should be clear from 

thg~ sketches. The axial padtiin of the rotor L of vital importance 
when considuring impulse-reaction turbines with end tightened 
blading due to the c l w  axial clearances used, this is of less importance 
for impulse turbines. 

Lp. twbino wrter extracdon 
Moisture in low pressure steam a n  cause water braking with 

lowering of turbine Mkiency and atso erosion of the leading edges of 
blades.Tha maximumamount of moisture is radially thrown outfrom the 
trailing edge of the mwing blade. Three drainage belts may reduce 
moisture Content by as much as 3096. 
Flexible cawpiin* 

The flexible coupling is u d  to prevent slight axial movements, 
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A INSERT ON 0OWEl.s 

AXIAL CLEARANCE 
HERE WITH 
FEELER GAUGES 

CASING / 

FINGER PIECE W O E  

W N G  (OR ROTOR) AXIAL 
WSRION INDICATOR 

BEARING BRIDGE GAUGE 

Fig. 4.3 SOME lYPlCAL TURBI ME CLEARANCE GAUGES 

mainly due to temperature changes, from being transmitted to the 
pinion as the wheel and pinion must run m e  relative to each other. 
without end thrust. The coupling atso allows for slight changes in 
alignment Slight relative movement between deeve and claw do- 
occur so that lubrication is essential. The lubrication supply from the 
adjacent bearing can be seen on the sketch, oil holes in the sleeve 
albw the oil to drain away. Radial clearance is about 0.375 mm. In 
many types the claw on both pinion and turbine shaft is a separate 
forging. In this case the forging is fitted to the shdt with a taper and 
double keys and secured at the shaft ends by a large nut. In Fig. 4.4 
the daw is a separate forging fitted on the shaft directly. The main 
purpose of such a coupling is to allow axial flexibilii between the tur- 
bine and the gear shafts, so permitting the turbine rotor to be held in 
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TURBINE SHAFT END PINION END IOENllCAL -- I 
THRUST RING 

Fig. 4.4 FLEXIBLE COUPLING (CLAW WPEI 

the correct axial position relative to the casing by the turbine thrust 
bearing, while the pinion can take up its correct running position 
relative to the gear wheel. Also it permits a slight deqee of misalign- 
ment between driving and driven shafts, caused by bearing wear or 
due to change in the position of bearing pedestals. 

Couplings are usually of the claw or gear type, the latter now being 
more widely used. Claw types tend to wear and fomt ridges or 
shoulders which prevent free movement, but this trouble does not 
exist to the same extent in gear types. In recent years in claw 
couplings trouble has been experienced with pitting and fretting 
corrosion. 

Pitting may be caused by electrolytic corrosion rather than by 
stress fatigue. If stray electric currents (from whatever source) are 
passing along either shaft, intermittent metal to metal contact 
between mating teeth would allow current to pass through to the 
other shaft. lntermlttent flow could result in local electrolytic 
corrosion. 

Fretting corrosion as caused by vibrqtion is difficult to overcome. 



but is less likely with gear cwplings due to the greater number of 
teeth in mntact. If a perfect oil film existed between the mating teeth 
there would be r i e  risk of either form of trouble. Due to the very 
limited movement between the driving and driven members of the 
couplings, boundary lubrication exists. An extreme pressure oil might 
be beneficial by greatly reducing metal to metal contact. 

It is usual to make the teeth on the femate sleeve nickel steel 
whilst those on the male are forged cafbon steel. Using dissimilar 
metals minimises possibility of fretting under high contad pressure. 

When transmitting torque it could be possible for the couplings to 
bck and become inflexible. This could produce bending and un- 
balance with subsequent damage to pinions etc. 

With claw types oil is fed to the claw teeth from the ends of the 
nearby rotor and pihon shaft bearings, and it should be constant in 
flow as well as in ample quantity to ensure free rnwment of the 
coupling. brain holes provided in the sleeve permit oil to flow through 
(at least four hdes of ample diameter). Due to high speeds of rotation 
there is a centrifuging effect and this may tend to choke the drain 
holes i f  there is any sludge present Gear type aruplings consist of 
two sleeves, M rings, having internal teeth. keyed to the rotor and 
pinion shafts respectively, with a distance piece or floating member 
having external teeth. The distance piece teeth are free to slide 
between the mating teeth in the sleeves, providing flexibility. The 
teeth are lubricated from the main system by means of small pipes 
feeding oil into the ends of the couplings, and then by centrifugal 
force to the gear teeth. After lubricating the teeth the oil -apes from 
the Inner ends and then drains back into the oil tank. 

'It is possible due to cenaifuging for the oil supply holes to the 
teeth to b e m e  chokd with s l u d g d t  must be remembered that 
speeds of the order of 7000 rev/min are wssible. If this occurred, 
scuffing and excessive wear of the ewpling teeth could take place. 
Excessive noise should give some wa ming that all is rtot right with the 
coupling. 

Fig. 4.4 shows a detail of the claw type of coupling which has been 
in use for many years. The gear (or fine tooth) type of coupling is aIso 
illustrated in Fig. 4.5. Tips of external teeth on the distance piece of 
this form of coupling are machined to a spherical surface which 
allows p ~ ~ d  centring whilst the tooth profile, being barrel shaped, 
allows s1ight angular movement. 
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Fig. 4.8 FLD(t8LE COUPLING (GEAR TYPE) 

Membrane type fl&& coupling 
Increasing we is k ing  made of this type of coupling since they 

are: simple in construction, retiable, less expensive than toothed 
types. easy to assemble and require no lubrication. Fig. 4.6 shows a 
slightty simprfied diagram of the type fttted to some of the more re- 
cent G.E.C. turbine insrtallations. The unit allows for considerable axial 
movement and gives reducad gear tooth loading for equal transverse 
misalignment compared to the t m h  type. 

Thrust block bearin- 
A typical turbine thrust block has pads, retaining ring, liners, etc. 

The construction is virtually the same, except for size, as a standard 
main shaft thnrst block (sea Vot. 8) also the pads go fully round the 
shaft circumference and the lubrication is pressure feed. For examina- 
tion purposes the sketch given later in fig. 4.28 .of the adjustable 
thrust blodt is the usual requirement. 

Turbine M g s  
A typical turbine bearing is shown in Fig. 4.7, the shell for these 

high speed bearings may be either gun metal or steel dovetailed to 
receive white metal (tin 86%, copper 7% and antimony 8%) after 
degreasing, Adng and tinning. The whitemetal layer, 0.5 mm thick 
gives reasonable margin for dirt abmrption and diqht mis-alignment, 
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ADAPTOR PLATE 
DOWELLED TO SPIGOT 

MEMBRqNES / 

Fig. 4.6 MEMBRANE TYPE FLEXIBLE COUPLING 

and in the event of oil failure the rotor shaft would run on the safety 
strip--bronze insert in the case of the steel shell. Spherical shells 
have also been used to assist in alignment 

Bearings must be symmetrical about a vertical plane thmugh the 
shaft axis for running the turbine in either direction, and accurately 
located in the housing. Lacking screws prevent rotation of the bearing 
in its housing, no liners are fitted, no oil gmoves are cut in the white 
metal and the bearings can be removed w h t  disturbing the 
shafk-the shaft would be supported on dummy beartngs. 

For madrining after re-metalling reference diameters are provided 
at each end of the shell. When the mwr rests on the bottom of'the 
b r i n g  it is concentric with the turbine =sing, and since the bearing 
clearance is 0.25 mm its axis must be eccentric with the casing The 
reference diameters have the bearing axis as centre. 

Bearing clearance is of extreme importance, if it is too small 
overheating of the oil can oewr, and if too large misalignment 

Thin shell, w thin walled bearings as t h y  are wmetimes ailed, 
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Fig. 4.7 TURBINE BEARING 

rely on interference A in their housing, hence the housing must be ac- 
curately machined to avoid the slightest misalignment. 

Thin shell steel bearings {about 6.35 mm thick for a 230 mm 
diameter shaft) are a desiin which it is claimed will allow operation 
for an appreciable time under oil failure conditions. The thin steel 
shell has a sintered bronze backing thinly coated with white metal. 

The white metal thickness is insufficient to cause blockage of oil 
ports of gland fouling. On restoration of oil supply the bearing will 
give good performance until the spare can be fitted. The optimum 
length-diimeter ratio is between + and 3 dependent on duty. Turbine 
tmarings invariably operate with full fluid film surface sepamtion with 
r i l e  side leakage. The maximum bearing temperature at a given spot 
on the bearing does not always occur at the maximum load line. 
Chamfered bearings have the ability to accept a much greater thermal 
loading but with greater friction losses as the Wra oil flow causes the 
bearings to run relativety cdd. 
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Turbine glends 
Glands are always of the labyrinth type in which the steam is 

throttled in passage through a small clearance existing between the 
edges of sharp metallic packing i t i p s  of brass, cup-nickel or leaded 
bronze, and the rotating shaft or wheel hub. 

In passage through the clearance the pressure drops and the 
velocity increases. the velocity is then dissipated in eddy motion in 
the space between the strips. Hence the reduction of kinetic energy 
will be dependent upon the number of gland rings and the clearance 
utitised. 

Rubbing contact has occurred between gland strip and shaft which 
has caused local surface heating. This has in turn worsen4 the rub 
condition resulting in shah bending or bowing. Invariably this mdi- 
tion originates due to eccentricity of the rotor caused by uneven 
heating, usually during manoeuvring conditions. Thermal straight- 
ening is possible but it is an expensive and skilled process. Packing 
strips should therefom be as thin as possible at tips and modern prac- 
tice is to utilise spring backing on all gland arips. 

Consider first internal glands as used in impulse turbines to pre- 
vent intersrage leakage. The packing strips often in four segments are 
usually caulked in and are preferably fitted to a removal ring (in 
halves) which can be removed for replacements and repair machining 
without removing the diaphragm (which is also in halves). These 
sketches in Figs. 4.8, 4.9 and 4.10 are not all drawn to the same 
scale exactly but the dimensions given in Fgs. 4.8 and 4.10 give a 
general idea af the sizes utilised in gland construmion. The sketches 
in Fig. 4.9 illustmte two types of internal diaphragm gland for modem 
impulse turbines. 

One design has four radial springs to each of four gland segments, 
be. two segments in each half of the diaphragm. The lower two 
segments are dowel dinned to the diaphragm to locate and prevent 
rotation. 

The other design incorporates two leaf (or plate) springs arranged 
side by side to each of four ssgrnentslf contact is made between the 
gland packing (which is made of softer material than the rotor), the 
gland will heat up and move away from the rotor minimising damage. 

Consider now the external glands used on all turbines for the shaft 
glands with steam sealing. The glands consist of a sleeve (in halves) 
which carries the labyrinth packing strips. the sleeve may be one 
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GLAND PACKING 
DIMENSIONS I 1 

Fig. 4.8 EXTERNALTURBINE GLAND 

length car*ng about 15 packing rings for h.p. glands or it may be in 
up to three lengths (h.p.1 in series, again with a toral of about 15 
packing rings. 

The profiles of modern packing rings are in general the same as 
described for the internal glands. Modem spring backed designs are 
also similar with the strip lengths spring backed into the gland sleeve 
instead of the diaphragm as previously sketched and described. 

Alternative forms of external gland mainly used in older turbine 
practice will now be described. These are: 1. As fitted to impulse- 
reaction turbines for shaft gland and dummy piston gland seal (low 
pressure turbine ed} .  2. As fitted to impulse-reaction turbines for 
dummy piston gland seal (high pressure turbine end) when end 
tightening blading is used, this is a facial (axial) form of seal instead of 
radial. 3. Carbon ring glands which are not now in frequent use due to 
high shaft speeds and high steam temperatures used in modem 
turbines. 
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Fig. 4.9 INTERNALTURBINE GLANDS 

Refwing to fig. 4.1 0: 

The sketch lustrates gland strip design used in Pamn's type 
turbines for many yews. This dial clearance alloys axial movement 
vivithout affecting the clearance. the rows may be split into stages 
with pockets between, for h.p. tw m e t ! ,  for lower pressures one 
podrst. This type is used for shaft glands.. It is atso used for dummies 
at the low prer~sure end of the cylinder as the dummy at the high 
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BEARING STRIP 2 

Fig. 4.10 EXERNALTURBINE GLANDS 

p m n ,  end is of the facial type with dose axial clearance so that the 
other end of the turbine at the dummy must be unrestricted as 
ragads twpmnsion allowance. 

The second sketch illustrates a W a l  or contact type mainly 
utilised at the high pressure dummy piston when end tightened 
blading is used. There am about 1520 rows and the minimum axial 
dearanm is uwaly near the blade minimum axial deamnce (see later 
for dummy pistons and clearances in impu l~ac t i on  type tdnesl. 

The thii type is the carbon block The carbon rings are in three or 
four segments, held together by garter springs or leaf springs, a plate 
spring in the lower half takes the weight, rotation is prevented by 
dowel pins. The end clearance in the housing is about 2.5 mm and 
the radial clearance (when the shaft is at ~nn ing  temperature) is 
about 2.5 mm. The carbon dngs do not require lubrication but it is es- 
sential that they are free to move in the casing housing sleeve. 
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IMPULSE TURBINES 

General modern practice utilises such turbines for the high 
pressures and temperatures required to give maximum efficiency. A 
modem h.p. turbine will a l m m  certainly be an impulse type whilst 
the 1.p. turbine will be either impulse, impulse-reaction, or mixed, 
although the all impulse design k probably most favoured. 

Steam conditions of 42 bar, 4500 C, with a two casing cmss corn- 
pwnd set for powers of 10 50&15 000 kW (32 000-68 000-tonne 
tankers) are common practice. Such turbine sets give fuel consump- 
tions near 0.3 !@Wh and approaching 0.24 kdkWh (for very large 
powers with efficient feed cycles and added refinements such as re- 
heat). It seems probable that the single cytinder turbine, that became 
topical in the nineteen sixties because of its simple design and lower 
cost, will generally be limited to about 15 000 kW maximum power. 
At higher powers than this the cross compound set becomes in- 
creasingly more efficient, in fact at 15 000 kW the difference is about 
1.5%. Some single cylinder turbines developing up to 26 100 kW 
have been built at an initial cost 15% less than an equivalent cross 
compound set. but due to the smaller number of stages its efficiency 
is about 3% less. 

Hence for powers in excess of 15 000 kW and possibly even 
7500 kW the two cylinder all impulse aoss compound with gradually 
increasing steam pressures and temperatures to give corresponding 
reductions in specific fuel consumption seems to be current and 
foreseeable future practice. 

In projected boiler installations pressures up to 105 bar and steam 
temperature 5409 C may be employed to improve werall thermal sf- 
fideney. but maximum power per shaft for a cross compound set at 
present seems to be limited to 448011kW due to hull design 
considerations, 

Turbine details considered in this seetion wilt be based on the 
above types. Basis plans for typical turbine sets are now given for 
reference. Generally, upper half of diagram shows sectional plan, 
lower half e n a l  elevation. 

Single cylinder turbine 
The design allows a simple, low cost and sconamieal unit with a 

good balance of efficiency of both high pressure and low pressure 
sections 
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Fig. 4.1 1 shows a cutaway view of 15 000 kW single cylinder irn- 
pulse turbine propulsion machinew. With double reduction articulated 
gearing, two pass axial mdenser, turning gear and inlets for main 
and overbad steam. This unit has been installed on twin screw con- 
tainer vessels with steam supplied at 63.5 bar and 5100 C from two 
Foster Wheeler ESD 1 1 1 boilers. 

B 

TURNHG GEAR 

ASTERN 7 URBINE 

%ED 

GEARING 

COOLING 
WATER 
IN 

Fig. 4.1 1 CUTAWAY VIEW OF 20.000-SHP SINGLE-CYLINDER TURBINE 
PROPULSION MACHINERY 

Fig. 4.12 shows a diagrammatic representation of the above tur- 
bine unit suitable for examination purposes. 

Crow campound m 
Basis plans for typical h.p. and 1.p. units are shown in F$s. 4.13 

and 4.1 5, with corresponding emmination type sketches Figs. 4.1 4 
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Fig.4.12 SINGLE CYLINDERTURBINE &GEARING (15,000 KWUNKI 

and 4.1 6. The h.p. turbine, of double casing design, has an overhung 
astern turbine. The 1.p. turbine is of the double flow Qpe, double 
casing, actually mixed imputse and impulse-reaction. Similar 
arrangements for an all impulse-reaction design were very common 
but the trend is towards all impulse. 

Attornative compound set 
Referring to Fig. A 17 it will be noted that the hp. turbine is of sim- 

ple casing design with diaphragm carriers. mere is a two row Curtis 
wheel followed by nine single row wheels (Rateau stages) and the 
diaphragms are supported in plain grooves in the short inner carrier 
cylinder sections. Ceaxialtty of bearings, glands and diaphragms is by 
support palms, key and dowel pins. The design is claimed to be most 
suited to varying load and temperature conditions. The astern turbine 
is again overhung in this partScular set. The 1.p. turbine of Fig. 4.18 is 
a single flow design which is claimed to have a better performance 
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EXHAUST TO LC 

STEAM 

Fig. 4.14 H.P. DOUBLE CASING TURBINE 

than the douth flow type and due to d-r support bearings be less 
liable to heat CTmtortion. It is a double casing turbine with five impulse 
stages followed by fow impulse-reaction stages We. mixed, form 
decided by Made profile) for ahead and a two row impulse wheel 
followed by a single row impulse wheel for astern, in the same outer 
casing. 

R d m H  turbinr 
fig. 4.1 9 shows in examination sketch form a reheat turbine. The 

following points should be noted: 

1. The h.p. steam inlet at the centre of. the tutbine gives the 
smallest possible pressure and temperature differences across the 
casing and internal dhrision (note the Internal gland at the division). 
2. The double flow will reduce the net m'al thrust to be carried by 
the thm bearing. 
3. When warming through, the casing expands forward, whilst the 
rotor expands from the thrust aft. The effect of this is to reduce axial 
tip clearance in the hp turbine and increase it in the 14. It should be 
remembered that dearances are more important at high pressures 

Referring to Fig. 4.20: 

Rotors may be d i d ,  hollow, built up or gashed. Gashed rotors are 
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SHIELDS I 

Fig. 4.16 DOUBLE FLOW LP. IMPULSETURBINE 

mainly used in modern practice throughout but some I.P. rotors utilise 
built up consmretbn. the sketch assumes a gashed rotor for the h.p. 
and built up for the Imp. as illustrated. For built up rotors the shaft is 
stepped (usualty down from mid length on each side) and the wheels 
shrunk on and perhaps doubly or singly keyed. Gashed mtors (gashed 
out of the solid forging) allow the relative rates of expansion of rotor 
and casing to be more eadly.rnatched by m c t  proportioning and 
allow closer axial clearances which however does not affect efficiency 
greatiy for an hg. turbine. 

The impulse turbine may have a velocity compounded stage 
followed by up to 12 pressure stages or as many as 16 pressure 
stages abne. 

The wheels rotate in regions of atmost constant pressure so axial 
clearance is not required to be reduced to a small amount. Inlet 
nozzles and fixed blades {for a velocity stage} particularly at the h.p. 
admission end only emend around sn arc of the circumference of 
about 120 degrees, almost always h the top, half of the easing, in- 
creasing in arc proceeding through the turbine to the 1.p. Pressure 
equalising or balance holes, which are intended to eliminate end 
thrust, are rarely present in modem turbines as thrusts are small and 
the holes introduce stress and strength problems. The inspection hole 
h by no means standard. Blade heights, fixed blade annuli and nozzle 
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areas inereaw progressively through dw turbine. This is true even in a 
vel- stage, i.e consider the following: 

m is mass flow, kds. 
V is vehcity, rrdg 
A is area of Row, m2. 
v is specific volume, m3/kg. 

V is falling, v haem== only slightly (as pressure is fairly eonstant), 
hence A must increase for constant mass flow. 

Blading d e w s  
D&nitlons: 1. Segmental blading. Individual Made are assembled 

in a group wether with distance pieces and shroud before they are 
fitted to the turbine mtm. Eiht to twelve blades in s segment, the 
numbsr being detwmined from vibration cuwiderations. 2. Integral 
blading. Each Made is an entity, it has its own mot piece and (in some 
cases) shroud. They are fitted singly. 

V a h  t y p x  of blades and mut fastenings am shown. Fig 4.21 
shows first the older type of blade form w-ith the serrated m-a 
return is now being made to Hi type of construction, after some 
departurn tD swaddle arrangements. However all types are possitde. 

A typical modem h.p. whine arrangement would use T root 
fastened blades inserted into a gateway, which is machined in the 
wheel, and packed around in the groove circumference of the wheel. 
Rolling the wheal flanks adjacent to the blades tightens them up The 
dosing blade fitted Into the gate is rivetad into position by a axial pin 
through root and rotor. Stainless steel shrouds, machined at inlet 
edge to g*w correct axial dearance, are fitted and the tenons pmjec- 
ting from the Made thrpu* the shroud are riveted w caulked wer. 

A typierrl modem Lp. turbine would have the f i rs  four or five stages 
of blading made up in tho same way as the h.p. turbine described 
above. The last few stag- of blades iracrease considerably in length 
beeawe of the high specific volume of the low pressure steam. These 
tatter blades invariably have 'varfable geometry' Le. they are tapered 
and twisted in section along their length. This takes into account 
changes in radial, tangential and axial velocities of the steam from 
ro#t to tip. 

Shrouding would not be fitted, s v a  though it would be weful in 
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MULTI-ROOT (L.P US~STACE) 

Fq. 421 IMPULSE BLAOES AND ROOT FIXINGS 

reducing tip leakage loss, because 1. the problems of fitting to 
awkward shaped blades, 2. the centrifugal stresses encountered 
would be very great, Instead ths blades are knife edged with small 
radial 'tip clearance*, if rubbing =urn the knife edge is worn down. 

Root fixings for the lsst stages could be inverted fir tree and for the 
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final stage pinned muhi-finger fir tree root (Fig. A21 1. Basic reasons 
for departure from the simple in- T, used in hg. and first few 
stages of 14. turbine, are: (a) very t i ~ h t  fit, daw not depend upon cen- 
trifugal forces for tightness, fbl reduced possibility of fretting at tow 
speed. {cl providm high strength under oscillatory bending action, (dl 
would not be used in h.p. stages due to increased machining and fit- 
ting co* 

Blade material should have: 1. Good creep and fatigue resistance, 
2. High strength at high temperatures, 3. Good resistance w erosion 
and ~llrcrsion. 

Some muses of turbjne Made damage md W r e  
ViMh 

TMs can cause fatlgue falbm. W a s  are designed and fined to 
keep vibration to a minimum. Causes of vibtation: 

1. Running !he turbine at other than the designed speed for 
prolonged periods may lead to blade failure if the blades are vibrating 
at resonance in a particular mode (a made is r type of vibration). 
2. Steam excited vibration: parlist admission eould cause disc 
vibration. Norrle passage frequrnw may lead to (1 1 above. 
3. Irregular steam flow pattern e.g. at a bled steam point 
4. Hull transmitted wiration from ohw machinery. 
5. Gear misaiinment or partial seixum of the flexible coupling may 
transmh psridic forces to the blades. 
6. Deposits of silica. sulphate. sodium or chlorides on the blades. , , 

These increase smsses and may alter blade frequency. 

being w i m  are fitted to some of the large 1.p. turbine blades in 
order to prevent certain modes of VitwBtion. Damping wires which 
pay lhmugh clearance holes in the Wades and have their free wrds 
peened wet, minim'- the amplitude of ~ r t a i n  vibration modes by 
friction between the vibrating blade and wire. Type of mot fixing can 
atso alter fundamental frequencies of vibration as can the formation 
d segmental blading where the b l a d ~  vibrate as a group. 

Erosion 
In order to obtain maximum fieiency i t is m a r y  to expand the , 

steam into the wet saturated region. H e m ,  in the last few stages of 
the Imp. turbine the blades are subjectd to e d n  by moisture. Due 



1 60 R E D ' S  STEAM ENGIPIEERING KNOWLEDGE 

to centrifugal effect the moisture is thrown radially out at the same 
time as it is moved axially with high dodty. Erosive effea is, 
therefore, greategt at Made tips and leading edges. To &t this, 
blades may have stellhe or m m l  metal shields fitted to them by e b  
tran beam welding aver two thirds of the teading edge from the tip 
Or they m y  have flame hardened edges, note: 1000 d s  and 10% 
wetness m l d  reprwm a rough limit for msfiielded blades. 

Water removal channels between adjaeem diaphragms are also 
provided to prevent erosion damage. The water from the channels 
cascades, via axial holes of increasing diameter drilled in the bottom if 
the diaphragms. im the condenser or to a drain heater. 

Operational troubles can lead to sm'on problems ag. superheat 
temperature too low, this results in wetter conditions in the 1.p. tur- 
bine. Too high a vacuum or blocked bins.  

Thermal distortion 
T h e  are several possible causes of thermal diitonion of the mr- 

bins rotor. lnecrrea warming through, incorrect we of gland steam 
causing gland rubbing, water entering the turbine resulting in 'thermal 
shock', steam leakage into astern turbine while running ahead etc. 
Thermal distortion could result in blade tip rubbing in the 1.p turbine 
which could strain the lacing wire brazing causing it to fail. This would 
alter the frequency modes of vibration and fatigue fsiture could result. 

Norrles and diaphragms 
Norrles are provided in groups to provide emnomic operation over 

the full w e d  range as throttting at manoeuvring valves is most kf- 
ficient, the notzte plate is ki ted  to the easing and the formation of 
n d e s  is much the same as that described below for diaphragms {for 
detailed discussion on this topic refer W control chapter). !%r high 
pressures and tempemtures a bar lift t y p  of node valve operating 
gear is preferential where the c o w  noale setting st any power is 
obtained from one ahead and one astern handwheel. 

In the case of diaphragms, expansion must be allowed for the 
diaphragm in the casing whilst allowing to expand and yet maintain 
the cold condition concsntrkiries. Such an arrangement to allow 
radial expansion and maintain shaft gland clearances w a minimum is 
shown in Fig. 4.22. 

The lower half of the diaphragm is  supportd in the tower msing 
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by two lugs rswing in the casing and recessed into the diaphragm. 
The upper half is supported by t w ~  plates slotting into the upper joint 
and recessed into the diaphragm. Centralising is done by the radial 
keys. Adjusting screws may be fitted in the diaphragm to bear on the 
lugs to allow vertical adjustment The top key may be omin& if the 
top half of the diaphragm is keyed to the lower half to maintain the 
two in alignment. 

Diaphragms tend to be of all welded oonshuction. N o d e  forming 
blades are positioned by close fitting holes punched in thin steel 
bands forming the inner and outer walls of the nodes to form the 
ring. These inner and outer bands are then butted up to the 
diaphragm centre inside the n o a k  ring and the diaphragm periphsry 
outside the nouls ring, the whole assembly is then welded together 
to form a mntinuws structure. A modified non-welded design of 
diaphragm utilises the nwrles fixed into the caging by a strip 3rd 
packer arrangement. The diephragm centre rim is then simply sup- 
pmed at -ts periphery to the inner ends of the node  vane ring by a 
channel section shroud band riveted to  the inner part of ring, this is 
s h m  in Fig. 4.22. 

Single phne wrb'trfe plant 
This plant depicted diagrammatically in Fig. 4.23 and shown sec- 

tionally in detail in Fi. 4.24 has the axes of the shafts, turbines and 
condenser arranged in one horbontal plane. This simplifies construc- 
tion, reduces cost and gives about 35% reduetion in foundation mass 
compared to mvemional multi-plane arrangements. 

The 8 stage impulse 1.p turbine exhausts axially into the con- 
densst, thin minimises exhaust loss Ke. incmasek efkieneyl and 
reduces engine height Incorporated within the Imp. turbine casing is 
the astern turbine consisting of 2. two row velocity compounded 
stages exbusting axially in the same direction as the ahead turbine. 
This exhaust arrangement avoids heating of the ahead blading when 
running astern. 

The all impulse hp. turbine has a large diameter fim stage. this 
gives relatively high peripheral speed and high operating sffieirncy 
irrespective of bad. Following this are 8 impulse stages on a relative- 
ly small diameter rotw M - t h b  reduces gland leakage. 
Double reduetion garing incorporating epicyclic planetary first stage 
reductions on the h.p. and Imp. turbine shafts is used. The condenser 
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Fig. 4.23 SINGE PLANETURBINE PLANT 

may be dauMe or oingk pass, the i m e ~  being used with scoo~ in- 
take-this minimises mistance. 

IMPULSE-REACT1ON TURBINES 

Such turbines are generally called reaction turbines but both im- 
p u b  and reaction pinciples are uti ikd in the blade pmfile. impulse- 
reamion turbines were almost standard p-ce up to 1945. 

The increase of pressure and temperature in modem practice has 
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Fi i .  424 

meant a mwemsnt t o w a h  impuk turbine& The efficiency of 
impulsweaction turbines Is eritlcal to minimum blade tip leakage and 
this bmmes difficult to arrange at elevwad pressurn. Hence tbe 
descriptive work on impu0se-reaction turbines has been aomewhrr 
reduced to main essentials in this section. For low pmsur8s the 
impuWeaction design is still often used, particularly for 1.p. turbines. 

In k e  three cyllndmr set, h.p, m.p, I.p., the h.p astern turbina 
lwually a dm& impulse wheel) Is mountwl on the end af the m.p. 
atsead unlt and tha Imp. ahead and astern turbines are dngle M w ,  on 
the same sh& ~ ~ p i a s l  presmrw and tempereturn utilised for such a 
set would k: hp. inlet 18 bar, 28S0 C, m,p. inlet 5 bar, 17C C, Iq. in- 
let 0.4 bar, C, h.p. and m.p. turbines will first be dewdbsd with 
details and then the description and details of 1.p turbines considered 

H.p snd m.p turbinsr 
A mimil design is shown in Flg. 428 with a basis plah In the 

detail 8Wch the rotor Is shown of hdlow construction but a solid 
rotor a n  be fitted. A two row Curtis wheel is fitted befor8 entry to the 
h,p  turbhe, this k often fitted at w r y  to 111 hp. h p u ~ a n  tur- 
bines and in m e  cases to the entry ao the m.p. turbine, such a w h d  
is also pmvlded for the astern wrMne or twbina The main object of 
srwh 8 wheel at h.p entry is to drop the pmure  by doing w r k  
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through the impulse wheel so providing inlet steam to the start of the 
reaction belts at lower pressue whiih means less blade tip steam 
leakage will oewr through the reaction stages. also gland sealing is 
legs difficult Node control valves are shown to give speed control 
but many impulsweaction turbines just have the node  entry from 
the manoeuvring valves directly without control valves. 

Ideally, with the impub reaction design. the blades should 
progressively increase in height from blade row to succeeding blade 
row as steam flows in the axial direction In practice to avoid a com- 
plex casing curve form and numerous blade heights the casing is 
stepped in stages with a set of blades of the same height in each 
reaction stage. About 12 blades in each of about five reaction stages 
is aften utilisgd for one turbine. Note the standard form of flexible 
coupling, baring, glands, drains, etc. The dummy piston, equalising 
pipe, blading, and adjustabb thrust block details together with the 
axial clearances utilised are deserving of particular attention and will 
now be discussed separately. 

Dummy piston 
An extension of the rotor cylinder is provided and this runs inside 

the dummy cylinder (see Fig. 4.25). Packing rings are g m v d  into 
cylinder and piston. This acts as a double gland and so reduces 
pressure on the spindle gland. Such a piston is normally only fitted at 
enay to h.p. tuhines. In some cases a similar dummy may be fitted at 
the exhaust end but this is not common. The gland packing used for 
the inlet dummy as sketched is of the facial type as described 
previously under external turbine glands (see Fig. 4.101. 

Equalising (balance) pipe 
This is shown in Fig. 4.26. The objeet of this pipe. or pipes, is to 

steam balance the rotor axially so tending to relieve the rotor axial 
steam thrum caused by steam force on the blades. If pressures are 
equalized at forward and after ends by the connecting pipe and the 
areas are arranged to be approximatefy equal, then steam forces are 
balanced. The dummy piston thus serves an equally important func- 
tion of providing the area under balanced pressure at the forward end, 
hence the term p*bton. On Fig. 4.26 the balance forces of pA ate 
where illustrated. Not all turbines have such balance pipes as the area 
and steam pressure can be arranged to give approximate balance 
without a connecting pipe 
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Blading details 
The construction of impubmaction turbines consists of alternate 

rows of fixed and moving blades and the layout arrangement should 
be clear from fig. 4.25. As pmssurks in hap. and m.p. turbines are fair- 
ly high, cleamnces at blade tips must be reduced to a minimum for 
good efficiency. This is best achieved with an end tightened form of 
construction. Clearance is in an axial direction which is easier to 
arrange than in a radial direction. The axial clearance is also 
adjustaMe so that clearan* can be increased for manoeuvring when 
temperature fluctuations could cause expansion variations with 
metallic contact, whereas uniform full load operation under steady 
temperature conditions can utilii minimum clearances for maximum 
eftidency without any dangem of metallic touch. Nonetheless the 
axial position of the rotor becomes most vital and regular checks 
during overhauls, when warming through and when running are es- 
sential (clearance gauges have been previously detailed, see Fig. 4.31. 

Referring to the details given in Fa. 4.27: 

The side packing pieces are of soft iron and the whole serration 
and edges are fully caulked in place after f i ing.  The approximate run- 
ning dearance for hap. and m.p. turbines is about 0.33 mm when run- 
ning (minimum) which is increased to about 1.1 mrn for manoeuvring 
(see later). Shrouding is ground w a knife edge at possible contact 
point. Segmental blade fitting is now almost always adopted. About 
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(MINIMUM) WHEN ROTOR 
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BLADE CLEARANCE 
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FINGER PIECE 
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Fig. 4.27 CLEARANCES 

10 blades am in a segment section with the last few blades at each 
end secud by a mot wire and end caulked whilst in a mandrel. 
Modem practice utilises integral blade and root in place of separate 
components as in the top sketch and utilises molten brazing or elec- 
tric welding in the mandrel. The segment is fially caulked in place 
with the end tightening strip atongside in the rotor or casing groove, 
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this is cornpletd for all segments around the periphery. Tip tightened 
blading is utilised in Imp. turbine practice and will be described later. 

Clearance dezails 
A brass plate is usually fitted on the easing with a permanent 

record d finger piece readings as taken during manufacture comple- 
tion gauging. The finger piece is fitted to the casing near the gland by 
countersunk screws and feeler gauges inserted between finger piece 
and a collar on the shaft. These readings are always taken for com- 
parison before lifting the casing and after lowering as a check and to 
ensure no fouling risk mav occur. The wndition of turbine, be. hot, 
warm, cold, etc, should be specified. A typical set of plate details are 
given below for an h.p. turbine: 

Thrust Cage Forward 
Thrust Cage Aft 

Rotor Forward Rotor Aft 

A screw and nut arrangement on the rotor end allows it to be 
moved axially. W i h  the thrust housing fixed either forward or aft the 
rotor travel is 0.375 rnm, this must be the total oil clearance between 
pads and thrust collar, Le. '0' in Fig. 4.27. The travel of the thrust 
cage is 0.75 mm which is the amount the rotor can be moved aft to 
increase blade ctearances for manoewring. 

Now if it is recorded, that with the pads out and the rotor drawn 
forward so that the blade shrouding is touching, the finger piece 
reading is 0.1 25 mrn and the dummy packing3 are (on average) about 
0.125 rnm clear then the position of the rotor when running can 
always be established. Again referling to Fig. 4.27 and considering 
the finger piece reading when running is 0.45 rnm (see C). Dummy 
clearance (see B) is then 0.45 mm, blade shroud clearance (see A) is 
0.325 mm. Oil clearance forward is 0.2 mm and aft 0.175 mm. The 
position of rotor is thus fully established, all clearances are also 
known. 

The above is typical only for a given turbine, m.p. turbine readings 
would be fairly similar. 

Adjustable thrust block 
The thrust must be movable axially to increase axial clearances for 



PART SECTION ON X-X 



manoeuvring by about 0.75 mm, be. in example above Made 
dearan- 0.325 rnm to 1.075 rnm This is amnged by having the 
thrust Eaaing made as a cage w h i i  can k moved axially inside the 
outsids fixed housing [see Rg. 4281. 

A conventional thrust Mock can be moved by a screw arrangement 
(at two points) as shown. From 'Contacts On', i.a rotor fornard. 
remove the locking pin and rotam the handwheel which rotates the 
worm and womwv)lee(s. Them fMqs being external and h a r d  of 
the h d  hwsing and bl ted  to it by a bracket The rotation of the 
wwmwhsd spindles moves the cage back 0.75 mm, the kcking pin 
is now repiad in the new position 'Contacts W. 

This operation is dwle before manoeuvring with the turbine run- 
ning and the description should be cardully considered alon&de the 
sketch of Rg. 4.28. 

1.p. turbbr 
A doubte flow dmign is m h e d  in fig. 4.29 as a detall basis plan. 

Hollow rotor construction is most common, single Row designs of 
threa cylinder turbine wts aim identical in byout plan--except for 
the blacks and double casing--as the 1.p. impulse turbine Iakterrsstive 
#ass compound set) given In the basis plan of Fig. 4.1 8 were almost 
standard practice. These tended to be replaced by two cyunder sets of 
double flow W i n  in the Ip. of whieh Fig 4.29 is typkl  wept 
Phat n d e  coMfol valves for o t m  turbines are na a common 
m e r n e n t  

Irnpulse-feaction turbim am mueh more suited to low pmswres 
as blade tip leakage h w s  am mu& dd. However, impuld tut- 
b i m  of double ccrsing oomr~~cih are n w  being usad in the single 
flow form more and more fw 1.p. practice rn mplace wch reaction wr- 
bin= The dwbh Row ddgn.b  often criticbad as baing subject to 
tuo mu& b a t  d i ~ t d &  caused by the rather lengthy bearing dis 
tames Amdcan p c t b  utiliwa as- wh&s at e h  side to give 
symmetry md more wen &rnpsrawre distribution. Length, however, 
is stim increased. The singie Row design is claimed to give a higher 
thsrmal dkkmy. 

Referring to Fig 429: 

h only aspecrs of cmsWWbn whkh m r  from h.p. or m.p. 
practh or gemmi alfbine detaib previously k r i b d  are: (4 There 
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is no adjustable thrust Mock and Ibl End tightened blading is not 
utilised. 

As previously mentioned, at lower pressures the differential 
pressure across the blades is not high and steam leakage is low so 
that the more expensive end tightened blades with anendant thrust 
adjustment block are not utitised. Tip tightened blading, with radial 
clearances, is normally used. 

Blades may be integral or with separate blade and root although 
the first is more common. The blades are cau tked directly in place after 
segmental forming. Serrations and side packers may also be used, 
likewise a root wire may be fitted. Knife edge radial clearance varies 
from about 0.5 mrn to 1.75 mm. Shrouding may be f r d  with a right 
angled turn so that the shroud provides the knife edge clearan-. 
Alternatively a binding wire of brass or copper Was used in early 
designs. More modem practice utilises alloy wire often silver soldered 
to the blades, for high blades occurring in the last stages of 1.p. tur- 
bines the binding wire is often duplicated to give support to tip and 
mid length. Vibration is a difficult problem on long blades, this can be 
ar a steam exated frequency. 

SOME DESIGN AND OPERATION CONSIDERATIONS 

Turbine choice is govmed by some of the Wlowing points: 

1. Power mrplimment for the desired ships speed. Power a (ship's 
spe9dl3 and present day trends are for higher speeds and quick turn 
amunds. 

2. Stenm pressurn and ternperaturas. As steam pressure in- 
creases specific volume ('e. m3/kg) decreases, therefore nozzles and 
blades become smaller and less efficient. A preswre limit is reached 
for evwy power capacity of turbine when the gain due to higher 
pressure is offset by the decrease in internal sfficiency. Higher 
pressures may be used more effeethrely in highly rated turbines, Fig. 
4.30. 

Vacuum is roughly standard at  0.05 bar (barometric pressure 
1.01 3 bar), it will vary being slightly reduced with reduced sea water 
temperature. 
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The main (pvsmfng factor is the specific volume of the s t e m ,  Fig. 
4.31 showas the variation with pressure. In order to accommodate in- 
crease in volume the flow areas at exhaust must be proportionally in- 
creased, hence an obvious pract.1~81 limit is arriwed at. 

Increasing initial steam temperemre without altering the pressurn 
will reduce steam flow rate (MI through the turbine for r glvsn 
power since heat content (kVkg) will have increased. Machiiry 
dimensions are only a I t d  a small amount to accommodate the 
slightly higher specitic volume of steam resul t i i  from increased 
temperature. For any initid pressure there is a minimum temperature . 
below which the moisture content of the steam at the low pressure 
mgkn of the turbine causes excessive Made embn and efficiency 
boss Ohm. dryness fractiin of 0.88 at exhaust is the accepted norm 
(Le. 12% moisture cantent). 

3. Smam qck, the number of bleed points and steam flow from 
them, reheating and feed heating, etc. all play an important part, this 

. is examined in greater detail in the boiler and feed systems dwpters. 

4. Tmmmirriin .yrwm to the propdler, the steam turbine is es- 
semially a high sped machine and the propeller is more Bffidsnt at 
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low speeds. The greater the speed reduction the less efiicient the 
transmission system of gearing, obviously triple reduction is more 
expensive and less efficient than doubk reduction, but the gain in 
propulsive efficiency may possibly offset this. 

5. Astern operation, the astern turbine is generally integral in some 
way with the low-pressure turbine. It may be running in its own 
casing or it may be incorporated in the same casing as the ahead tur- 
bine, the latter arrangement reduces flciency by about 1 to 256, but 
has the following advantages: Decreased space and weight, lower in- 
itial cost, simpler piping and seating. 

6. Space limitations and weight. Single plane systems, where the 
steam exhausts axially into the condenser. Gearing and turbine axes 
lie in the same plane, give reduced height but increased dimensions in 
the other directions. Gearing and condenser are the largest items to 
consider, use of locked train gearing and under-slung condenser (or 
1.p. turbine supported on the condensed lead to a compact but 
relatively higher plant. 



REED'S STEAM ENGINEERING K N O W D O E  

7. Fuel ecmomy-this is likely to become of paramount impor- 
tance. Methods of reducing fuel consumption are: 

(a) Use of cross compound turbine pfant in favour of single cylinder. 
(b) More complex steam cycles with up to f i  stages of regenera- 
tive fwd heating and reheating. 
(c) Scoop inpke of condenser coding water. 
Id) Improved and more reliable automation equipmmtdeading to 
on-line computer control. 

Rg. 4.32 shows in a simplified form the amount of energy 
available for propulsion p u m t  is a rel&dy small amount 
compared to that going to the condenser, it is here where designers 
will possibly turn their attention in order to recuperate in some way 
the emormws amount of energy at present going to the condenser 
d n g  water. 

Fig.4.32 ENERGY FLOW DIAGRAM 

Balancing of turbine rotom 
TO obtain vibration free running of a turbine rotor it should be: 1. 

statically and dynamically balanced, 2. operated at a speed in excess 
of its first fundamental critical speed (4, but below its second critical 
speed (4cu3. 

Static balance is achieved when the centre of mais cd the rotor is 
on the axis of rutation hence when the mtor is at speed there will be 
no out of balance rotating fom vector. A maor can be statically 
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balanced yet unbalanced dynamically due to couples formed by equal 
opposing forces in different planm. Fi. 4.33 shows two dbcs with 
masses m, and m, at dii x, end x, mspect'bty. With the rotor at 
mt the turning moments due to gmvhtional attraction will be 
balanced if m,x, = ms, At speed the forces F due to these masses 
will balance but since these forces are in different planes, a rotating 
out of balance couple Fz will cause vibration. 

The first fundamental critical {or whirling) speed on (u, radls, suffix 
n for natural, since the circular frequency of natural transverse 
v'kations corresponds to the whirling speed) for a balanced rotor 
depends upon flexibility of rotor and bearings. The greater the 
stiffness of either, the greater the value of ~h 

With modem turbines it is not practical to have h greater than the 
nwnal running speed, hence during run up to operational speed the 
critical must be run through-this as rapidly as possible. 

CURVE OF AMPLIT UOE 
-.-. -. / 

.-.-.-. -.-. .- 

%% AT CRITICAL SPEED w,, 

Fig. A33 



REED'S STEAM ENGINEERING KNOWLEDGE 

The disadvantage of having to nm ahrough the whirling speed is 
the pnssbility of e#cessive vibration with damage. To obviate this, 
masses can Ix added to the rotor in such a way that whilst its 
balance is in no way affected the ampliarde of the vibration at critical 
speed is teducd Fig. 4.33. 

The advantage of operating at speeds greater than the first critical 
but less than the second is that the centre of mass of the rotating 
system mwes towards the axis of rotation (ie. no deflection due to 
weight) and this gives extreme stability (like a spin dryer or 
centrifuge). 

ASSOClATED EQUIPMENT DETAILS 

Gland sealing steem myatern 
Ideally the gland sealing system should ensure, at all times, no 

steam leakage from the turbine to the atmosphere, this would waste 
water and energy. and prevent air entry into the turbine. Air must be 
removed mechanically and this again means energy expenditure. 

fig. 4.34 shows a modem gland sealing steam arrangement, the 
high prsgwre end of the h.p turbine having three inner gland pockets 
and ons sealing pmket. whereas all other glands have one inner 
pocket and sealing pocket. 
When a vawum has to be mi& sealing steam to the glands is 

supplied from the controlled valve A st 1.35 bar. h e  v a k  would be 
operated by remote control the auto cantrol being by-passed, and dis- 
tributed to the inner gland pockets 

Under running up conditions steam leaks from the inner pockets of 
the h.p. turbine and the after 1.p. to the forward inner pocket of the 1.p. 
where a partial vacuum exists, any make up steam required is 
supplied through valve A which w w l d  be on automatic, being con- 
trolled by the steam pressure in the tuhine crossaver pipe. 

At full load there is an excess of steam from the inner pockets and 
this is bled off through the overFlow valve, which automatically opens 
at a preswnt of about 2.2 bar bhis pressure can be regulated), this 
excess steam then passes to the gland steam condenser wherein air 
is extracted, and the latent heat is given to the boiler feed---this being 
the cooling medium. 

Steam kakage from the inner pockets to the outer sealing pockets 
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also passes to the gland steam oondenser, control of the steam 
pressure In the waling p d c e ~  Is achievd by valves. When adjusting 
the pmsure !he valves are fim &sod, this causes steam to leak out 
of the tuddne, and then they are graddly opmd until the kaka* 
Ceases. 

Emugrnoy stmaming connwdom 
For mmaI opemtbn 

Emagency pipe dm L p  turbine would not be connected, blanks A 
and 0 kid not be fiad. Bknks 8 and C would be in place. 
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CONDENSER 

Fig. 4.55 EMERGENCY STEAMING CONNECTIONS 

h.p. t-ne mopmtive 
Disconnect h.p turbine high spaed coupling to the gearing. Fit 

blanks A and D, remove blank C and connect emergency steam pipe 
to the 19. turbine. De-superheated steam can now be supplied to the 
1.p. turbine, and normal steaming c8n be used for the astern turbine. 

I@. turbim inopavative 
Dboonnect 1.p turbine speed coupling, fit blank D, remove blank B 

and lo& astern steam valve in wition. Operate at reduced seaming 
rate through the kp. turbine, remember. no a m  power is available 
as the asrtem turbine is integral with the Lp. 

For a three eylinder crass compounded set the following alter- 
ations to ths mam flow can easily k vballsed. 

1. Cutting out the h.p. ahead turbine by blanks and leading the 



steam to the m.p. turbine wing me portabIe pipe. 
2. Cutting out the 1.p turbine by Manis and leading the steam 
direct to the condenser (this can be done to Lp, a h d  or 1.p astern or 
both). 
3. Combining 1 and 2 above to utiPse m.p turbine only. 
4. Udng the 1.p turbine only by blanking and teading the steam to 
the 1.p. directly using the other wrtable pipelength. 

Condins  of reduced pssum and tempemtrrre adopted will de- 
pend on the arrangement wed. 

The drains are manually operated by valves with Wended 
spindles In general all drains would be shut at  full power and 
gradually opened ss speed is recbd ,  starting with Imp. drains. so at 
smp all drains would be full open. 

Turbine l&rkatian Systems 
l7me m y  be either Gravity or Pressurn, modern trend is towards 

the latter since: no large gravity tanks are required, piping is reduced, 
oil quantity is minimisd-which all leads to a mcmsidemble mnorny. 
However, a safeguard must be incorporated to ensure no h d n g  run 
out in the event of oil pump faflure. With the gravity system it f 
s i m p l d l  Rows Rom the gravity head storage tank until the tur- 
bines come de ly  to mt With the pressure -system an auxiliary 
standby pump could cut &I automatically but that wouId not be 
satisfactory in the case of totel electrical blackout- a main engine 
driven pump, and mal l  gravity tank at a low level, may be a btter 
and safer arrangement. 

Gn* system 
A typical system is as shown in Fig. 4.36. 
The oil is drawn from thesump via a suction fitter and magnetic 

filter by the pump discharging via a discharge filter through the cooler 
to pressure diribution piping. pressure wnElolled by a screw lift 
valve. A certain amount of oil pasmw through the valve to maintain 
the gravity tanks constantly wetflowing through a sight return. The 
system is mnected ?o storage tanks and purifiers, a connection 
tea& bo turbine protection deviegs. In the everrt of total pump failure 
oil can pass u n m t d  through the mmn-turn valve to distribution 
points;thi usually g h  emergency supply for about three minutes at 
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Fig. 4.36 GRAVITY SYSTEM 

1.7 bar (normal supply prassum 3.1 bar), emergency shut off steam 
valw normally function at bekw 2 m oil bad  at the control valve 
unit Pump failure alarm and standby pump cut in switches are nor- 
mally - in additii to low level alann d e v i i  on the gravity tanks. 
A detail of oil sprayers is given, oil supply is on inlet side of gem mesh 
but modem practice now tends to supply at both aidas. The best oil 
inlet rsmperature is about 46.S0 C. 



Presswc system 
Oil h drawn from the sump by the main independent and shaft 

driven pumps, which share the oil supply to bearings and gears 
In ths event of main pump failure--due to electrical Madrout for 

example, the shaft driven pump will continue to deliver. When low 
revolutions are reached the oil pressurn falls and the small gravity 
tank incorponted in the top of the gear caw takes over the supply to 
the system. Total run out time is abwt 25 to 30 minutes, which gives 
operators sufficient time to start the standby pump or stop the 
machinery. 

TO BEARINGS AND 
G€4R SPRAYERS 

FILTERS 

TO GOVERNING 
SYSTEM 

Fig. 4.37 PRESSURE SYSTEM 
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h r e  and of lubricating oil 
the following points are important to emre the lubricating oil is 

kept in good andition: 

1. Leakage of water into oil from gland -am and yatw pipe 
glands, ete. must be prevmted. 
2. Maintain wmct oit.temperature to a* d e n s a t i o n  qf water 
vapour. 
3. Mdmin c o r n  oil pmwre.  bw a pressure could mean in- 
suficient oil passing through bearings, ete. with overheating of the oil 
resulting. 
4. Check regutarty temperature differences across the oil m k r  to 
ensure correct heat transfer. 
5. Check bearing temperatures regularly. 
6 Ensure ventilation s y m m  is in good order. 
7. Operate oil puriftcation -ern on wntinuous by-pass. 
8. Watch condition of filters, examine entrepped solids. 
9. Take mgukr samples of oil, they should be drawn from an oil 
mum line and be dear, free from water and shdge. 

Shipboard twts could be carried out to estimate: 

{a) Water and salt content 
(bl Viscosity. 
Ic) Total and strong acid numbers. 

The drop test Is me which is frequently used and widely un- 
derstood to give simple, reliable mwlta lndlcations of departure from 
new unused oil being the yardstick 

Oil coolers may have dudge and other depos'h which have to be 
removed. Steam, hot water or a bath of trisodium phosphate and 
soda ash solutbn may be used as a cleanser. 

Corrosion in turbine lubricating oil system 
Initial wrrosion can occur to the pipework, gear casing, sumps. oil 

tank  etc, during construction. This m i o n  if it is not prevented or 
removed can lead to serious probIems--irnagine rust f l a b  falling 
into the lubricating oil due to vibration then being eireulated around 
bearings and gears. 

During conmaion, control of the environment, use of primary 
protective coatings (to be subsequently removed in some cases) ete. 



is essential. Clmnimg with hot air blast, pickling with acid to remove 
rust and mill scale, washing, dtying, applying a pwtective paint and 
then sealing the ends is a typical example for pipework 

W b n  the system is erected on board L would be thoroughly 
flushed through with a hot ligh mineral oil containing anti-oxidant 
and r u t  i n h b i .  This would then be replaced with usual sewiee oil. 

Even a h  all the precautions outlined above have been taken car- 
rosion can still occur during normat turbine operation. In tanks and 
gear mses there will be amas not continuously ecsted with 
oil-these may ty with damaging results to bearings and gesfs. 
Salt laden, damp atmosphere Een be drawn into the system which 
can lead zo serious corrosion in the vapour spaces Methods of 
protecting against vapour space corrosion am: 1. mmect application 
of epoxy resin oil resistant paint to =rupulously dean metat surtsces. 
2. use of antioxidants and rust inhibitor in the oil. 3. vapour phaae in- 
hibitors added to the oil-thtrss volatilike in the gear case and fom a 
protective anti-comsive film on the metal surfacs {these may be the 
only rust inhibitor added). 

Emergency SeH-cIoshg S t o p  Y a k  
This valve is arranged to close automatieally and shut off steam 

supply to the turbines 8s a mwlt of: 

1. Loss of lubricating oil pressurn. 
2 Turbine overspeed. 
3. M y 8  axial rotor travel. 
4. Low condenser vacuum. . 

The valve is c ! d  manually by: 

1. Handwheal. 
2. Emergency hand control. 
3. Deck manual errntrol. 

Modem practice is to include rhe valve in a common chest 
enclosing manoeuvring wive and astern master valve. As a genefat 
ruk the valve is only arranged to cut off ahead steam, astern steam 
usually being under direct operator control and such steam may be 
required to assist in emqency stopping. 

3 
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Referring to Fig. 4.38: 

To op8n the vahm rotate the h a m ,  the locking supply h e r  
opens the supply vahm (sometimes referred to as an inclined plane 
action) which allows steam pressure to the left of the piston. The 
piston io an easy fit in b cylinder so steam pmaure qualises on both 
sides of the piston, praviding that the ateam drak cannectkn to the 
condenser is shut the vakr them follows the handwheel opening due 
to steam pressure acting M k 

The valve closes i f  the drain O opened by the contrd valve or low 
vacuum contm!. either by automatic or hand action, because steam 
pnwsure on the left hand side only of the large piston wercumes the 
opening actiMl due to steam preswna on the smaller v a b  acting 
fmm the rS- H main steam flow reverses, the noweturn ball valve 
doses and traps steam on the left of the p'kton. This action, together 
with backfiow pressure on the back of the valve, closes the valve, Le. 
action as a narmrtum boiler stop valve. The emergency control 
system is shown in Fig. 4-39. 

The steam control valve b kept seated by oil pressurn If this 
pressurn is released or reduced due to pump stoppage, governor 
overspd actkn or hand e m e g m  control v a h  opening, the 
stearn control valve opens and wm8cts steam pressure to drain. Low 

TO LOW ro OIL , 1 - 
COW ROL VACUUM 

CONTROL 

Fig. 4.38 EMERGENCY STOP VALVE (SELF-CUING) 
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vacuum opmion, emergency hand action fmm deck or condenser 
prsscsure directly, also open6 a drain connection. In any of these cases 
the emergency stop valve will close. 

Ovmp..d and -0 M I  M o w m m t  Trip Mechaniim 
Land turbines rr0c. nomally driving electrical units operate at 

varying loads and numerous types of governors are kilable to an- 
orol speed right through the load range, an emergsncy overspeed ~ i p  
b a h  prwided. Them are t h m  main methods of gowming: 1. Thmt- 
de governing. 2. Nonle control g m i n g .  3. By-pass g-ing. 
Most governors have a wntrifugal operathg principle funm*oning 
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thrwgh an oil sewo or relay to the throttle or to a camshaft which 
controts nozrle valves. 

Marine turbines fw main propulsion are almost at constant load 
and the governor is therefore more of an smergerrey gwernor or 
overspeed trip. However, for automated plants speed control of the 
turbine is required and various means are adopted e.p a speed sen- 
sing governor. This together with the Aspinall emergency trip gover- 
nor. with excessive rotor travel trip will be eonsidered. The units are 
built into the control system. 

Referring to Fig. 4.40: 

The oil supply passes through a restricting orifice to index bush E 
and then through annulus G and porn L into annulus D around the 
each spindle. 

The governor valve A is o w  from the centre of the shaft so that it 
is unbalanced when rotating. It is held in position by the spring. When 
the turbine overspeeds the unbalanced weight overcomes tho spring 
pressure and the valve mwes out until catch spindle C csn move into 
the notch in the valve and hold the valve open. In this position the oil 
in annular space D is allowed to discharge through ports J, and. since 
the discharge area is about ten b'mes the supply area at the restricting 
orifice, the oil pressure is reteased and the steam valve shuts. The 
tripping speed can be varied by nut B. To reset the valve. the catch 
spindle is pulled out by knob K allowing the valve to spring back. 

When axial mwement of the rotor occurs the control bush N 
mwes with it but the index bush E remains still so that if movement is 
excessive oil e s w e s  from annulus G to the discharge annulus H and 
oil pressure is ones more released and the engine is stopped. The 
adjustment for this mechanism is in the form of an eccentric F. rota- 
tion of which moves the index bush E axially. 

Indicator I shows the fore and aft position of the rotor. 
Fig. 4.40 has been somewhat simplied from original drawings, in 

this cam sectioning has necessarily been retained otherwise the 
sketch of the Aspinal mechanism would lose any resemblance to the 
actual component. fhi sketch finally presented will need praetice to 
produce quickly under mamination conditiorrs but it should be 
remembered that it ts illustrating two protective functions. 

Atso inciuded in Fig. 4.40 is a govemor of the eccentric ring type, 
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thls would be suitable as an emergency trip for an electrical turbo- 
generator. The trip is screwed on to the end of the turbine shaft. The 
body ring is eaemk to the spindle scr that the resulting centr-mtaal 
force is opposed by the comptession of the spring. Adjustment Is 
a c h i d  by the screw at X. At normal sped the outside ofthe ring is 
coaxial with the turbine spindle. At excessive speed the thicker part of 
the ring moves out compressing the spring and overcoming its 
resistance. The trip gear functions to shut ofi steam supply usually 
Ehrough an oil relay system. 

Fie. 4-41 shows in diagrammatic form a speed control governor. It 
consists of a nowrotating oil supply tube and a rotating assembly, the 
latter incorporates two cantihers with ball values at their free ends. 

As speed increases the cantilever arms move radially out at their 
free ends opening the ball valves and allowing oil to escape to drain. 
Thb reduces oil pressure in the supply line which in turn acts upon 
the serwwnechanism for the ahead manoeuMing valve which woukl 

' 

then dose in reducing steam supply. 

Low Vacuum Trip 
Rafer M Fig. 4.42. 

With ihei d v w  of all steal low turbine casings thi. fitting 

ASSEMBLY 

Fig. 4.41 GOVERNOR FOR SPEED CONTROL 
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is often o m W  to simplify the control system. Considering the sketch 
g-. 

Inmaso d pressure on the diaphragm top, by decrease of vacuum 
or hand release from deck, causes down movement. By the linkage 
the value opens, so connecting stearn pmsure to drain. This adon 
dases the emergency stop valve. The gear works equally well by 
releasing ail pressure and functioning on the c m l  valve in a similar 
way to the ahsr a01 opmmd trips. 

Asmm Turbine Sdegurdr 
When operating under normal ahead running conditiis the astern 

tutbine in the 1.p casing is in a vacuum environment It is important 
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TURBINE PRACTICE 

that no steam leakage past the astern manoeuvring valve occurs, as 
this would leave the astern noales at high velocity, enter tho astern 
turbine and due to pumping, friction and windage cause overheating 
with possible damage. It has been estimated that 1% leakage at full 
power may reduce the ahead power by 5% or more. 

A double shut off arrangement is ohen used as a precaution. This 
consists of a astern 'guard valve' between the astern manoeuvring 
valve and turbine. A drain fmml  to the steam line between these two 
valves could give indication of steam leakage past the manoeuvring 
valve. But if this drain was left open and the guard valve leaked, air 
would enter the 1.p. turbine easing. 

A detector far steam leakage past the manoeuvring valve can corn- 
pare astern norrle box pressure with mndenser pressure (there 
should be no pressure t i i remial  running ahead). This combined with 
a temperature probe in the astern turbine casing (see Fig. 4.431 to 
give indication of overheating should give sufficient protection. 

TEST EXAMPLES 

Class 2 
3 .  Describe how to prepare a set of geared turbines for 
manoeuvring out of port. How is a turbine engined ship put astern? 
What is the normal full adem power achieved e x p s e d  as a percen- 
tage of full ahead power? 
2. Sketch and describe an emergency steam stop valve as fitted to 
turbine installations. 
3. Sketch and describe the gland steam arrangement for a turbine 
set. State which valves are open and shut under any given 
circumstances. 
4. State whst is meant by end tightened blading. Sketch and 
describe an adjustable thrust and explain clearly how adjustment is 
made and detail the working clearances utilised. 
5. Sketch and dsswibe the packing as used on an impulse turbine 
diaphragm plate. What materials are used in its construction? 
6. Sketch and describe a combined turbine thrust and journal 
bearing for an impulse turbine. How is expansion of the rotor allowed 
for? 
7. What is meam by double casing construction when applied to 
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tu~bines? What advantag- and disadvantages are there wAW this 
form of eonsmlction? 

class 1 
1. Sketch and d d b e  a bearing, thrust and labyrinth gland for the 
fornard end of a turbine. 
2. Sketch and d d e  a double d n g  turbine. W h a  mearm are 
provided to aHow for expansion? Detail the matsriak u s d  in con- 
struetion. State the advamges claimed for such a turbine. 
3. Sketch d deserfbe the variws types of labyrinth packing as 
used k turbines. b l a i n  how steam leakage is kept to a minimum 
and how air leakage b prevented. 
4. Sketch and -be a turbine sliding foot showing clearly where 
the foot is situated on the turbine. D d b e  in detail the warming 
through of a turbine in madines8 for sea. Pay particular attentim to 
the vacuum carried and the clearances to be checked throughout the 
time interval. 
5. D d b e  a governor system subbb for use with a ems eom 
pound tu*e sst. How is overspeed ptutection arrangedl 
6. Sketch and -rib a secrhn of end tightened turbine blading. 
Explain fully k eanstruction and haw the clearances shwld be 
adjusted after turbine overhaul. 

N.B. For more m m  examination qu=ions refer to miscellaneous 
examples. 



CHAPTER 5 

FUNDAMENTALS OF CONTROL 

GENERAL 

Automatition 
The summation of squPment has h e n  given many confusing 

definitlona Full automation can h considered to be satisfied by: 

1. C m l i i a t i o n  of all Instrumants and retarders, for the whole 
shlp, to one ~omml station. 'fhis m i o n  would be s-msted in my con- 
venient position a d  would include the control functions as well as 
racordinm 
2. The recording system would Jlise an electronic data l o w  in 
place of conventional instrument with assbciated mmwl 
writing of results. The readings would be frequmtly scanned and 
tewrdd at reasonable intervats on an electric sbip printer w 
rypewrfter. Any deviation from the individual ,required values would 
set ofi an approprim alarm and the fault location would be wwr- 
tained at the corrtrol station using, for example, mimic baa& of 
diagrammatic sssential drwits using w l o u d  Enes, with recording 
points indicatisd by small pikt lights 
3. Adjustment and c o d  would be automatic. utilising a wmputer 
in mnjumthn with the data logger so allawing changes in cornrolled 
condihns to be pmgrammed, in the correct sequence and bePmren 
the requbd limits, so that correction &nab cwld be sent to tk m- 
trd equipment w h i i  would then fumtbn to corred as the change 
w s  -ng. Fail& wmld be incorporaid into all cwrtrol system 
mmpormnEa 

Such full automation would give much more efficient omt ion .  
would give better and more easily handled m r d s ,  allow h watch . 

ke8ping penwnnel. m. 
The whole ship woutd ba under the control of me watchkeeper 

fleer -Me for all aspects sueh ss navigatbn, pmpubian, 
mfdgmtbn, etc., based st the control stsdon. This officer could be 
misted by two ratings, one a - M a n  # craftsman and the ather 
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an opmtiva A small grwp of officers and ratings wwki be availabb 
far routim rnahtsnance, inspection, cleanirrg, ew., MI day work. 

U t i l i i  
Such automation as described above may be regarded for marine 

practice as rn advanced at ahe momem W automation is replam 
m m  in total, of man by more sfficient autokdc devices for supenri- 
sion md m t r o l  of machinery, then this is definitely m e  although 
ships are in service at present with many of the aspects described. 
Ship's engine m m s  are really on the threshold of aukination. A 
good mewre  of the degree of automation is the redundanw of 
operatives created. The use of centra l i i  control rooms and data 
logging has led to much #cent pubticii. Is in no wnse full 
automation, it is merely the grouping of imtniments and controls and 
the use of more soph-isticmd 'office equipment' to diminate manual 
viewing and logging. t i k w h  bridge control of emginas is only one of 
many applieetiona of w m l  engineering. ppobabty of i s m r  impor- 
tance in many types of ship. 

Full automation as described, whereby a h ip  may do a voyage 
without engineers, is still a Mr ly  kng way into the future. 

Surprisingly the plant &If can be the reliability problem as control 
and computer control, MI shore in particular, is extremely reliable, this 
is not yet m e  at ma. As plant sizes incrtsase, reliability becomes wen 
more diiwlt for thw main unies. trperiena of equipment, staff 
training, cast snaiysts, s., requiw camidemtion as full automation 
6 approached but for the present the degree of automation will vary. 
Automatic control in a simple sense has always been utilised, for 
example, safety valves, feed regulars, etc, leading to mom 
developed systems such as summering, combustion control, &. 
Modem m m s  are a natural development on more sophistiwtd 
lines 

-my 
In every case the eentra l i i  use of Instrummatian and conftols 

can result in a saving in wew numbers Thii is not necessarily the 
primary object as for trxampk the main function of unmanned engine 
rooms at night is to a t b  inera& day wrkers which should result 
in b t b r  maimname and cheaper mpair bills. It is however obvious 
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that a saving in manpower can be achieved particularly for skilled 
engineers. 

The machinery will tun under more efficient conditions assuming a 
fairly comprehensive and property applied system. This is perhaps 
more particularly important in steam turbine practice where fractional 
gains over the years have been steadily increasing efficiency. Efficient 
logging will allow better records, future planning and maintenance in 
a planned manner. 

The detailed analysis of costs requires a full work study, but that 
economy is achieved is beyond dispute. 

S a w  
Essential requirements for unattended machinery spaces 

(designated u.m.s.1, ie. particularly unmanned engine rooms during 
the night could be sumrnarissd thus: 

1. Bridga control of propulsion machinery. 
The bridge watcbkeeper must be able to take emergency engine 

control action. Control and instrumentation must be as simple as 
possible. 
2. Centralised control and instruments are required in machinery 
space. 

Engineers may be called to the machinery space in emergency and 
controls must be easily reached and fully comprehensive. 
3. Automatic fire detection system. 

Alarm and detection system musl operate very rapidly. Numerous 
well sited and quick response detectors Oenstws) must be fitted. 
4. fire extinguishing system. 

In addition to conventional hand extinguishers a control fire station 
remote from the machinery space is essential. The station must give 
control of emergency pumps, generators, valves. ventilators, extin 
guishing media, etc. 
5. Alarm system. 

A comprehensive machinery alarm system must be provided for 
control and accommodation areas. 
6. Automatic bilge high level fluid alarms and pumping units. 

Sensing devices in bilges with alarms and hand or automatic pump 
cut in devices must be provided. 
7. Automatic stan em--ency generator. 
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Such a generator is best connected to separate emergency bus 
bars. The primary function is to give protection from electrical 
Mackout conditions. 
8. Local hand control of essential machinery. 
9. Adequate settling tank storage capac-hy. 

10. Regular twting and maintenance of instrumentation. 

Display 
Essentially this aspect consists of centralised instrumentation in an 

air wnditioned instrument and wntml room. Improved visual, audible 
and observatian techniques are required. The data logger is perhaps 
the latest device requiring attention. This requires some knowledge-of 
electronics. Components are virtually all electric-sleetronic (solid 
state devices working under air wnditioned stat= are preferred) to fit 
in with standard equipment. Faults will be located by mimic board 
type diagnosis and replacement of printed card components rather 
than on the job repair will be essential. 

In selecting alarm circuits'great care must be taken in the 
preference choice u t i t id .  lrnporwnt circuits should be fitted with 
distinctive alarm indications and a quick and easy pcsition location. 
Less important circuits can be fitted with a secondary importance 
alarm and isolating-locating system. The provision of tw many 
alarms, not easily discriminated from each other, can cause confu- 
sion. Similar remarks apply to remote oontrol room gauge boards 
where only really essential measurements should be frequently 
scanned. 

The control morn itseJf requires careful design with reference to 
comfort, lack of lighring glare, selective positioning of instruments for 
rapid viewing, correct placing of ondf  and position and variable 
quantity indicators, improved instrument indication techniques, rapid 
control fauk location and replacement, etc. 

Various typs of indicators and recorders are in use, for example: 
lights, dial gauges with pointer, eolour strip movements, magnetic 
tapes, cathode ray {or G.M.) tubes, counters, cham, etc 

References are usually set on a pinboard and supply voltage 
stabitisation is usually necessary. Solid sate devices show a high 
reliability rate compared to the older thermionic 'radio' valve circuits 
especially after a run in period. Typewriters and printers usually 
require the mast maintenance and attention. 
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Alarm -nning and dnta logging, terminobgy 
Scanning 

The scannsr normally cwers up to about 200 points at the rate of 
about two points per second. 

Fig. 5.1 shows a multipoint installation for a turbine plant. The in- 
dicator, switches, mimic diagram and legend would be situated in the 
control rmm. For scanning and recording the switching is performed 
automatically by means of a small motor driven unit and the signals 
received would then be amplified, a an analogue to digital 
converter and thence to alarm, print out and display units. 

Measurement 
Alt analogue imputs are amplified from the low voltages produced 

by the hstruments. This signal as a voltage r&resen~ation of the 
measured value is translated in the anabgu~ta-digital convener to a 
numerical code form. 

Disple y 
The aode signal is transferred to s strip printer or electric type- 

writer, printing is selected for the various points at preset intervals, 
vawing from virtually continuous for -in points, to reasonably 
long time intervals for ahera 

A second function is to cornpara digitally the analogue inputs with 
p r m t  limit switches or pins h a patchboard andhave lights on mimic 
diagrams to indicate alarms, in addition the BKOBSS deviation readinw 
are presented an a separate alarm pdn&tr. 

Programme 
This is a predetermined scanning routine. Printsut is timed by the 

special digital clock. 

Equipment 
m s i s t s  d s o l i i e  silicon components on logic boards as 

primed circuits. Relays are hermetically sealed relay typs on plugin 
cards. T-t board and replacement cards are provided for fault detec- 
tion and replacement Data loggen are sectional framework con- 
struction, i.e. modules. 

Analogue Repmentation 
Where the measured quantity is converted into another physieal 
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Fig. 5.1 

quantity in e conpinuous way. For example temperature converted 
into dc. voltage by a thermocouple. Voltage is analogue of temper- 
ature. Useful for short tsmr presentation, e.g. manoeuvting, mising 
steam, etc 

Digital Reprssentatim 
Where the measured quantity is mpmmted by mated individual 



FUNDAMENTAlS OF CONTROL 201 

increments at given intervals. For example a rwolution counter which 
trips to alter the reading each engine revolution. Useful for tong term 
presentation, ag. full away watchkeeping readings. 

Advantages of Data Lugging 
1. Reduces staff and number of instruments. 
2. Provides fairly continuous observation and fault alarm indication. 
3. Provides accurate and regular operational data records. 
4. Increases plant efficiency due to close operational margins 

Sensor 
Really a telemet~ing devid but will be defined here. A device 

which by utilisation of a physical property gives indication of condi- 
tion of plah variable. For example the instrument for observing 
pressure may be a pressure gauge in which the sensing device is the 
bourdon tube which is then a direct positional indicator. The working 
principle is mechanical strain. 

transducer 
Another mainly telemetering device. No appreciable load maybe 

placed on the sensing device by the indicator or inaccuracies will 
result. The transducer converts the small sensing signal into a readily 
amplified output, usualJy in a dierent form. For example, mechanical 
movement to electrical output, electrtcai input to mechanical output, 
etc. An illustration of the transducer principle is given in Fig. 5.4 
(given later1 where mechanical movement is converted to a pne,u- 
matic output signal, amplification can be arrangd with a pneumatic 
relay. 

Chopper 
A transistor multi-vibrator circuit to rapidly open and close the cir- 

cuit to give alternating current from direct curtant prior to amplifica- 
tion and rectification. This procedure is usually necessary as dc. 
amplifiers suffer from drift when voltage variations at supply are pre 
sent, hence a.c. amplification is used. 

Amplifier 
The amplifier (often called a rday in pneumatics) is to step up the 

sensing Low power signal to a high power amator element. Standard 
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electrical practice at one time utilised cross flux excited d.c. machines 
(arnplidynd for heavy current and vake amplifiers far light current. 
Mdsm communications util-kes transistors and silicon controlled 
rectifiers Iohyristorsl. 

CONTROL THEORY 

This section is the basic requirement to the subject of control. The 
principles involved 3r8 relatively simple yet they have in general been 
ignored by engineers wsr  the years. A gap has existed in that the 
measuring instrumentation was understood and the broad functional 
working of the control loop itself was appreciated but the actual 'guts' 
of the individual controller was not functionally examined for 
operating t h w .  

Control theory is presented here totally by illustration of hydraulic 
or pneumatic techniques. Eleciric-sl~ronie devices work on identical 
principles of operation only differing in component design. 

The approach presented is deliberately brief and simple. 

Terminology 
Correct tenninotogy for automatic control is given in British Stan- 

dards 1 523 Section 2, 1960. 
In the author's opinion the complexity of the definitions requires 

some simplification, the following ie an interpretation: 

Automatic open loop control system: 
Is one in which tfie control action is independent of rhe output. An 

example is a sootblowing system-the output could be the elean- 
liness of the tubes but this is not used in any way to control the 
sootblowing action. 

Closed loop control system: 
Is one in which the control action is dependent upon the output. 

The system may be manually or automatically controtled. Fig. 5.2 
shows the basic elements in a closed loop control system. 

The measured value of the output is being fed back to the 
controller which compares this value with the desired value for the 
controlled condition and produces an output to alter the zontrollad 
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REGULATOR PROCESS OETECTOR 

MnOMATlC REFRlGERATOR TEMPERATURE, 
STEERING GEAA POSITION 

FEED BACK 

COMPARATOR 
MEASURED VALUE 0, - 

Fig. 5.2 CLOSED LOOP CONfROLSYSTEM 

condition if there is any deviation between the values, 

Measured Value; actual value of the controlled condition (symbol 8J. 

Desired Value; the value of the controlled condition that the operator 
desires to obtain. Examples, 2 rev/$, 25 degrees of helm, 55 bar, 
- 5 O  C, etc. (symbol 0;). 

Set Value; is the value of the controlled condition to which the con- 
troller is set-this should normally be the desired value and for 
simplicity no distinction will be made between them. 

Deviation (or error); is the difference between measured and desired 
values (symbol 8) .  Hence 8 = 8i - 8, This signal, probably converted 
into some suitable form such as voltage to hydraulic output or voltage 
to pneumatic output, etc., would be used to instigate corrective ac- 
t i o w b j e c t  to reduce the error to zero. 

Offset: is sustained deviation. 

Feedback: is the property of a closed loop control system which per- 
mits the output to be compared with the input to the system. Feed- 
back will increase accuracy and reduce sensitivity. 
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CONTROL ACIIONS 

three basic actions will be described: (i) Propwrional; {ii) Integral; 
(iii) Derivative. An analysis of their wwking actions is given by 
distan-tirns graphs rather than mathematics because they give a 
dear pictorial representation. The slope of a distancetime graph is 
velocity: an inclined stmight line is constant velocity as the slops is 
constant, a cuwe of increasing slope rep&nts accelemtion, a cuwe 
of decreasing slope repr-ents deceleration. 

Consider briefly a human control loop: 

A man regulates a water inlet valve to maintain gauge level in a 
tank which has outflow demand. He is told the level required (desired 
value), will see the level (measured value), after a change he will com- 
pare his desired and measured values and decide a wurse of action 
(the correcting action), finally there is amplification and relay so that 
his muscles can operate the valve (correcting element). 

Proportional control 
Fig. 5.3 shows a simple proportional action control loop which 

appears to have the same effect as the human control loop. Consider 
say an increase of demand which causgs the level to fall and the float 
lever to open !he valve. Valve opening, by the simple lever principle, is 
proportional to fall of float. 

Consider a demand change: 

A point will be reached when the valve will be at a new position 
where supply equals demand and the level will remain constant. The 
level will not return i~ the original since if it did the supply would be 
back to where it was before the demand changed. Proportional wn- 
trol will arrest the change and hold it steady but at a different point 
from the desired value. This difference between new value of level 
and desired value of level is called offset This is the shortcoming of 
proportional control. 

Offset can be reduced by increasing the sensitivity of the system 
(ie. narmwhg the propcrtional band) e.g. in Fig. 5.3 move the 
fulcrum to the right, Le. small float mud then muses big valve travel 
so thai the level would not alter appreciably as it would be arreaed 
due to the large amount of entering water. There is a limit to sensitivi- 
ty increase because when the valve travel is large the inertia of the 
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Fig. 5.3 SIMPLE PROPORTIONALCONTROL LOOP 

fluid medium itself would resist such rapid changes and hunting and 
instability would occur. Decrease of sensitivity widens the propor- 
tional band 

Prowrtional band is usually expressed as a percentage (often 
'throttling per cent' on controllers). It is a measure of the gain of the 
controller, the narrower the band (Le. smaller the percentage) the 
higher the gain and the higher the SensitiviQ. For example a 
pneumatic temperature controller reading 400-60O0C, ie. range 
200' C and output signal 1.2 to 2 bar, i.e. range 0.8 bar, then the con- 
troller has a gain of unity (proportional band 100% if ZOO0 C variation 
causes 0.8 bar variation. If 1OOO C variation causes 0.8 bar variation 
then gain is two (proportional band 50%). Proportional b n d  is 
dsfined as that variation of the measured variable, expressed as a 
percentage of the range of the measuring instrument, required to give 
100% variation in the output signal. Proponional band is usually (not 
always) adjustable at the controller. 

A pneumatic type of proportional controller is shown diagram- 
matically simplified in Fig. 5.4. A set value of pressure Ps is es- 
tablished in one bellows and the measured value of pressure Pm is 
fed into the opposing bellows (the measured value of pressure could 
be proportional to some measured variable such as temperature, 
Row, etc.). Any difference in these two pressures causes movement of 
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Fig. 5.4 PNEUMATIC PROPORTIONAL CONTROLLER 

the lower end of the flapper, alteration in air flow out of the nozzle 
and hence variation in output pressure Po to the controlled valve. 

If the upper end of the fiapper was fixed, is.  no proportional action 
bellows, then a slight deviation would cause output pressure Po to go 
from one extreme of its range to the other. This is simple proportional 
control [output pressure change Po and deviation (Pm - PSI] with a 
very narrow proportional band width and high gain (gain = controller 
output changddeviation). Moving the norrle down relative to the 
flapper increases the senlivity and gain, and further narrows the 
proportional band width. 

With output pressure Po acting in the proponional action bellows 
the top end of the flapper will always move in the opposite direction 
to the lower end, this reduces the sensitivity and widens the propor- 
tional band. When adjusting the controller to the plant the object 
would be to have minimum offset with stability, i.e. no hunting. 
Commencing with maximum proportional band setting (20096) move 
set value control away from and back to the desired setting (step in- 
put) and note the effect on the controlled variable, using step reduc- 
tions of proportional band and upon each reduction a step input, a 
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' point will be reached when oscillations of the controlled variable do 
not cease, a slight increase in propodonat band setting to eliminate 
the o$cilhtions gives optimum &ng. 

Proportional plus integral c o m l  (P + I) 
In the human control loop p i o u s l y  considered offset would not 

occur, te. the operator would bring the level back to the desired value 
each t h e  after arresting the level. That is he has applied a reset ac- 
tion. Integral action is aimed to do this re-set i.e. P + I gives an action 
to arrest the change and than restore by reset to the desired value 
irrespective of load. Integral action wit1 always be occurring whilst 
deviation exists. 

Fig. 5.5 shows a diagrammatic illustration of the principle. Note 
the use of terns like valve posltioner, summing unit, two term con- 
troller. Fig. 5.6 illusttates integral action dgnal. Note that whenever 
the variable is away from the desired value (set value) the integral ac- 
tion Is alwap moving to cotma If offset is acceptable over the range 
of the variable then a simple proportional controller is acceptable. 

Fig. 5.5 PROPORTIONAL PLUS f NTEGRAL CONTROL LOOP 
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Fig. 6.6 

As another illustration of offset consider a mass oscillating on a 
spring. lhii  is proportional action. The restoring force will always 
kiw the mass to an equilibrium position for ftmt msss. Alter the 
mass (load) and a differant equilibrium position applieP-this is so for 
all different masses so tried. Desired value can only be achieved for 
one known maas w r h  equilibrium podt i i .  
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Controllers are usually arranged with an adjustment to vary the in- 
tegral action time (often expressed as 'Reset time' on controllersl. 
Integral action is always related to proportional control action. 
l ntegral action time, for constant magnitrrde error. may be defined as 
the time required by the integral action to alter the controller output 
by an amount equal to the proportional action. 

For example. if a deviation exists which causes a proportional cor- 
recting signal of say 0.3 bar then inbegral action starts. If it takes one 
minute for this action to add or subtract another 0.3 bar to the correc- 
ting signal then rhe integrator has an integral action time of one 
minute (or one repeat per minute). The shorter the time setting the 
greater the integral action. Too great an integral effect will cause 
overshoot past the desired value. 

Proportional plus Integral plus 
Derivative Control {P + I + Dl 

In the human control I- previously considered overshoot wou F 
not occur, i.e. the operator would not, whilst adjusting for offset, ga 
on altering the valve right up till offset was gone. The operator would 
start easing down the valve adjustment rate as the desired value was 
approached. Integral action must eliminate offset with a minimum of 
overshoot, this can normally be amnged satisfactorily with a two 
term eontroller, ie. P + I. However, a third term, derivative control ac- 
tion may be added as r damping action to reduce overshoot. 
Der-wtive control action is anticipatory. If deviation is varying the rate 
of change of deviation can be used to estimate what the final value of 
the measured variable is likely to be. If a cornml signal can be used 
based on the rate of change of deviation then the commlled condition 
can be wemmeted and so the likely deviation reduced Rapid 
change of deviation will give a large overshoot whilst a slow change 
will give a small overshoot When the variable is moving the 
derivative control action signal will set up a correction signal which is 
proportional to the velocity of the variable. 

Fig. 5.6 illustrates derivative action signal. Note that derivative ac- 
tion opposes the motion of the variable regardless of the desired 
value. 

Derivative action time is usually adjustable at the controller. 
Derivative action time. for constant magnitude error, may be defined 
as the time required for the proportional action to be increased by an 
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Fig. 5.7 PROPORTIONAL + INTEGRAL + DERIVATIVE CONTROLLOOP 

amount equal to the magnitude of the derivative action. The /ongar 
the time setting the greater the derivative action, ie. the more sen- 
sitive the derivative control. 

Contrd Action8 
Again briefly refer to fig. 5.6 which shows on the first sketch two 

deviation effect signals for fluid level in a tank For proportional acdon 
signal note on the second sketch that it is opposite to the deviation, 
the relathre heights of sketch one and two depend on the propattional 
factor between correction and deviation. For the integral action signal 
then for the value at any time on the third sketch think of the area 
developed at that instant on the first sketch applied an the opposite 
si& of the line, and to a suitable scale factor. For derivative action 
signal then the value of the signal on the fourth sketch is the change 
of slope of the first sketch, again opposite side of the line, i s  slope 
only changes at four points on sketch one and at such points the 
dsrivative efiect is acting almost instantaneously. 
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Summary 
(PI Proportional controb action of a controller whose output signal is 
proportional to the deviation. 
i.e. Correction signal a deviation. 

(I) Integral control: action of a controller whose output signal 
changes at a rate which is proportional to the deviation. 
i.e. Velocity of c o m t i o n  signal cc deviation. 
Object: To reduce offset to zero. 

(Dl Derivative mntrd: action of a controller whose output signal is 
proportional to the rate at which the deviation is changing. 
Le. Correction signal or velocity of deviation. 
Object: Gives quicker response and better damping. 

(PI Single term controller. 
(P + I) or IP + Dl Two tern controller. 
(P + I + Dl Three term controller. 

Pneumatic  ont troller {P + I + 0) 
Fig. 5.8 shows in diagrammatic form a three term controller. Set 

value control and proportional band adjustment have been omitted 
fw s impl ie i  (see Fig. 5.4L Often, conmller manufacturers produce a 
standard three term controller and the installer can adjust for type of 
control action necessary, 6e. either single. two or three terms as 
required. 

Proportional only: Integral and derivative action controls shut. 
pressure Po is approximately proportional to movement of flapper, in 
relation to node, by the devsat~on. 

Approximate six= are, restrictor about 0.2 mrn bore, nozzle ahut  
0.75 mm bore and flapper travel a t  n o d e  a b u t  0.075 mm. To en- 
sure axact propartionalh and linearity the effective ffapper travet is 
reduced to near 0.025 mm, giving less sensitih%ty and wider propor- 
tional band, with negative feedback on flapper due to inner bellows 
and pressure Po acting on it. Note: Whichever way the bottom of the 
ftapper is moved, by the deviation, if the top is moved in the opposite 
sense negative feedback, if in the same sense positive feedback. 
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FLAPPER 
\ 

mEssmE 
Po 

C )  

DEVIATION 

Jnti?gra/ add& (P + 1) 
This is applied by adding positive feedback with pressure P, acting 

on the integral action bellows iiegnl action time is the product of 
the capacity C and the resistam of the integral action contd R, i.e. 
RC (note the similarity with electrical circuits). Increasing R by dosing 
in the integral action control increases integral actam time. 

Derivative added (P + 0)  
This is applied with funher negative feedback with pressure P, ac- 

ting on the cierivatk action bellows Derivative action time is the 
product of the capacity C and the derivative action control resistance 
A. Imasing R by dosing in the derivative action eomrol increases 
derivative action time. 

Note: Integral action is very rarely applied on its own. Derivative a* 
tion is never applied on its own. 
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CONTROL PRACTICE 

Marine control systems are either pneumatic, hydraulic or electronic, 
or a combination of these. The electronics could act as the nervous 
system with the pneumatics or hydraulics supplying the muscle. The 
advantages of the systems will now be examined and it will be lefr as 
an exercise for the reader to list the disadvantages. 

Pneumatic system advmtageu: 
1. Less experrsive than ekaronic or hydraulic systems. 
2. Leakage are not dangerous. 
3. No heat generation, hence no ventilation required. 
4. Reliable. 
5. Not very susceptibte to variations in ships power supply. 
6. Simple and safe. 

E l m l c  system advantaaes: 
1. Fewer moving parts hence less lubrication and wear. 
2. Low power consumption. 
3. System is either on or off, with pneumatic or hydraulic systems if 
they develop a leak, or dirt entem the system, t h y  become sluggish. 
4. Small and adaptabla 
5. Very quick response. 

Hydraulic system advantages: 
1. Nearly instant response as fluid is virtually incompressible. 
2.  Can readily provide any type of motion such as reciprocating or 
rotary. 
3. Accurate position control. 
4 High amplification of power, 

Data logger 
The term data logger is loosely used nowadays to describe a broad 

range of etectronic systems that automatically collect and process 
data, some control and supewise the plant hence some data loggers 
would better k described as on-line computers. 

Fig. 5.9 shows a very simple data lagging system, the elements in- 
dicated perForm the following functions: 

I .  Sensor-trensducers. These are detecting mnditions and changes 



REEWS SlEAM ENGINEERING KNOWLEDGE 

SENSOR TRANSDUCER 
DETECTS CHANGE IN SYSTEM AND 
TRANSMITS AN ELECTRICAL SIGNAL 
PROPORTlONAL 10 THE CHANGE J 

CONVERTS SIGNAL FROM SCANNER 
TO STAISOARD D L  OUTPUT SIGNAL 
HIR A N A W E  TO DIGITAL 

DISPLAY 'UNIT 
GIVES WG PRINT AN0 
ANY POINT EXAMINNION 
AUTOMATICALLY OR AT 

-ALARM &STEMS 
AUDIBLE ALARMS 
V ~ U A L  ALARMS 
FAULT LOCATION AND 
ALARM PRINT 

Fig. 5.9 SIMPLE DATA LOGGER SYSTEM 

in the plant under control such as pressure, temperature, flow, level, 
speed, power, position, and are convening the signak received into 
proponional d.c electric outputa The term transducer means wmrer- 
sion from one form of signal to amher, such as pressure to electrical 
output, or temperature to pressure output, and so on, but in the case 
of the data logger system generally the output signals am electric. 
2. Scanner. Thii receives the d.c. outputs from the ssnsor- 
transducers, which are analogues of the phpical functions being 
measured, into its channels. There may be from 10 #, 1000 different 
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channels dealt with in mttton generally, but it can be equipped with 
random a&- facility. 
3. Analogue-d&Ita/ mnm?er. This wwkI incorporate the amplifier, 
the voltage signal received would be a m p l i i  and converted to 
frequency so that the signal is now in a suitaMe form for digital 
meawmmm and displsy. 

An on-line mmputer would have a programme stored within its 
memory and it would meam the digital signals from the analogue to 
digital w n m r  and canpare thw with iEs ptrrgramme. if these dis 
agree then the computer would ;Migate wmctive action. An 
automatic watch-kerning m r n  for the engins room would have in 
addition to the foregoing, a shut down protection of the main engine 
with an wernding facility in the event of unsafe manoeuvring con- 
ditions, automatic cbange over to standby pumps and emergency 
generator, automatic bilge pumping and twnd monitoring, this gives 
early indii ion d d b l e  malfunctions. 

In the event of an alarm limit being emceeded (limits are usually sst 
by pins in a matrix board, but with trend monitoring. alarm Iimits can 
be varied automatieally with ambient c m d i t i i }  a kIaxon will sound 
and e fiashing window will identify the charmel. The kiaxon can be 
silenced by pressing an alarm acknowledged krtron, but the window 
d l  remain iltuminated umil the fault is rentdid. The alarm condition 
and time of clearance win be automatically recorded. 

AH r e d &  data has time of recording a-iated with it and 
mwns am provided Yo enable th time to be adjusted to ship time, 
alarm p r i m 4  is often in red. normal in black. Most modem data 
lagger systems have digital dihy of measured values whereas older 
types gave analogue display, gueh as voltmeters whose pointem 
traversed scales marked off in temperature, pressurn, level, e?c. 
Digital di i lay is clearer, more accurate and reliable and by using 
frequency as the analogue of voltage there is greater M o m  from 
drih 

Sl id state devices and printed circuits are extensively used in the 
data logger system, t h w  incrsass the reliability. simplify main- 
tenance, are most robust, withstand vibration better and are eheaper 
to p d u m  

Soma Typiwl Control Loops in Use 
MaJm steamships now utiiise a high degree of control. The 



REED'S SEAM ENGINEERING KNOWLEDGE 

number and complexity of bop has increased rapidly and as a guide 
some well prwen systems will be daubed. 

SootbIowlng m a r d  system 
These systems may be elemicaliy or pneumatically controlled, Fig. 

5.10 shows a typical pneumatic system inmrgorating, in sequence, 
retractable blowers and then rotary blowers. The blowing m d u m  
may be steam or air. Steam would k supplied to a header arranged 
with automatic drainage via steam traps, warming up is ac- 
compliied by incorporating time delay in the c o m l  system. 

I - POWER AIR ----- CONTROL AIR 

FILTER 
LUBRICATOR 

BLWVlRG HEDlUM 
STEAM OR AIR _I_ 

Fig. 5.10 SOOT BLOWER CONTROL 
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Power air at a prsssure of about 8 bar is supplied to the system 
and the operation sequence is commenced upon depression of the 
start button. This admits control air to the diaphragm controlled valve 
for the blowing medium and to the timing tank via the orifice. 
Pressure will gradually build up in the timing tank thus giving time for 
warming up of the steam header and connections together with 
effective drainage. When the air presure reachm a predetermined 
valud the pressure switch opens to admit eomrol air to the first 
diaphragm control valve for blower operation. 

Power air now passes to the air motor control valve, picking up 
lubricant in the ptocw. The blower then moves through full travel 
out and returns. When fully retracted a trip operates to shut off power 
air to the blower, the wwer air can now pass via the motor control 
valve to the transfer line and become the control air for the next 
blower diaphragm control vafve. This process is repeated until all 
retractable blowers have been operated (or by-passed if required). 

The next blower in the sequence may be of the rotary non- 
retractable type, transfer air from the last retractable blower becomes 
the control air for the first rotary blower diaphragm control valve. 
Power air passes to the three way valve and air motor, the motor 
rotates the blower element through a certain number of revolutions 
after which the three way valve cuts off power air to the motor and 
permits it to pass as control air to the nea rotary blower diaphragm 
control valve. 

This is repeated until the last blower in the sequence has operated. 
then the wmrol air from the last three way valve resets the start 
button. 

With the start button reset the mntrol air to the blowing medium 
diaphragm control valve and the first diaphragm valve for the retrac- 
table blowers goes to exhaust and the valves close. All other 
diaphragm control valves have orifictces fttted through which control 
air b l e d  to atmosphere causing the valves to dose and the motor 
control and three way valves ta reset to their starting position. 

De-aerator level control (Fig. 5. I 1 1 
The tapping points a t  the top and bottom of the de-aerator water 

storage tank are led to a differential pressure transmitter whose out- 
put air signal (range 1.2 to 2 bar) is proportional to tank level. 

The output signal from the differential pressure transmitter is led to 
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CONTENTS 9 GAUGE 

t4 PRESSURE 
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TO D.W. EXTRACTION 
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OSPHERlC 

AIR SUPPLY 
1.2- 

Fig. 5.11 DEAERATOR LEVEL CONTROL (SPUT RANGE) 

a P + I controlk where it is compared with the scrt value, any devia- 
tion results in a change in controller output signal to the valve 
positionerS 

Valvle positioner A is actuated wer controller output range 1.2 to 
1.6 bar and vahre w w r  B 1.6 to 2 bar. This is known as split 
range (or split level) comrol, at 1.6 bar both valves woukl be dwsed. 
Thm is an adjustalde dead band over whih both mbas would be 
cbsed, this allows the swge cap8city of the de-aerator water swage 
tank to be used. 
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Pressure switch- actuate audible and visual alarms in the event of 
high or low water level in the tank. and tank contents are displayed on 
a gauge. All diaphragm valves are provided with hand jacks for 
manual operation if required. 

This tevel control system is part of a more general wntrol arrange- 
ment in the closed feed system shown in Chapter 6 to which the 
reader should refer for further information. 

Feed water comrol 
1. Single element control-the element is some form of level con- 
trol which has already been discussed in Chapter 1. 
2. Two element control-elements are steam fbw and level 
measuring each of which sends out a pneumatic signal proportional 
to changes in its measured variable. Fig. 5.12. 

The steam f b w  signal passes to the relay which transmits a signal 
to the valve positioner, via the hand auto unit, which alters the valve 
position an amount proportional to the steam +. By correct adjust- 
ment of the proportional band in the relay and correct setting up of 
characteristic in the valve positioner it is possible to match changes in 
load with feed. 

The water lwsl  signal is fed into a P + I controller whose set value 
is adjusted for desired level of boiler wWer. Any deviation between 
measured and desired values results in a change in output signal from 
the controller to the relay. This signal is added to the steam flow 
signal and is used to correct deviation in level which could occur due 
to unbalance of boiler feed in and steam flow out, the latter may be 
due to continuous blow down being put on to the boiler, for example. 
3. Three element eontroC--slements are: steam flow, feed flow and 
level measuring, each of which sends out a pneumatic signal propor- 
tional to changes in its measured variable. Fig. 5.1 3. The relay com- 
pares the two signals from the steam and feed flaw transmitters and 
if these are in the eorrect ratio, e-g. 1 : 1 if no continuous blow down, 
it transmits a signal to the P + 1 controller corresponding to the 
desired level of water in the drum. This signal is compared with the 
measured value signal being received by the controller fmm the level 
transmitter. Any deviation results in a change in controller output 
signal to the valve positioner. 

Considering an imrease in steam flow, this would lead to a reduc- 
tion in drum pressure and a rise in water level (swell effect). When the 
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Fig. 6.12 2 ELEMENT FEED WATER CONTROL 

steam flow incream the f e d  valve will be opened to increase feed 
flaw despite the fact that the water lml has risen, however, the 
water level Ail gdually return bo its desired value and a new boikr 
throughput mists. If the eontd ~ t e m  ware single element. Le. level 
control only, then upon steam flow inmeasing and water level rising 
the feed valve would c k e  in-this at a time when steam demand 
has increased is satisfactory for bw d boilers, but totally un- 
satisfactory in highly rated boilers. 

Signals from the three stemems can k transmitted to indicators 
and or recorders if dwired, 8 b  a handlaurn station enables the 
operator to control the position of the feed vatve remotely if required. 
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STEAM FLOW 

----+-- 

Fig. 5-13 3 ELEMENT FEED WATER CONTROL 

Steam temperature control for ESD I I I and 
Radiant boilers. etc 

Fig. 5.14 shows a pneumatic control system for final steam 
temperature. By regulating automatically the amount of steam going 
through the attemporator (steam cooler) whilst still maintaining full 
Row through both superheaters, final steam temperature can be 
controlled. 

The steam flow transmitter gives a pneumatic output propottional 
to steam flow which is fed into an adding relay, the other incoming 
signal to the adding relay is from the steam temperature transmitter 
(output propottional to temperature) via the P + I + D steam 
temperature controller. 

Output from the adding relay passes through a hand-auto control 
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Fig. 5.14 STEAM TEMPERANRE CONTROL 

station to the valve positionsr. Shown in the diagram are linked con- 
trol valves with one vahm positloner, however, two valves whh 
posithers operating on split range control is an alternative.' 

By using a two element system better control over steam 
temperature is achieved during transients, e.g. if the demand sudden- 
ly increased, increase in steam flow wwld be accompanied by a fall 
in steam temperature. However, due to increase in steam flow the 
control system reduces amount passing through the attemporator 
tending to keep steam tempemturn up. The temperature mtrollrr, 
whose set point wm be adjusted remotely, would act as a trimming 
device to restore steam temperature to dehxl  value. 
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Combustfon w m l  
Wth stricter enforcsment of the dean air am coupled with the 

need for fuel economy and good integrated overall control, a combus- 
don c o d  arrangement for boilers is essential. Automatic combus- 
tion control was previousty wed only at futl power, but because of 
modem demands outlined above the control system must be capable 
of functioning effectivety during rapid load changes. 

Ag. 5.15 shows such an artangemertt The steam pressure 
transmitter sends out a change in pneumatic signal, gmportional to 
the &an* in steam pressure, to the P + I steam pressure controller. 
This signal is compared with the set value and any deviation results in 

' -  

PRESSURE 
TRANSMrnR 

r----- ---+--*m , INDICATOR 

AS 

FUEL AIR 

I 

Fig. 6.16 COMBUSTION COMBOL 
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a eontroller output signal ehsnge which is fed to fuel a d  air mtml 
b p s ,  since a change in fuel supply must be accompanied by a 
change in air supply. 
Measurement of air flow is fed into the ratio and limiting days. 

Since the air pressure diirential range being measured by the air 
flow tmnsmhr  is small. 0 to 20 m bar. and the full range of 
transmitter w@ut dgnal is l aw ,  1.2 to  2 bar, the output signal 
changes from this trrrnsmitter covem only s small part uf the design 
range and hence have to be amplified by the ratio relay. 

The gain af the ratio relay a n  be adjusted remoteiy and hmw its 
output to the fuelhir ratio controller can provide variations in the 
fueVair ratio. 

Fuel flow changes result In the fuel flow mnsmitter producing e 
pneumatic output -ha1 to ihe change which is fed into the 
fuellair ratio wmrdler. Output fmm the fueVair ratio eontroller is fed 
into the P + I wntroler whosa pneumatic signal change goes to the 
piston posioioner (ppl for eventual alteration in air supply. 

When steam demand increases, and hence steam pressure falls, 
more fuel b required. But it is essential that this be preceded by in- 
creasing air supply. In order that the fudair mtio b not disturbed, the 
master fuel demand signal fmm the steam pressure eontroller and air 
flow signal are compared in the limiting relay. The purpose of this 
relay is to delay an increase in the fuel supply until the air supply has 
been increased. 

Con-ly when sieam demand falls the change in oil flow leads 
the change in air flow. 

The master hadauto unit enables the operator to act as the 
steam pressrum controller when on hand &mL 

With some combustion control systems the steam flow measure- 
ment from the feed control is fed into a relay along with the signal 
from the steam pnrssure transmitter before the steam pressure eon- 
troller. This arrangement g b  better mpmse and closer relationship 
between steam demand and boiler output. A h ,  instead of dampsr 
#mml with a constant speed fan for air supply an alternative set up 
is to control the fan speed. 

Wide range fuel oil bwners are a very deslrable feature with wm- 
bwtian contml as they allow manoeuwing without the t w d  to 
change burners or to incorporate a complex automatic lighting 
sequencs with its attendant problems. Steam atomisation fuel 
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burners having a wide turn down ratio may be used during 
manoeuvring with change over to pressure atornisers at 'full away.'This 
gives water economy since steam ammising units can use up to 0.75% 
of steam output. 

Bddge control of turbine machinery 
Instrumentation and Alarms 

For the bridae console the least instrumentation and alarm the 
better, Janns should be essentials only and instruments only those 
vitally necessary. Suggested alarms could be: 

1. High salinity. 2. Low feed pump suction pressure. 3. High con- 
denser water tevel. 4. Low vacuum. 5. Lubricating oil pressure. 6. 
Tank contents low level. For direct instruments opinion is divided but 
no more than say another six indications should be necessary. Engine 
comb and alarms would obviously provide full instrumentation. A 
typical simplified system is &en in Fig. 5.16. This system has direct 
control at steam manoeuvring valves 

n i s  is essentially a combination electro-pneumatic although all 
pneumatic or all electric can easily be arranged. 

The following points with reference to Fig. 5.16 should be noted: 

Selector 
Bridge or engine room control can be arranged at the selector in 

the engine room. When one is selected the other is ineffective. 

Dupli&in 
Both transmission control systems are normally identical and 

operation of the one selected gives slave movement of the other. 

?roeramme and timer 
The mmct sequence of operations is arranged for the various ac- 

tions, For example, if we were manually getting the plant ready for 
manoeuvring then some of the following operations, and whets 
required in correct sequence, would have to k done. 

t. Steam raised in boiler. 
2. Condenser circulating water on. 
3. Lubricating oil circulating. 
4. Drains open. 
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Fig. 5.16 TURBINE CONTROL SYSTEM 
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This then is part of the job of the programme and timer unit, all of 
the above together with other operations would have to be satisfac- 
torily accomplished before any signal passes to demand opening of a 
&am supply valve to the whines. 

Timing relays are incorporated to prevent excessive apead 
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changes, by too rapid signals, which would endanger engines and 
boilers The rate of opening of the manoeuvring valve is generally 
controlled, as sudden opening or closing would give insufficient time 
for the boiler to adjust itself to the new conditions. An emergency 
swing from say full ahead to full astern would allow astern braking 
steam usage under time controlled conditions. 

When manoeuvring. a mode switch would be put in the on posi- 
tion. This opens the astern guard valve, shuts off bled steam to 
heaters, operates main circulating pump at high speed and opens 1.p. 
drains if speed falls below a certain value. 

If the turbines are stopped during manoeuvring they would 
automatically go onto auto-blast, be. the automatic time delayed 
opening of the ahead and astern sieam valves for short periods-this 
can be Mocked if required. 

Protection devices and safety interlmks would be incorporated in 
the control system some of which could be: 

1. Low lubricating oil pressure. 
2. Electrical kilure. 
3. ~ i ~ h  or low water level in boiler. 
4. Condenser circulating water. 
5. High condensate level. 
6. Low vacuum. 
7.  Turbine overspeed. axial displacement and vibration. 
8. Tuming gear in, e m  

Controllers 
These would genewlly be P + I together with trimming relays. The 

steam pressure feed back gives accurate positioning of the valve for 
desired pressure and the speed feed back is arranged so that 
difference in speed between measured and desired values causes an 
additional trimming signal to the controller. This may be necessaiy as 
pressure and speed are not well comlated at low speeds. 

With speed feed back incorporated into the system the speed is 
controlled a t  a dasired value irrespective of changing conditions. 
Without it frequent changes in control settings would be necessary to 
maintain steady rev/min. 

In the event of emergency direct hand control of the manoeuvring 
valves can generally be employed. It may also be passible to go from 
automatic to manual remote conml. i.e. positioning of the valves by 
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means of their actuators by controlling the change in air, electric or 
hydraulic signal to them. 

Outline Description 
The following is a brief destiption of one type of electronic bridge 

eonml for a given large single s c k  turbine vessel to illustrate the 
main essentials. Movement of a eontml lever mdifies the output of 
an attached transmitter (electronic signal &I0 mA d.c.1. The 
transmitted signal is passed, via override, alarm and cut out units, to 
the desired flow module which is connected to a time relay and feeds 
to the conwoller. The electronic controller compares desired s p e d  
with actual speed as detected by a tachometer generator and d.c. 
amplifier. The correct controller sign8l.i~ passed to the manoeuvring 
valve positioner fmm which a reium signal of camshaft position is fed 
back to the d.c. amplifier, thus giving the command signal to the ac- 
tuator reversing starter. 

The two control levers are independent and do not follow each 
other. an engine room override of bridge wmrol is supplied. The rate 
of valve opening is controlled by the actuator so that too rapid valve 
opening k prevented by a time delay. full normal valve operation shut 
to open or vice versa occurs in about one minute, this can be reduced 
to about 20 seconds in emergency by full movement of telegraph 
from full speed direct to, or thmugh, stop. 

A near linear revlmin to control lever position exists. Autoblasr 
refers to the automatic time delay opening of the ahead manoeuvring 
valve for a short period after a certain length of time stopped-this 
has an override cut out for clew docking. etc. 

With regard to overall equipmem for automatic eontrol and cen- 
tralisation then obviously each ship will have an individual require- 
ment varying with degree of automation, ship type, amount of in- 
strumentation, etc. 

Soearn flow control 
I .  Throttle valve control 

This is the simpkt method of control. As the valve is closed to 
reduce steam flow, throttling of the steam takes place, Le. a reduction 
in pressurn with constant enthalw (i.e. constant total heat). Fig. 5.1 7 
illustrates different amounts of throttling and the effect ab represents 
available heat energy per kg of steam, as the valve is closed in to 
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reduce pressure to c or e the heat energy available is reduced to cd 
and ef respectively. This repnrsems a thermodynamic lass. 

2. N o d  valves 
By grouping the nozzles and cornrolling steam supply to each . 

group, steam flow can bs sffecrivdy a l t d  without causing the 
available heat energy per kg of steam to be altered. This gives im- 
proved efficiency. fig. 5.1 8 shows the bar lih, cam operated d e  
valve control. The bar lifts the ~ m l e  boo! valves in a predetennind 
pattern depending upon power required, when it is at F all valves are 
fully open. 

3. Hybrid 
is a combination of throttle valve.and noale valve control. 

One n o d e  group, about half the total area of the no~les, is con- 
trolled by the throttle valve and the remainder by the nozzle 
valves-throttle valve combination. This reduces throttling loss at low 
powers. 
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4. BY-### vet#$ 
When full prsswm Is appllsd to all d the ftrgt $mgs nomlss the 

stmmm flow, whieh is dependent upon pr~ssura drop through the 
narrlm m d  tomi nwlr  amr, ern be Incnmd with by-pwrlng. The 
h-pw MIVO m h ~  starm from thr flmt rcsgb md d r t h m  It to e latar 
ap -re the m e  arm b largo rneugh to pd# tb ddmd Mwrn 
flow, Hmco the power la Inemaasd, It would kr mlble  to wntrol 
rtlsrn f k  w turbinu by varying the bdht pwwro, but the thwmol 
Ing Invofwd would &ludr thk be. thm mpmw to a W l m d  ohmgo 
of steam flow would be too 6low. 

TEST U A M P L S  

C l r u  2 
1. h c d k  h m  liquid level and revolution# per minute may be 
wmmtad to mLPctrlwl llgnmlr for I data l w r ,  (Eleutrotechnolcgy 
Paw). 
2, b l a h  the meaning d the undermemioned terms ralating to 
autarnatle mtd, a,: darimd value, emr d g ~ 1 ,  detecting dmmmt, 
fwdback, wrw motor, m M  a ~ o k  - 3, Plleuol thm pmblsrnr Invokd if normal watohbs were die- 
pwwed with and the mechlnery of a large stsumship ww mntmlled 
frem the brldw. 
4. PwMb 8ny typr of pnoumatb commllsr and 8me Its pankular 
function. 
6. With roferrncs to control sysOsms sxpldn wlth the rld of 
dlsqnms what b meant by the following: closed lbop wntrol, devh- 
tlon, affut, propmlonml conwol. 
6. Skrtch and dmcrlbe a two damem kd water control swtarn 
and -lain what happmnn when m m  demand mpfdly vrdma 

CI#m 1 
1. Wlth r e f e r n o  to date Iqglng system, explain tho following 
trrms: 

(P rmrlng dwlea 
Bi) scanmr 
(HI) tmduesr  
(Ivl mHng unit 



2, Pwctik an autommtlc swtblwvlng W s m  wltabls fOr a wwr- 
t u b  hlkr. b l l n  lhm rquanm of operation and glve a mawnod 
~ l s m l o ' n  far the pamm Momd 
9,. Doseribs gsnsmlly ths euasnttdl fu&tura$ qf a s w t w  *r ramow- 
ly wrntrolling the moln sngkw and malu spseHlc refemnos to thb 
rmnwmenm hr: 
bl rewrrlng, 
(bl ohmglng w load manual oonaol. 
4. WO#I tsrsnnoe to an aummatfu ambustfon control w a r n  d 
mmhm watu tuba boilm, -bin: 
( I )  tha oprrrtbn of the mutrr wntrollor following variation in 
swam pnmun, 
(b) why the pnrsun drop r e m a  thm ilr roglmn k rnrmurd, 
(c) how tb alr fuel ratlo I8 rdjulard, 
(dl the mngemem rdoptsd to mablo mntlnumd opwtbn In thr 
w n t  of faIlun d the meehant6m of a k d a l l  flow ngulrtlng v m k .  
8. In 8 modem rtaam pbnt explain what oontrob are u ~ d  for 
doallng wlth lrrgr dlffrronwm In wrtmr cankd In thm ryrm bet- 
lull m r  snd mtnfmum power, whom tho make-up watw pusen 
through 8 mlxd b d  d+mhenlhdon plant 
8. Wlth refmmnce ta the data lmger in a centralid m t m l  w a r n ,  
srsplafn thl  advonuga of (el m electric Wmm, Ibl a pnoumatlc 
syntsm. 
7 Explain tho W f i  Qf throttling the mrm a a turbine wlth tho 
mmnosuvring valve and whh the w n l a  valvsa 



C H A r n R  8 

FEED SYSTEMS AND AUXlLlARlES 

That pan of the thwmadynrmio rtrrm eyclr which Ikr batwmn 
wkuot amrm Iwvlng the mgfns and m r y  Of f e d  watrr to the 
Wlmr, Including d l  srurllimy equipment and f l t t i r ~ ~  In the line, wn- 
rtltutu thm f a d  myltam. 
A# a broad dr#lllcnlon thlr wbjwt wn conwnlmtly br rplh up 

Into three maln rwtlosls, nam.ly, won faad ryrtmnu, e l a d  frd 
syetlms end miseelbnsour mlatd equbmmnt, Each i e d  8 W m  will 
k dsseribad and then all u n b  eonetltuting this ayatem wlll be con- 
adwed Individually, ffnally equipment dated to fed system8 will be 
aonddered 

OPEN FEED SYSTEMS 

SuFh feed systems w m  installed on mo$t m a m  reelprodnq and 
steam turbine angine plan- built behm 1945. fhe plant had the 
p o t  n h n m a e  d dmplIchy but the n d  for mexlmum heat reten- 
tion in f d  wrtu  1# hfghar emisnelsa, c h r  comrol d de- 
orntfm for uss with w- tube bollern In pmlwlar. a, memt that 
the symtem was stuadtly tmprovsd until it was totally supmded by 
the clomd f e d  sym, 

A typiepl opon ked mrn clreutt Iu as dwZohsd In Ftg. 6.1. 

Rafawing to flg.6.l. 
fhlr rV;tarn would bm rultabla for uw wlth low prmamrm b o l m  

md omm turbine& A typtoal set of p r e s e u ~  and tsmperawrss to be 
r w d  rn ahown on FIg. 81, for Inhiml ltslrn condhbs: Bollmr 
Stearn pre6uun 21 bar; wmgrntun of +earn 3 3 V C  (1 lBeC of 
suprhemt): mtuntbn tempnmn 2 I P C, 

hot*: 
I, fhrt t h ~  v w u m  .hewn mt thin I.I tmmprrmn k very g d  for 
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Pig, 8.1 OPEN FEEDSYSIEM 

awh r sworn, It fs baud on 760 mm Hg buommtu. 1. That tho oir- 
culatin~ weter tempemure dthmt la l  le about 8* C, 3, UndercwlIng 
at the oondmnwr 18 r b u t  1,7@ C, 4 Tho b l l  tompenture lr \my 

dependmnt on the amoum of heat In Ilvo and rtrhnurt rtrrm dmlw w 



Id beck 6. Only me rurfacs feed herter would normally bo US&. 

Watsr v a h  a d  unit valws ham Fe omitted for sirnplielty, 

Rmfsrrfng to the sywam directly: 
Tha wth of the h d  water from oondanrsr to bollen can be cbnrly 

sern. Tha air pump has no duptlcatbn md oped Ir only eontrollrd by 
the hand petting of the steam Hop valw. F e d  pump am dupllmd 
and am $pad mtrollud by the watm llwl In the hotwetl w in the 
d.c. hamr  (flm opmmtw r rotatabla plug whh porn In the nram 
llrie]. eondsnmw pumps m dupllcstd a d  m md wntrdled 
from the wrtw 1w1 In the hotwll. 

For manmwrlng, to prm wsrheatfng at  the d.e. heater, s t t h  
(a1 d.~. heater steam is shut off only or (b) d.e. heater steam is shut 
off, con&mnmm?m pump hut down md frmd pump draws d i m l y  from 
the howdl and 6lW8 dlnctly to thr aurhw hwter. 

For pon use one of the oondensaw pumps Is uttllssd ae a herbour 
fmud pump. T h m  mrprlllary d m r s r  supplies to the W e l l  and the 
hmrbour f e d  pump dellvan to the bollu via the aurhw fed  hwtrr. 

Unlem waor tube bollem am fitted h I8 not mrentlal to utllbr a 
bollof feed w w r  muletor with the open fwd wtem. 

f hr lndhridurl 8@Il#ry u~IU Wll bs ~mfd~nd.  

A(r Pump 
A goad armpie d an Rdrwndmt pump m usad wlth an ddw 

turbhs plant 16 the kr-n 9 r  pump. 

RWrrlng to Rg, 62. 
Thb pump k twin bamlld, effscdve amkb about 0.8 m and 

diameter about 0.0 m, The etwm d r k  Ir trom 8 eonwdonsl steam 
cylinder mnd vrlw gear and durn ta the fularum armngernent both 
ptungmn an udlbd wlth a b u t  nlna double strokes per minute. 

Fwt, buckat, h#d and paragon valwr mrm d thm circulsr p l m  
klnphom typr with the p a w n  cheat extending prrtlelly around the 
oireumlsr#lm of both chrmbero, thm b u o m  ere fitted with &nhe 
rinfi* 

M n W o  of ope-n: 
On th. p l u m  downdmka mlr wpwn p#s rbw, thr b u c k  

through tho prrrgan v r lw  chwt whom thr prouun 11 mbout 0.04 
bw. Near h a  W m  of t)H rtrokr wrtmr prww thmugh tho buekot 



FIB. 6 2  PARAGON AIR PUMP 

w l v n  on to the top d the bucket On thm upstrnkm alr a d  water am 
dlfiehrrgd abwe tb b u w t  whtlr w ~ e r  Ir k i n g  drawn through the 
toot valva6. To improve #fllolmney, air Ixtrrctlon lp #dated by umlng 
an alr ejector, The ah I8 d d  and d u a d  In volume In the eJenor 
wndenwr ~ b l n g  up heat to the efteulating W e n o e m  the air 4 e e  
tw k not normmlly used durlng manosuvrtne as owrhsstlng can 00- 
cur, the pump alono wonting qulta I dsfactory vacuum. 

Sapsrate handling of wndrnsste and air vapour s t l m  fuH wllmg 
offact on th alr vapoum to mduw w mtnlmurn vdumr whlk main- 
taining full b a t  tn t)# concknsstm. 

Note: 
8s- the lntroducthn of thlr pump tha Dual ak pump waa used. 

thls pump wm dmllar In mnstruatlon, One band war wad a8 the 
wmt pump handline wndmwte end th other w the dry pump 
handllng alr wpoum, no rlr ejsewr wna utllkd, the wet pump 
operating temywmre bdng about 80 C above t h ~  d the dry pump. 

Thr dry pump warn m o l d  by o closed elmuit d frooh water, -led 
by a mall  uondenser, my  exoms wawr and the rlr vmpwm khrg dk 
cbrgmd through r oprlng loadd vahe to bdow the wet pump bad 
u a h a .  
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Fundan of sn Air Pump 
Flmtly to wlthdrsw air repours from the d e w  to melntaln aa 

hlgh 8 vacuum w mbh to nduce beck m u m  and Increase 
srcpansim work 

Sscondly It Ie to withdraw the eondensate st ths hlgheat r~wslble 
temperature. 

It should k noted thrt th 8fw Ir gwsmd by n1~wlumr (dwld 
vowurn) and the pumpn prevBoudy dmrlbsd only Itft about 12 rnm 
drpth d wmtlr par amka on top of thm buelwt 

Adwmrgw of Inkpendont Pumpr: 
lndepsndsnt pump hws the advantage of bpd4d control so thrt 

ldjlutmrnt a n  be 'made for higher vwwum md afFieienw. Minet 
thlr, tha flnt cwt, mmlntmrnca mnd runnlw cwt a n  wluiwly high 
compared to modrrn mnmngmmmtr, 

Fad F i b m  
Guetkn filten a n  usueHy Inmrporated imo e oomblned gravkatfon 

fmd filter, hanvoll and float tank. A common type Is am sketched In 
Flg. 8.3, the opmradng prlnelplr of whloh can easlly be reen. Them 
fIltrn are u h l  In dder otoorn turbine plnnts, with etwm drtwn 
auxlliariss 61 the rrclprocrtlng typs for ths rsmml of lubricattng 011. 
In modm Cud syaems k8krt type filters would be fitted before thl 
fwd pump ouctitions and after ths dssmrawr, 

Discharge fikea, In pale, are uwrlly of h l r  felt or fabric rnelossd 
In a praasurs &sD for p w u m  to 4.6 bar, metrllle flltare am 
prderd'for hlghsr prsewm. 

WITH TERRY TOWEUlNO 

Fb,  63 GRAVITATION FEEO FILTER, HOWELL. FLOATTANK 
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F u d  H u t l m  
Surlaod bed hmn haw a numbsr of &vantages over dlrect eon- 

tact heatem, L~ 1. NO poosfbla mntamhath frwn auxiliary steam. 2, 
Require h opmtlng m m t h .  3. Hlgharhod tmmparmturpr can ha 
obtaImd. h thm faad 1s hrrtd n dioehrrge prl~surd thln ir no flrsh 
otr to asam whleh a n  mum much trouble at ahs suotlon eldm of a 
pump wrklng from rn d . ~  h b l r ,  

Thm mrthod utllhd for f& hwtlng bp& v q  mush on ahs 
dant design, +As muoh heating as posolble, up to about 104* C. is 
lchlawd brfon thm f d  pump by utlll~~mtlon of llw drafnr a d  
exhurt stram. The degree d hsatfng the had pump dlsuhargs mast 
&pride on the flnal tempemtun deelmd at the bdler. 

In wnmrml not rnm than thnr mtdgu of hod hmatlng wwld ba 
utlllold, Le, two heat= and bellmr ~ n o m l 8 s r  ar thnr heatam, In 
marlne pnetlue. Some mral maidemdone relmting to feed bating 
will rww ba conrldmnd, 

F#ad Watsr Hertin# CondMun~ 
All of $16 latent heat and all or part of the wnalblr heat a n  be 

mined within th* $y#em when bled warn (or woew 6team1 hbadna 
b uwd. 

With b l d  asam at raubn than allowanoe mu$t be ma& for 
d u c d  meas flow after extrmbn point, thh la normalfy done at the 
design smga 

' The advantages d fied hmdng mm: 

1, Impwad thwmal f lekncy, 
2. hUm hart utlllmtlm 
3, Asehw dbssradon, 
4. Prownto high tompereturo dMmrentblr at bdler. 

Steam nhould normally be extracted at tho lowea poedbls 
pnsoun with wffident tempontun difhrlntiol for hsPt flow. The 
W a b  swam prrrwra 18 normally srrsngd to be rbwt 5.B°C 
Bbwo the toed water outlot trmporsturo. In land p n o t i ~  multidrge 
c d r  hrating Ts usad, with say ah hr l tm,  whkh Ilmlta the fwd 
tempnntum rbe w hWer w 2 P  C to 3C C but hlghrr dlfhnntlrlr 
In v u l m d  In marlnb prmks as wstght f a e m  normally limt the 
numbar d heater& 
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Typw of#- 
lltssr am normslly daosffkd @a low promum (wtmetlon pump dfs  

ehsrgs aids) or huh prmwrs had pump dbcharne rlds). Examples of 
low p m m m  batem em dlmet contact hsmrs, dmin eaolmm atc. 

Suah hrsten m y  k horizontal or -leal, the latter har the ad- 
vmtam of lepr waw requirement for tube nsst removal wlth ths 
ovarhoad cmm gear. Hertln om either Ptralght bbs or U tubd, 
tubrm of d l d  drawn l t l o l w  braam, 

Air v4ntr m pmldmd, profmbly alturtd mt tho m m p t  distoncs 
pmdk trom ths dtsem lnht 8s rlr mprmtlon Inmam8 wlth din- 
mw. Such vem we uwally I d  to the condensar. Alr 8wlowly 
raduesl hmrt tmMfrr ratm in any halt slwhongw. 

Drrinrgl d hutom Is by float mpr, &#In pump, loop mat pipee 
or dl- vmhn control, 

Tha D M  Contact Fmd Hmw 
Referring to Rg. 6,4: 

had water, from the oondewete pump d i i r r g r ,  emrs  through 
r spring lorded f a d  hlmt wlvo. The muddm prwsuw drop and 
temperaturn rim to whlch the fnd wntu Ir rxporsd dht lw ly  
lbrmtea the air. The wmw Cllr thrwgh the perbated Mindor and 
thmre ts IntlrnaG mixing of water and omm. 

Water ImI 11 controlled by a float whkh wntrolr thr sped of the 
fssd pump 

l%m hmtw k Intended for uw wlth low p w r u ~  whaust steam as 
the feed outlet tampwoturu Is Ilmltud w that & mtlshtory wctfon 
can be mrlntalnd at the bollor hod pump, Thus it is usually found 
thmt thh hroter la dtuatd hlph up In tlw engine room, a t@ outlet 
trmprmtuw of 11 B* C would rmqulm the ham at hast 8.3 m above 
the fed pump. 

It wtll bs appmalstsd thn drr pdnclpk d opmmtlon of thm d& 
hestar 18 I n  obvloue ln#duePkm to tf18 W r m  dwerator. , 

The aurr'aae feed hater 
m l d e r  the skmh of the aurtam heater: 
Tha tub- are errpmdd lnto the Wed a d  free (to d k w  for expan- 

don1 wbrplaber, mccm plug# baing provided in the outrr wring for 
mxamlnatlon, fhn tmrnpmmtura of fhr fmmd dapmda on thm prlrmun of ' 

thm milrble Itarm, th.n Ir no Iim#mtbn on thr ground# of 
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10 ST€* eONTRO1 
FOR FleD PUMP 

FEED OUTLET 

Flg. 6.4 Dl RECT CONTACT FEED HEATER 

vapourfsatlon as ths fwd is hsamd at pump dkehrrgr pmuure. 
Exhlurt rtmam at about 1.4 bor gouge wwld give a teed temperatun 
of about 102*C whiln Ilw 8tmm at 8.3 bnr would glvr o had 
tempmturs nwr 160P C. The heater OhOuld be operated to maintain 
about + gklo for mmt mfllcmnt mddng, dwlgn is multipass to 
n u r e  maxlmum headng surlam, baffles am M a n  prwldld to dl#- 
tribute the eteem flow, air relearn arnd asam boiling out tannectbn8 
m r a  prwidmd. Wth r)H huater in osrvicr only the dnln requires men- 
tlon to mrlntrln thm c#rm wmtmr Irvml, 
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AIR BLEED 

FIXED TUBEPLATE 

FREE TUBEPLATE 

"'"f' 
WTth DRAIN 

tO COOL 

f im. B.Z MULTIPASS SURFACE FEED HEATER 

CLOSED FEED SYmEMS 

Thmrs a n  many vulrtlona on 8 bmlc ryltlm but r hldy typlcml 
olossd fwd bystern il ekotciwd In PI& 6,8. 

Rsfsrrtng to Fig, 6.6: 
This sysasrn muld be rulwble lar'we whh hlgh p m u m  wtm 

tubr bolkn and steam turbim. A typiaol mt d prseeuns and 
tamprrmmr to br r w  am &own In flg. B,B, 
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Fw initial m a m  # ~ n d l t b ~ :  
Boibr stearn p y u r e  58 bar; temperature d btsam 6 l P C  

(240' C of nuparheatl; saturation wmpemturs 2 7 0  C; fwd tempera- 
tun Iraving bdler reonomhr 2600 C 

Irt stage homr bled or hp. emust m r m  3.2 bar: 2nd Hoar 
hortrr Med steam 7 h r .  

Note: 
1. The vswum is b e d  on 700 mm Hg bmromoter. 2. Undml lng  
at thm wrsdomr k rbwt  O.SO C 3. hod hratlng temporqturos and 
pr#rum vary conaldrr8bly from plmnt to plrnt dmpmdhg en dmdgn. 
4, One faator that Influanma m r n  opndItitl#rr greatly Is the amount 
and availability of auxilbry exhaust rrteam. Thi will kpend on 
whmthr turbo or diuml qmnrrmton rra wad, whmthmrturbo or m I d c  
fd pumps a n  u d ,  tank lwrtlng and genrnl ruslillrry kmmd, mte, 
A This means that the oondiabns -ling In a eloesd feed ayatsm do- 
plnd vklk M tho inhiat dmrlgn ad- for heating, blsding, 
mhausdnq, eta, 8, Valvw haw mhnly blrn omittad for dmpllclty. 

Referring to the aystsm dirsetly: 
The prth of #Is f a d  water fmm condswr to bollsrs should bs 

mrefully followed. Note that pump am duplhtsd, In some cwm an 
eEtrle pump Is urlllred b r  full power, h e  manoeuvring standby 
pump I6 @warn t u r b i ~  drivm, thk agsln verlas from Inmllatim bo in- 
rtdatlon. No v a h n  w =la am ahown amopt tho recirwrlation valve 
md th rerow down norwerum wlw, thlr lattar valve can be opanod 
in rmrrgrncy to put a dim auction to the fmad tank. 

Most of the awJlbribs shown on the Wtch will br drreribod In- 
diiWdly later, Extraction a d  fwd pumps usually have falure ahnn 
and rund by em In from r prsrwra switch. The reci~ulation valw is 
wually hand opsmd and ir rrrangdd to be full own  when rnglrm 
s n  s topw w os to malntmin a efmuhtlon In units whh steam on, The 
pdtlm d thlm wlw oan be varied but It 18 bsst Jtu&tod 80 as to fn- 
&dm moot unA whhln tho r s d r c u l ~  ryrtrm, the wlve I# uwally 
mhut mt full mnglnn pww. 
7hs aomllar en the aandsn~r tunHItlanr to pa# rurplur wrtlr ta 

t)l. trsd tonk or d n w  wetrr depending on the boiler requlromwm un- 
k r  fluctultfnp load condirlons, thia k dnorw I m ,  

Tho dcmrmr  lo wurlly riturtld high up In the mnglno mom, thr 
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Fb* 6.6 CLOSED F61DSYmEM ( E A R U t R W L )  

twd in the mudatad fmd tmnk In oftln wntrdlmd by the bed roto 
from the eamrtion pump dkhaga.  In romr Inrtlllatlonm mm dr- 
rmmtw lPum Ir #hut M durlng mrmewlng but In many c a n 6  the 
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uapae-w of thb plant oan oops with load flwtuatbns qulte satldac- 
Wly at tMm unit. 
Ruarw had trom the ford m k  to the cmderww I d  wntwller 

pa- through dts uantrollmr to the Eondmsst' top, thlr lm wal ly  
don8 to rubjsct the watsr to cmderwsr -radon, 

For harbwr we a cwnplotoly Isparate ryrtwm Is utfllssd H sn 
awitlrry bollmr la fltmd. Thm d-ntor a n d 1 W  hsatlr worm m y  
bs vtl l id fmm the mah plant or the rrwlU~y plant may omploy ltr 
own syotem. 

A d v M r q g ~  ot a r  C h d  F H d  Swtom 
May bs summarbad as l o l b .  

1. Mlnlmum host lowas and maximum mgenmtivs hoat utilIsatIon 
In the drwk 
2, Marrlmum vaeuurn ohlned with air am havtng no moving 
pwu (Iwnor littlm mintenanm) and low wight. 
5, Mlnimal mlr l m k ~  into Pprtlm (podtlve m u m  on ell glands). 
d No fwd mntarninrtlon kwuoe d tho claerd circuit, 
5. Rotey pump$ with good mcimy, low weight, mdued 
malntenanm. 

Claud ~d ~omrollw 
R M n g  to fig, 8.7: 

Consider the water level falling in the condsrwsr ao that the float 
folk Wawr drawn from the h d  tank thmgh line 0. The wnter 
p#mr thmugh tho supplarnentat- kd valve a line C. fhlr leads 
weter from eontrdb to tap of mndmmr and w Ins  the system, thus 
the watw Ir heated and further 11 wbjmct to &amtion again. Note 
these Ilnw on the ~ k e h  of the do& fwd system, 

. Cmrlder the watrr lwr l  riling In the condenser so that the h a t  
rim* WaUr pa8896 back horn the wnction pump dl8chrrga due to a 

no demand and fbwe through line A and Unr 0 to the feed tank. 
Bmwrsn upper and lowortravel ihere io a 50 rnm dead trawl, with 

both WJW h u t ,  thim prddms for normml fluctuations without the 
m r o l l w  opentlng. 

A &ti#& modern elomd feed syatsm rrnnpmsnt IS shown 
Wagmrnrnetically in Fig. 6.8. It inmrporatso two W heating 
kp. h8-r mnd drcorraor). Thr I,p. hiatmr t a b  b l d  stoam from the 
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Fb. 0.7 CLOSED FEED CONTROLLER 

Imp turbine ond mhaust warn from the fimt mge bled steam alr 
heater for heating the fed. The  erato tor hmtlnn ,steam comes from 
thm hap. turblm mhsud (MI Cosd pump ahmurt, steam to steam 
generator a d  the mond  stage bled warn air heater. Final feed 
heatlng lm dona by thr aeonomlwr. For alrnpllclty aome of the 
auxlHrry elmults have bean omhnd, but rpproxlmata t r m p ~ t u m r  
and prswum at salfent points am ineludd dnee t h y  arr oRm 
requested in examindon qusetlons, 

When otrsrnlq st madmum rate the amount d water In the bolkr 
wlll be mt 8 mlnlrnurn, If the rtosrnlng rate is duced,  the quantity of 
water in t h  bollrr mu# be h e m a d  to n-ontrbllmh the wmtw I w d  In 
the drum. To auuommodaw chmgm In bollor water nqulramrntl of 
this nature a storage tank maintng hot, dsssrated ford wamr Is 
dralmbk 6s the ford watrr In a modtrrn p!mt Is of huh purlty and 



24.a REED'S STEAM ENGINEERING KWOWLE DQE 

F I .  8.8 CLOSED FEED SYSTEM 

ohemiually ooncllthwd thlr wou# be prslamble to tnnderring had 
to and fmm tho ryrtrm, 

The storage tank t uwally integral whh the de-eemtor, see Fig. 
694. and the water Ievd ia wntmtkd w s r  a given ranpm by means of 
pumtlmlk ww8tod valvoa In thm avant of thr lovmt fmlllng to 
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Wow e predetermined value a valve opens a d  p w  fwd from the 
d.w. tank to the etmeepheric dnln mnk The level In the dmlns tonk 
will rim and I& m c t i o n  pump wfll ddhrer more f e d  Into the 
syrt sm. 

CMrol owf tha rtmasphurlo drain Unk I W  in automutle. a 
pneumatic P u I uonftaller wnda a rlgnrl to a valve positionor whtch 
adjuatm the valvm throttle on the dnln tank sxtnctbn pump dia 
ahrrrgb-hlgh and low Ievd alamw a n  flW to th l  tank Iwsl oantml 
ryrtarn. 

In thb d m d  feed systsm only dhrrmd bad wl l  antor the 
boiler, the w t e m  will n m r  beoome 'open.' 

An rl#mrllvm rrrrngmmt u ~ o d  on oome tankere Is dwl- In 
Fjg. h8 and +rat- u tollow Agrln warn & rmnd in the d b  
aerator stongm tank m n d  its lnnl comllad by pneumrtl~lly 
opsratsd dlvrt*lon and mrlu-up vllwr. the fod Is tab Crom thls 



tank by r n  wmmion pump and ddlwrod to the foed pump suction. 
Nomal varlatbns In tmk Iwd arm mro l led  w o u t l l d  p d o w l y ,  
Howwer, In t h i ~  case, If the dmeratw extradon pump should fail 
the main # m d m ~ w  C fully dlwnrd w thr d.w. tank, the fwd supply 
w the dwmntor baing hut off. 

Tbo boller feed pump will I- its wution und ka owroped trip wlll 
rhut off lu surm supply. 7he mndby te8d4pump (thw pump rrs 
Interchangeable) which is amngod to t a b  auction dimt from the 
d,w. #nk mutomdemlly c u u  In rnd thm hrd Ir nrtomd to tha b l h r  
on 'opm' lystsm. 

Thlr auoomatlu ohartga over to 8n opon hed oystem Is aomm- 
panled by indiestion to ths plant opmmua who can loclRaln rnd, 
rm+dy the hult without havlng mplete $hut down. 

M8. h i  controh hlv. k o n  dmmh with In tho control ehrptrr. 

h s d  w.aM rodmulotton aoml 
To snourm an adsquato supply of codlng mdium to m d r n w  dr  

ejemtor atuarn rupply ahd gland storm, a. dudng rsduwd power 
operaHons and w k n  thm turbine8 am warming through, rdrwlatlun 
of thm fad  back to the mah Ecrn-r la nscmanry. Tho re- 
elmuleting valw may be halod oprmtrd, nmots ummlled or 
8utwnatiodlJy oontmlld. 

Fig. 8.10 show mclrculaYlon control bawd on the steum pmwre 
in ths turblns orosr wsr plpe, When the pmwre  In thlo We fulls Po 
1.8 &r or kbw a pnwmatlc mlgnml p a u w  fmm ths tmnwnftter to 
the valve pdtknsr  and the ~ i r cu l a t i ng  valve opens (two strp wn- 
twllsr actlonl. lndiortlon that the valve I8 mpm w d d  Is glvm at 
the mntrol mtion wh#e 8 Mnd mntrol unR io Wrparstdd for 
m o t e  oprratlon of the vslva 

Altsmatiwly, ths ~ i m u l u t k n  cuntml cen k bawd upon 
umpomun, Fig. 8,11, When t h m  f a d  water tmmpmturm mftw ttro air 
ejmtnr laaahrr r pn-duarmlnd upprr llmlt the mkculmtlng who 
wlll be r ~ m a d ~ l l y  opmrd. 

Conknsen 
The prImrry funellom of r wndmalng plrnt for a tuhlnm an: 

1. Extractfan of ah, nuwondenslble gaws and vapoum in thr 
#am. 
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2. To creute ths marrlmum vwuum ky an&nmtkn so utllktng 
mdmum axpandvo stearn wwk h the turbine, 
3. To fully eondrmr the m r m  wlth na undomooling of the 
condenma, 

Thmoretlml end design mapats: 

Ddtatt's Law 
Ae awHd for mlmrrm d rlr and w m r  wpour, 

I. Tho pmwn ul tho mixture of a gw a d  a vapour I8 equal to ths 
rum of th. pmuurma whlch wch would mart H Ii owupied the same 
npmco rlonr. 
2. Tho pn#uro (mnd qumntity) of vrpwr n q u l d  to saturate a 
glwn rprcm Ir thr wmr k r  r glvm tmrprrrtum lrmapeotivr of 
whether or not any othrr g#mwm wbrtmw k prosmt. 



Rg. l.11 FEED RE-CIRCULATION SY5TEM (TEMPERATURE) 

IndMdunl m u m e  In a mkrturm am known es p a d l  p-ma. 
Normally the m a m  antoring the condsnssr wlll eontmin sbwt 0.06% 
mam of air and ahr prrtial pre88ura d the dr  i8 vary small. 

Werk don* By  s r r m  
The loww tClr whrwt pswmum (for a glum admlsobn prwsurel 

th more the work dons. -am ot 0.1 bar &n oecupiw a p p d -  
matsly 14000 tImm the vdum It occupld as water eo thnt can- 
dmmtbn In a domed rpom crsatea a par'dsl vocuum whleh mn be 
much Inareanod by lwtr~ct lq  air md non-candonmlk gmu which 
haw leakad into t h  mm. 

hUng mndard rmoephrric p m r r  as t ,01325 bar 
Condmmr EfRFlonoy = 
(1.01328 - oondemsr pnrrun)/(l.01326 - condmrrr prossum 
awnuted to oircullting water outlet tempraturn) x 100 
Vmntum M c I r n q  = 
(1.01 326 - condmrmr prossun)/( 1,01326 - aondsnaer pm66u~ 
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mnewd to eondensate tempmturol x 100 
W a r  the folhwlng axrmplm for a modem condmwr of th. 

rqonentivr type: 

Clrculatitlrsp w m r  Inlmt temp. 
Wrarlatlnq w m r  wtlrt tnnp. 
and-r w u w m  
Condensate tsmpsmtwb 
bndmmr pnwun wrmtod to 28O C 
bnden~w prsswrm amacted to 31.C C 

21°C 
2 P  c 
0.06 k r  
31 ,So C 
On38 bar 
0,045 bar 

1. V W t y  of -ding wawr In tukr, this Is mmlnly pwrerrwd by the 
~#9~ lb l l i t y  d Impingemant 8-k actd h e m  mmr$ll cholca. The 
W t l u  mod gtvr meamlins flm d eorrling watrr In the tuhs, 
whllst ndutlng rrorkn attack t h t  filws poor hlat tnnsfsr ownwrsd 
to t w k r h  flow. By urlnq $mlum wbw w m r  a p d  cwld ba in- 
-mud to QIW turbulmnt flow whhout tmpkrgmnc mW, tbughm 
a n  now Mng d 1 ~ d  towrtds tho ure of e tiadurn type date Mt 
m n g w  lurho.. 
2. ' Numbsr d p- for the ml lng wstsr. A tms pa# udng r br- 
culatlon pump would glw a w m r  sped of about t d l  ds. Slngls 
paw with room circulblon. water sped about l,4 d ~ h l a  
depends upon vessel mpmud, hmad o? wntsr avalaMm and -nos to 
flow. I- i n w h  morns Inamamd mllng r u d a o ~  nquirsd and a 
elm nduotbn tn vuad speed 
3, mnng watmr tampantun, 
4, -rr tuba mrprrlml. Mltlrlrls which u n  wlthstrnd Im- 
plqmrnmt mads m h#d and am ba thinnar but h w  
w r e r  hwt tn-r uodtleknta and arm axpsmlw. 
5. Tube dlmonslm and dirtribudoh Dbvburly large dkmmr 
tub# wwld gtvr Imm ruktlrm to w m r  flow, w d u d  pml#lhy d 



fwltng but wnatkr m l l g  wrfwr arw per unlt dums. A typlesl dm 
could k 19 mrn ornsklo dhmwr t B win  gaupa 

Pl$tribubn arranges the stbarn low and elr flow pmrm and Ir 
afbtd b cmdsnwr inroko e,g, fiOm abws, dnglr axial ontry, 
dauble &I onty. In rddlPbn, 8lr m b n  pdm, rlre and typo of 
oondemr wsll I m l l n g  s m m  lams h r  regsnsratlon) am Other 
points thst mwt be c o n d d d  
0. Chnlinmu of tub# Wlth modmm plrnt no mrn q a c m  foullmg 
ehauld oocur brcwre of purlty of mrn and eondensate, Water 
rpom foullng u n  md dm8 o w r  hmm a 'foullng alkwmeo' m y  br 
mado In eoollng w d m  odouhtbm. 
7. Quantlty ot elr In tha amdeneer and the wpwrtty a d  dWmcy 
of thm air mjretwr, 

S m m  murnptlon In rbout 3.7 mnd armaga ~ l r  leakage 
Is about 0.06% of thia. Lo. 0.00186 k&W, 

This would m a n  about ow OR tuk  for rvoty 2000 utorm tubm 
for mqulvrlmnt tmmpwmtun drop, In a two pama wndonmr, alr tubm 
rra genmrrlly only slngla pow md t h m  mlo of rtr to durn tubs 
would br 1 : 1000. The ebwr aecurnw dmllar heat transfer rats In 
p r d w  mIr is 8 wry pooimnduetor of h a t  t)# wwall heat transfer 
M d r m  for a o d e ~ l n g  s m m  Is *ut 5680 J/mWC and for rir 
3 w t  46 dm% T. Thk mrans In prsetiaa the ratlo of awam m air 
tuber Is 45/6880 x 1000: 1 h. 8: 1 w m a t a l y .  

hlm how air is r wry undrainbla agmt in r condensor trom the 
hsat trandwvkw polrrt, 
8. fhr qusntlty of otaam m d e n m d  pw unlt 4 w h e ,  

Tha O r a W  formulw for log m a n  tompatun dlfhwnos (BJ ia 
ofwn und:  

whm 8 ,  Bo, dl ref# mpmivmiy to sturn, cooling wrwr wtlrt and 
cmollng water hlrt tomparaturee, d~ hyprrbolie Isw lo foliowed (In la 
hyprbol b lo@. 

The rma In r n Z  d emling 8udaw MI oan k than waturwd from: 



whom m Is atmm o d d  per hour, ,,la bwnt heat In .&kg, U 
owmll heat trmafer wefllcbnt Jjmthe C. 

Pesltlon of mndunm and dralne#e 
Underdung, or hung, type of one or two pa regeneretlw con- 

dmmn am I n m n l  In lo- w8y with the Imp. turbhr 8bwe them. 
They may k suppmmd fmm a b m  by a wmMnation d bsamr, 
wMEh auppon the I.p, W n r  a d  rprlng rypr &&m tmm brkw. In 
the aaw d mdensem wpported on sprlng tm oho& the wlght 
muat bm fully trkmn up on rigid supports Worm warr  toting the 
Wrndenler. 

Ahematfvdy, t h y  may k errmplmly hung from rupporl harm8 
whlh also support the wdght of thr Imp. turblnr. Rg. 6.1 2 shows 
dlagnrnrnatlmlly the rmng8mm#. Dnln8gb Imo tha W l  at tha bot- 
twn of thl6 type af amngammnt b I N 8  WoMorn. 

Axlal flow was elthw mingle or double psm, for rlnglr plrm tur- 
blne tnmCaionr (we Flg. 6.12) vemt ly  uw a f a r  @m suppan 
systmm which rllowa for expaneion (with l m t b n  by key81 ao as not 
to a f h t  th I,p, turblns. Oninage with thio typo ol plant Is mom a( a 
pmblern (it would bm dlmnmwus H duo to wrsh movement 
aatr a m 0  back Imo thr I.p turbine due a#. to sKtnctlon pump 
fallurn}. 

Abrm a d  merpw tdps for d m w  w w  Iwel are provMad 
end them een be esrity tmtd by m l n g  the flow ehrrnbws thus 
rlmulstlng the fault 

In m r  modem omdensing plents a dry bottom condmmr is 
umd. this mrans that no w m r  well rseervolr exists in the oondmssr 
b0ttom. The #ud watu ororage pofm in tho y m m  w h m  water 
mn k hsW ~ n d  controlld muld, tor example, be tha ds-eerstor qulY 
easily, if q u i d ,  The dry bottom condensw will have tittle under- 
cooling, as tho lnmnt thm m a m  h condaiud and rendmr th 
exr&n prrrnp It b mwsd The sldnetlon pump must bs mpsMe 
of 'running dry' far per&& a d  ' f lodd' tor other psrkds, fhe pump 
wlll bm k h f l y  da8crlb.d htrr. Anothmr Innovation thrt h 8 ~  bem trlmd 
Cot mdon of gland mrn Ir to utlllw daMc fans. No m l  wn- 
oludona as w advmtag~ or dkdwamagw of weh m sxtnetlon 
smngment can br wolurtod rt this timr. 

Conmwtlon 
Modem amdenow shell and watw box d r  am mrdo d pm- 



fabfkrtod rtsel plm. 7 h ~  wetor bok ondo have (aftat pidrling, h t  
blrdtlng and thorough deanlno) n r b r  or nwprsnr h n d d  to &urn, 
In same inatallations coot iron water box ondo, internally mated with 
a protactive compound will be fwnd, but for modern hlghly m t d  
plrM with vsry large mndsnwn sueh r castltlng would k dMmlt and 
expenshn to producs. 

Tuba plrtrr am grnrralty mlhd naval bra=. Tubw rolM dmwn 
rlumlnlum bnm or aupm4ekrl (uwrlly thr former}. B@fllor and u p -  
pon dhphngme otrsl plate, 

-@I3- SINGLE W S  COMDENSER 

- WPWRT BEAMS 

TWO PASS QNI OR TW 
CONDENSER I r* SS 

CONDENSER 

# 

I - 
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ACE INtMISEI 
flR~uL2Nc1 AT 

NOT K1 EXCEED 
ENTRANCE 

0rlS mm CLEAR 
ON DIAMETER 

Fb. L13 CONDENSER FrrrlNO OFTAllS 

Fig& dl 3 arid 8.1 4 rhow -me mnd-r flttinp dmmits. 
Tubs Plttlw: vrttow rn-8 are In ues thsy am: 

1. Fsrrullng at the Inlet end uring r c ~ l n a t b n  of R b n  and 
mmtalllc pncklng rings around the tubs at outlet Thin method 18 being 
oupwcwhd by one or other oftbe tollowlng the aim being to dmnw 
with frrulms and rconornloe. 
2. Exprndlng at Inlmt mnd fwmlno s bell mouth to minimiw im- 
ptngmemt ma& by pravldlng a amooth mtw, md pmeklng rlngm 
around the tubs at outlet. Thls arnngmmt a l b w  lor lrum ucprnolon 
of the t u b 8  nlMive to the dktm 



UPAW*D AN0 
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STAY 
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PLATE 

Fig. 0.?4, 

3. Both mnds ol drr tulnr roller ewpmdrd into t b  tuba p l r t r ~  
p d n g  or formlea ht allowmm mwt dl1 be m d r  for axpanetom. 
thlr i8 r e M d  by unlng I mpmndon placa Rwrt in tho ahrll, 

Re#amtluu Condmsw 
SW Fig. 0.1 8, 

Tha mnmetton Ir such that a dnut pnswge I8 l d t  down the 
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Flg.%.lB REGENERAVVE CONDENSER 

cwrtrs of the aondeww. Exl~u$t #team can peoo dir*Etly on to Ihs 
fwd water lying wW& In a lrrpr well mt  thp d m e r  b m m .  
The I d  of water In thr wdt bmhg mrlntahd and wntmllod by the 
k d  hd cmmdler, 

Ths mtml Ime a l h $  d i m  m w c t  bstwson 1.p mrn and con= 
denwts w glvlng mgwmrmtlw hretlng. The cro-te is then m a I ~  
tulnd at thm mame tampenwr, w tho axhnust steam, this meane 
nwlfglbls undamwllng and only Imtrm h m  mmactl~ during corb 
&mth whlh 11 the idem1 Ohmal prlnoipb. 

Ak wpoun am drhrm ahsad of the steom and wrbjrct to maximum 
ding rurhcr brtPn klng dmwn up mnd #rrhmd undrr t h  dr 
batRes to the alr ejemr with mlnimum wlumo. 

Undmming d the eonknolte ta of lmporrsnoe not only from the 
thmwdynmmk mqmcl but m l l o  g s  8bpwpDlon. If thm I# wawr 
tmpwatun falh, undstooollng and ga6 abwptlon will Imreaue wlth 
mmmqumnt lorr In .ffkirnw and lnarPeoed riukof m i o n .  Henm In 
mokrn pmctkr aontrd m r  cmollng warr flow o m  by qumnttty or 



& l h n  w that the w n d m r  opwstoo at deign oonditim at 
all tlmm ir wed, 

Tha q e m m t h n  con- underhung from the 1.p. turbins is 
rdathly oommon. 

l'ho mck of the aondenoer must be rlgw atifbed, h s  axWHslon 
~ ~ m ~ # m d m u r b o r t r r m m w r p r l ~ c ~ m ~ t r n k t o p ~ . A  
plrlomrd hM4 I# a n  widd at tha top to pnvmt d h o t  stearn 
i m p f n v m  on to th* top mwm d wbra 

D h r s ,  $mc8utioM, nmrdkr 
1. Comwton 

Thk gommlly t a b  the tom of smdodwrrwlon La. Implngnmmnt 
8tt8u.k krgm mrsr d non-bmru8 mstal (tubw a d  tube platu) 
wwld k clthodlc In rn wtor to the stnl weter W and would 
therefon k protaatsd by a tooting of Iron r l t  m i  t h m  m p m  of the 
w*tu  box#. Hwvrrw the water bm ends are protwtd by rubber or 
~ o p m e  and thln means a l t a r n t h  protalon mwt bm glvmn. 

Iamtfioisl m#loo of wt plaw {Rg. 6.14) wkh or wlthout tm- 
presssd cumnt may be prwfdmd In oonjundon with ferrowr sulphate 
dosage, 

Fafrous sulphatr dwrgr wwld normally be oarried out, in an s 5  
ubltAd ~ 4 ~ 2  p h r  to mnterlng port a d  upon I ~vkrg .  Rlvw and ss- 
trurrins wrtero gonually e m i n  r W m  whkh o d e  away the 
prPtectiw Iron saltr on ths lubes and may in a b n  mntrin mr- 
d w  pdlumw (wlphur wmpounda stc.1. Onca at sea, srolw at- 
tack is d u d  and - srwlflclrl r d w  h u l d ,  aft&r the initial 
forr#rs wlphaw daage, gha wtficbnt pro-n. 

h r m u  urlphmtr can grmdwlly buiid up h the o w r d ~ r ,  Impairing 
hsrt # W r  w It dorm M. 

To mmwe prwslblllty of Ifmingmmt mrck at tube rmry lnrortl 
made of nylon or P.T,F.E, oan k usd. The tuba mry Ir flm cleaned 
and krmmwd thrn #lo adhesive ewtrd h a r t  I8 pushsd Imo plw 
Fig. 8.14 abw# b r M y  the armngmmmt 

2, CraMry of wbw 
Thh muld be e a w d  by 8tmss mrroelon, tubw would hrv4 to trrvr 

m o m m  rtnrrrr bekd up in them due 8.g. to bad manuheturn 
A gnhrmnie letion t a b  place brtwemn ~ i o n s  ot dI%rsnt 6tmm 

Ieadlng to uaclo and d m  nllrf. Cornet manuhctun-indudlng 



shop tW uohg mercurous n l t m ~ n d  Instsllatbn should awM thla 
defect. 

3. Blockage due to marlno ~mwths 
m18 nan be p m n t a d  by uing a chlodnmthn yrtm, or IC a Im- 

premd eumnt lyrtlm In balng urrd a bloc#nl r n M e l a l  anodr can 
ba u d  In addltlon ta cl4 steal anodrr. 

Vlbmtbn 
Hull tnnrrnlmd vtbrstton to the oondener and tubee aould eawe 

tha tubu to mlonmtm whh puariblm nmcklng at t k  fid mdr, nrckinp 
and thlnning In w y  of thr dkklon ruppolr plrtrr. 

It 16 not good pmctlee w allow a tube Ieqth gmmr than 100 
diarnotsm botwoen supporn, aloo a support should not dlvlde the 
t u b  kwh In m rmet 78th lo u to mmkm thr suppwt 8 dbntlon 
node. 

h k ~ p  bteetion 
Varkur rnrthodr mm uwd If tha Imahge ia not obvious. 

1. Fluomsmin Lsak Oetotmlnatkn 
Whsn 8 wmdrnesr Is known to have leaky tubas leak dsteGtion 

wing fluorescent dye simpls8w ths tmdr. fhs condenser sbell is 
dralnd and waar containing th, dye is slowly pumped in. This water 
wlll pan through any pwfmatkn In a tube wall or at the tukphw, 
md Hnrrgm Prom thr Interior of the tube at the tuba end, Ultra *let 
light lllumlnbting the outer and of the amdeeor wlll cause the water 
to fluoreace snd so allow MW dmtectton of the Cub tubs, 
2. A ultm 8nnk pnrmwr p l a d  lrwlda the d m m r  %0dn4 it 
wlth ultrs-awnd By ~ l n o  8 h u d  mot md probe, tubr Irrkage cm br 
hwned h on, Where r plnhdr exfm swnd 'leaks' through and when 
a tube to thlnnsd it vlbwtss ltke a dhphragm tnmitt lng the aound 
through ths tube wdl. 
3. Wtth $light steam promum an the uandenarr, leekage of warn 
mdawlu thmugh r phholm In tub. gm~ntms ultra-mund whleh 
can k plokd up by a p & a  and head sat 
4, Phetk she- p l r d  wer the tubs platw will be drawn Into a 
twklng tuba with the o~dmmr under vacuum, 



Qmmnl cawed d bm 06 wcwm 
1, R s s t r h h  of eootfng water fl-hdud Ishem. d r m g d  elr- 
wrlatiw pump eta 
2. bakktg oondemer w o w  bor dhrlrfon plrm murlw by-wos in a 
two paw wndemr. a u l d  h m u a h  ddmw 
3. RI&g o o d e m t .  I m l  in wndmornmetion pump Mhm, 
dolsd frd eonffollar rrleklng eto. 
4. Alr krkrgr In glmb, dnlnr m. 
6. D~~ atr crjsator. 

Not*: 
The M o t  of dlrry w k  18 a lm of vacuum md a ties h mdmb 

natm tempemtun, whilst tho mfbct of I n  air Irak ia n I#r of vaouum 
and vlrrually m t a n t  wnden~ta temperstun. Thfr ern k w 
tmblhhmd thmomtlcmlly by applylng D m h ' r  lam. 

Rwdlng 
No. 

1 

2 

a 

4 

6 

Clr. Watlr 

Ink  
trmp. 

'C 

18.7 

18.7 

16.7 

18.7 

16.7 

bndmmr 

Con- 
dswW 
TmP. 

'C 

PA4 

32 

22,4 

28.0 

30 

Out- 
I 

trmp. 
*C 

22.7 

22.7 

22.7 

22,7 

30 

Ab* 
Pnu. 

In 
bar 

0.04 

-------- 
OX16B 

do63 

a067 

0.048 

REMARKS 

Vary pood 
p,mnr# 

Pi* tubm 

Defaetiw nlr 
mjwtor#etaC 
lesk 

Ddctlw #It 
mjmorand 
dim t u b  

lwuffieiont 
Clrculdng 
Watur 

11180 

' C  

8 

d 

8 

6 

13.3 

8 m m  
lnkt 

*c  

2s 

31 

34 

-------- 
a8 

32 
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Air 4-r 
bnddw tha air e jHw d tho t h w  stego t y p  as okotchd in Fig, 

6,1& 
The mmge feed tempmaturn rha tr &wt C C through ttw elme 

tor, The weuum at t b  n d r ,  for oroh mom, Is about 0.034 bar, 0,1 
bar and 0.17 bar for e n m r l  reta of rlr lsabgs (?00lc@b) md 

STEAM 

( t F i ~ e 0 ~ ~  
OAAlN TUBE 

DETAIL W ORAlN TUBE 
FOR KIP CHAMBER 
DRAlNAOI 

Flg. 0.16 THREE STAGE U m O R  



780mrn Hq b a m m  reading, The steam jet wlocity la about 
1200 d s  and m r m  ~onnumptlon a b u t  0.6% d mrtn engine otwm 
eonrumptlon. The dmutatlm path of hod watsr and stmm and alr 
wpoun arn bs m on ths drstch. Now ths kllwvfng two palm 
whlch am mrt dmlrd alossly on the skotd~: 

1. The maln vapwr noalw 6 r m s e  h 6~ from fiat rug0 Inkt to 
tMrd stage wtlmt, thk I8 h u w  tho vrpourm have bwn c m l d  and 
rducmd In wlumr. 
2, The swam n o p k  ususlly In am, in general the n d e e  In- 
morr In Irma from drat mgm to third m g m .  Tho fundon of thm flmt 
mrm nwtlsa I6 prknrrily to m u m  r hbh veklty msm 1st to ob- 
tain maximum veouum w)lfl# the hmu!ition d the I- d o  is 
pimadly to i n n m e  momentum 80 ar to 'pump' out the content0 
80slnrt l tmo lphde pn#un. Thh rmqulru dlfhnnt nodm dnlgn for 
each s t a l  ngardlng velocity and ma68 &w. 

The position of tho vacuum mining valvr h wlntion w the dninr 
la Imponant, Thle vdvs mum prevent any atr return to condamw fn 
the m t  d fallun d steam Any mnsdwns to ?ha con- 
denrrr on the wndenesr side of the ejsutor (I.& to thm left of the 
$ k a J  muat be p m a e d  from air return flow. Hen- *e vawum 
m H n g  vahn mwt be plowd fir the mppnd m g e  draln, the thlrd 
stag drain n d  not be so -tad if it lo& w an sftnospharlc 
dmin tonk. If all thrm drains mm I d  to the oondebwr thr vacuum 
retaining valve wwld haw to be at tha hot of tho air diihstgs plpr. 
To facflitnts pondnuow dnln nrnwal (without dins ~onnmotlon 
kwen polntP d dihrent prsleurrr) t k  draln plpw are usually 
provid J with U ahpod sral pipes or float traps. The objm of such 
real8 Is w pnwnt dhct mnnrctlon between pdm at dlfhwnt 
pmwrsa For a m p l e  at the wwnd stage of the ejmu~w the d b m n -  
tlal pramurn aerwp the dmh mPy be 414,034 bar, Lo. 0.086 bnr 
msumfng wndwuw m u m  Ir 0.034 bw. Thia wuld rmqulrm a loop 
mat wlth wawr of IUM 0.066 x 1W = 660 mrn H,O hmd 
dmbnnob In the U bop to prevent dtrect oonnectlon. 

T w  strow #k .Imctw 
Hlgh wlom steam lmuing from the flm stage -10 mtmlns alr 

mnd v8pwr from the main eondrmr, C o n d e m  circulating through 
tM watu bax and alumlnlnlum bmol 'U' tuba wndmmr molt of the 
vapour and oprratirig m a m  whlch I d n h d  v% a bop seal back m 
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the m8in mndrrtlar. Tha d r  and remaining vapaur p m  into the 
oond atage which dlsohargm into tho second stam doctor mdanwr 
whomin the remaining vapour and operating steam is eondenwd and 
dralnr back to tho atmosphrric dnins tenk. The air Is dtsehaqed from 
the rrcond rmgr throunh the vacuum rotalning valve to atmosphere. 

the unlt le goneralty ptovided wlth two fimt nnd two u w n d  ntngr 
electon but only onm peir would be in operatbn. Reltd valve6 am 
Wed to both magen m d  thr grtl vrlvom luva I gland watrr seal 
whieh bluse indlmdon of gland d l t l o n .  



2a REED'I STEAM ENGlNltlRlMG KNOWLEDGE 

Pump 
The pump6 In thr m r n  r n  mlthw d s d e  or atrrrn turblns 

drhnn, &her w m l  or horloontal, mritugal type. Baslo dnelptes 
d such pumpc haw bssn cwerud In Vol. 8. Fmm n &ety mee t  con- 
detuata pump mult be f n w m d  and they am usually arrsngd 
w thnt hltun of om pump wlll oauu m rbrm to blow m d  tb othrr 
pump wltl be a w a r o s d  by man6 d r prsssurs wlwh. Slmllar 
remarb w l y  to ted pumlw. 

A ahort descrfptlon d I condcnort~ abrootion pump and o t u M  
fnd pump wlll now bo glvm. 

Can&- #rtnotkn punp 
A m h r n  bdgn la mpnble d ruhnln~ wlth walon wetor at a 

tampmraturm ~ q u i d m t  to tho boling pdnt r t  thm prrrwn mining In 
the oandenrrr. A typiesl unlt run8 # 175 d m l n ,  b vsfllually 
m o w  with two implllrm diwhr~inp through d m  for greeter 
efklrnw. lhs pump t# rrnngrd to bo M mgulrOlng by the trro 8uc- 
tian b a d  mrdllng the mta at whkh w m  Is purnpd. If the quami- 
ty of water n h l n g  the w a h  ir d w m d  thii will &we ?he pipe 
euatlon head md dm the dkhargr m r a  Dbchargr quantity 
then ndwm until R equcle wetion qusntity. At the dmlgned 

Pb. 8.18 TWO STAQIE$TRACTION PUMP 
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minimum sueion hmad the pump will 8top dilahs@ng. !t I# un- 
naemmry for a codsmrr watw I d  control dwtm and the pump 
em be worked wlah dry bottomed condmwm The first mgd lmpsllsr 
handlw wctlon water nrmr M l n g  pdnt at Mgh vnwum and d b  
& a m  to the pscond aegs Irnpellsr wctlon at abwe atmwpherlc 
prowro. Any vapwr fwmed in tho eyo of tho Cimt stage impeller is 
vmtd b8ck ta the wndmmr, 

Tube fmrd pump 
A diagrammotla rketoh of the pump Including oonuol lkvserr Is 

shown in FIm, 6.19. 
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For mwninWon d d p t i v b  purpma the sketch wuld b alm- 
plMed by omitting the dmtail of all five valve8 and mamly skstching 
dmtn 8a dagmmmatk ractmngulrr flgumr. 

Rltmlng m ?he *etch: 
The pump In MI dqr hm 8 rlnglr stage fmdler (mom1 metal1 

drivm by a wrbln, w h l  having pns prwaura stag# and thno wlo- 
dw Ittgw. T h m  r M  Ohm nldul mtwb k wppwtmd #I whltm 
mot81 llrnd Jwmal krrtngr Iarlcrtrd by 011 rinpl a d  fr#h or nlt 
watw ad. Turbtns 01- m ol ttm caM ring typr m d  mry 
hwa nlrnd sralln~l supply stsam if ahnust is to a vauuum, Mort of 
th#r pumps m dmfgnrd to work wkh m p#klvm ructlon hrd, I 
mlnlmum oi 8ay 1.2 m lor orlf-primlng, Eor m p k  about 7.5 m hud  
of watw supply Is k water at 104OC. pump whan 
opomting ha8 a starm thrust h c t  axlrlly but thb f o m  is mall mm- 
prrd to hydnulio 8 d  lo eoily bolanosd. End C o r a  are maln- 
talnmd In mqullbrlurn by th. klmnm etrambw. Aw mwoment to O)w 
ructlon rldm nduca the k l a n w  chnrnkr wpply dmnd &aranero 
and inensssl the b e l a w  c h a w  leak otf clsrmncr w reducing 
bdsnoe chrmber -urn. M m m t  to the turMnr end hamaw 
balanw chamber prmn undl squllbriurn again wtim In on axirl 
dinetian. ToOsl wi l l  dsmnnw of tha pump b correct d &out 
0 3  mrn but this b mwh ~reatw an ttm turblno blading end (5 mrn 
tote#. Ths by- la pt#id#d on the dlmhap sida d t h  pump to 
maintain a dmlatbn at Mht l o d  cditk*a. 

Tho gwsmor is usually of tha mccmtdc rlno m. Whm ravolu- 
e)wrr koomm W#iw I600 mhln obwr normall the ring mwss 
wt unrkr crntrW@ b against W action d a ~prlq, thuo move 
mmm I# tnnunimd by r trigger and lewm w thn? the ~wp m1va is 
unb&ed a d  c l a d  by tha sprlng. 

T h  throtrlm prreutrm govmmor v a k  h n  a C w n  forw duo to pump 
dlwhrrgr @remum (msvimum at no Iwd) whieh work againnt the w 
b a r  of an adjma#s wing. EqutliMum ktng anrlnd under all brd 
wndltbno. 

Tho a u m l t l e  wrt In g a r  11 p d d d  w h m  the pump is wed ?or 
andby  duty a d  funotlorw to automlmlly rtltt tho pump whan 
had' llnr p m n  falls below s wrtsin vsluo. Wlth the pump on 
atandby tb stop vdvs L o p a  md pump In nldlnus far d n g ,  but 
as dlooham pmmra asnnot &rse through tho plot valve It a m  an 

undmldd d the W o n  on tho a m  wMn vdvm and krrpe tho 
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Pig. 6& TURBO FEED PUMP WORAUUC BALANCE 

warn vahn m i?r aemt If dkchargr M l r  bybw say 3,s bar (but 
Mqher than bdlrr pr#wn) of tha nwmal dkehargm pmwrm t h m  
spring of the pilot valve cauw thb vaha to w, Thls mlaa8ar 
pmwun on the dutA cut-in valve through thd pikt whrs ta r u d m  
and thm W r n  valw dmlts smam to the unt, O n ~ e  ths purhp is run- 
ning the othar m m i o n  fmm under the dbdwrgm valw wat mlw 
a n 8  the @lot valve 6pm by acting on the undomido of thm top piston 
and thr pump d n u -  to nm. This mnrctbn ale0 kldo to Ihe 
thrortls gousm vrlw whbh functhrw In the mrmd way. lM pump 
kotoppad by clodng ftsaopvdvewhioh I n t u r n ~ ~ t h d p H o t v a h n  
rrh muto cut* VOIW, the rtap walw em mrw wpmed raw  or 
ernorgamy duty agaln. Tho hand srrrt wlvr is provldmd w mn th. 
auto wt-in dwlw or to m b l s  the stm&y pump to be 8tar td  by 
h n d  W rqulnd, for ltlndby duty it lo of w m  wen, 

Hyrksullo Bahce 
l'ha shaft a-rnbly bo maimhmd tn b smut axlal p l t l o n  by the 

hydnullo bmlrndng mngammt. This arrangement b harporwed 
wlthin ths pump and L dhtd by prlolum vmrlmtbm acting on th. 
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impdlm tmklng lrrto account the atsarn thrust on the tuhlne wheel. 
Ln M& mge of the pump amas A and B nm subjectad m the a p  

propdm dl8chargr p m u m  a d  mrenr C to thlr  e o r r n m i n g  we- 
tb~ prrnum. Tha wul mulUnt  thm# on tkr $haft due to t h r u  
dDndrwrwr In preswre and am, w d  to push the draft t t d s  ths 
turblne d. Thh w l t a n t  thrust ie oppmd by an oppooite thruet nc- 
tIng on the kck of the ~ n d  mgo imprlln, durn to the proseuro in 
D, phu the m r m  thrust on the turMna wheel. Thb pnrrure In the 
balsnm chamber D varies 10~0cd1ng to the rate of flow of the balance 
ulwmkr laakegs from B thwugh ths gepa Em Movsmont in olthor 
dirautlon wflL wntlnur untll thm -rlrig thrum rrm'oqud; thm pump 
la thrn wld to br In hydndlo brtmw. 

Variation in thrust wlll mow the &a, thoreby uhanglng the width 
of gap F, Am P h I n m u r d  or dw-, the prusun In D wllt mr- 
rwndlngly  r k  or drop untl the hydnutlc bbms b agaln m m d .  
This ration is entirely automstio end pnctieolly Instantaneous, main- 
tatning h e  add p~lltlon of r M  wrsmbly whhln 0.02mm end 
enablhg the pump to operaw under all wndhlons without manual 
adjustment of the inner oleanma 

Fro. @,a1 WATER LUBRIC4T€D FEED PUMP 
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Whsn mrthg up, dm! thrwt d ths steam nowing through thm t u ~  
blne pusttw the shaft tOW1rda the pump end. A thrwt ring at the 
pump d bsarlng ab-8 thlr inltlal bd and Ilrnim the trwel 01 th 
8hM during the 8tmKlng peddr, Once the pump In running, the fa- 
d the rhmft collrr md the thnrmt d~ wlll not coma into trmtett. 

The balmo* ohrmbrr lbakmga eomUnaa with the lubrleatlng waw 
fKrm the pump end beating to bs Id uir r plpe to ?ha w a b  bran&. 
When the pump la running here must always be a leakage through 
thlr pipe, o h m &  wmm dsmmgm to tha unit will occur. 

l'urMns drlvm waosr luklorrod fmd pump 
f h m  orring for turbine and pump le'one unit d owt steel wlth end 

ewrrr for mumma to turblne and pump Impellem, otu. The turbine uan- 
drh of I rlmplm two row, wbdty Qompwnded, high med,  
overhung lmpuh unit w m d  to r rtrlnlm~ MI ~ h r f t ,  Ttrr pump at 
the appwl?e d of h a  shaft Is made up of two hlghly polld~ad 
&inless stmi impellm. In way of the bearings the ohdl ts m w  
and chrome plated, bwring~ mra -lit h e  bumhsl P,T.F,E, Im- 
pwneted in mild ateel houdngo whlch are eeeurad to the cmalng. 
Modem prpcth wlth P,T.F.E, k a h q  units in pumps, utc, b to leave 
tha &aft Jwrnab ellghtly rough machined to that an t h y  run In, 
rnm of oome P.T.F.E. to the jwrnab t a b  place, which mduerr 
friction upon starting, 

Bearing tubrl~~tton is by Seed bled from the flmt mge Imprllerdk 
charge through a multkp(mw mrlctlon dsvlm, non-rstum valw and 
otrmlnw. If the water prsseun bsoomen too high thr rellef valve 
dlwm #me to the &aim syrtrrn. As wosr down t s h  piam in the 
bearings an lncnemlng qumn* d water pasaes through t h m  and 
hmoe p w u m  in thm wpply chamber wlll kll, A b a M  value, fully 
own whsn bsarlng are new, can bm donad In to reduce leak-off fmm 
supply chamber w pump r u t t h  snd hen# notare chamber 
pnr lun.  Watw laeking from the turblnb end brarlng oombims with 
thl whaumt steam. 

For m n d  by dutlw r wmtw wpply from I n  Wmrriml m u m  wch 8s 
condenoor oxtmetlon pump. de-ammr stongo tank, etc. would be 
rmquhd, 

Control d-n fnewpornrd with the pump up: 
1. Ownpod trip In the form of n trlggmnd vmlvm whlch rhutl off 
m r m  wpply. 
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Fip, 8.22 HYDltAUUC BALANCE 

2. Dthmntlal pr#rum gwmmor lor pump m a d  control, thle Ofw6 
bettar than the dhharqr prwum w e .  

H W m I i c  Wmr 
fhe hydraulic babnce amngmmmt mafntrhm the mar in Its mr- 

rsct poddon, wlthin llmlts, with minimum rxiel mwsment umkr all 
load mndkim. 

When atardw the pump, t h m  wpw may be farcad oow#rdP the tufi 
Mne end ag8Im the newrnmllk thrust ring, but drr turbine thrrwt 
(urhlch Ir mmrll) and the hydrwlle thrwt on the impeller mwo the 
rotor from the turbine and. Wetrr p m s  trom t)rr me& mgm 
through the W d k n  A Irrto 8, The water at a mduosd 
pnrsum a m  on the hnl- phmn brclry( the nrmr towards the tur  
blns m d ,  As the gap C widsns the pre~ure in rpae* B kltr and thr 
rooor mows tow& the pump snd untll k l rne,  Is mswmd, 

Wmr  pnlurn In thr balmma ckmbrr Ir minulnsd at pump sue- 
tfon promum by the I w k d  oonnodon, whlah ellowe wrtw to flow 
k c k  to pump wetion, It must bo apprscietd that thls pump has: 

1. No glands, 
2. No dl--Cllncm no dl pump and eoolar, 
3. SimpllM hydraulic klanua. 
A Slmpflflmd wr#tructlon. 
6. lmprovsd #~nvol, 
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P ELEVATE0 FEED TANK 

D~oraOor  
Thm operetion of thk udt k a direct dewbpment from the prhd- 

ple of the d,c. teed water hsutmr dhorlbsd wrlbr. 

Refawing to oh, dmwamr rkmtch: FIg, 6,23, 
Condenseto emm the dwapoudsw, g~lntng heat from the rl81ng 

r)r trom t h m  dearrator b d y  which pnsroa over the outoide d the 
wbss. The dwapourfrrr I8 two psw rnd the plm X wnru to p u n  
vapour and l l r  w the upper opmpanmem, air going W tha at- 
morphen and Curther a o n d e d  wpwr  dninlng back thmugh X. 

From the dmvlpourlrmr the condensate enters into the spnyor 



ownprrtmsnt l'hls d ~ l l t ~ ~ W  ia thm rprayed through d s o  into 
ths m l n  body of the deamDor where it ie hmrwd by dire# m e t  
with hot dmln wheurt. the ruddm prsssun d m  md heat galn e f k -  
tively llbwuws the air (empars this prlnelplr to that of the d.a hestet 
pnvlomly duerlkd). Condmnaata and mhnust stoam finslly mtx and 
flaw down to thm dwmd hd #nk at t mpsntum rpproDllmrwly 
that equal to the trrnpentum of ther m r m  (thb m8y k 
blow t h m  trmpwrtun Mllng polnt n atmolphsric pmmn H the 
d u s t  steam is rt a dight wwurn, but thlr d m &  on the morn 
oxhauol uystm oupply end h o r w o r  and vapourlosr Mmctlon 
syl?em dmlgn). 
the rlr flow, at repmtlon, k upwards m gsttlng progrruW 

eddmr, gMng up hmt m d  d u d n o  in'dumm. 
The dsaermr I8 by no mean8 a mn&d unk rr mrny d w r d  kmd 

~ 9 w n e  do rot incoprate thlr auxfllary but ar bollrr p m w m  tmnd 
M r0w t)H dQdenmr b m w  a l m w  a r~u i rwnmt .  

Fig. 6,24 r h m  r morkrn d~entor -hrer  whl& wn apwm at 
a rdrdrdy hlgh pmuuro, e,p 3.5 bar, and hmno &w not haw to be 
dturtld In m elmvated pooUon. 

The Cad w m r  k wynd wt d tha non-fbmr -1- In tt# d s  
a s m r  hoed In tho Porm of r hollow ammisad wnr whkh pruenta a 
1-0 wrhm am8 to thr W i n 9  owsm md lr thue mptdh m i d  In 
tsrnpmtw. these two things, ths atomisation and hertlng, flbemw 
vwy rapidly wcvgm and o h r  gww Wn ths fsd. 

A culloctlng tray form4 by tha uppw prt of tho mrn belt rllowa 
h a  w a w  tlme to boil, thus driving out ths mrnatnifi~ the 
watw pnrr through the downwmm Imo tho otwoge tank. ths d b  
aerator head ba mounud MI ur a v d o a l  w harixontally arranged 
$mags tsnk which has Inmml baMm to minlrnb rolling a*=, 
tha two fwming a central piroe ln a f e d  @*tern. 

Templrstun rlrr of tho fwd water Is at leaat 2sOC wlth the 
men anwm befng r e d u d  Wrn O,2 ml/l ta 0.006 rnM, 

Ot)m edlbrlw 
Nonm of the other rrPrilirrieo In the mrn mquim pafiloulrr can- 

Ildermlon turthw to that ghnm Mort u n k  m hat mahengem, some 
with sir mmutltlon dwiurn the prlndplw oC whleh h m  b ~ n  oovmd 
pr-b 

Rolltrng ta hut m c h ~ s r s  one sopea muid be dmply con- 
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FEED AIR 

OE-AERATED PEE0 WATER TANK 

TO PUMPS Y 
Pig. 824 PE-AERATOA WITH STORAGE TANK 

ddamd In miclmIon namely that af the dmpls heat baknce. 
In ths oasb Of 8 W Watbr Imtar: Each kg ot starm eondrnrlng 

fmm dw wturstd mtemm whh !Me undsmllnn would g k  up sbwt 
2100 W d holt ( a m  Imnt head to the faeb water, Taking the 
had trmprrsftrrs r h  st about 6W C thon 

Hmrt lort by @ t a m  m Hamt gmlnod by f d  watw 
1 ~ 2 1 0 0 r m x d 2 x ~  

taklng the 8pMlo hsat of warn w 43 WlkgO K 
Hsnoe the mom of f d  water Iml wwld be 10 ke fw each kg of 
m8m. Thk mranr Q1 kg at bled or mrhawt $#am Is nqulmd per kg 
of wrtrr* 
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In the ease of an eeonomiser: 

Heat lost by gas = Heat gained by feed water 
1 + x 2 0 0 = 1  ~ 4 . 2 ~ 8  

Where the specific heat of gas is about 1 U/QO K, gas temperature 
fall ZOOe C, water temperature rise 8 = 800 C, approximately 1 + kg 
gas in circulation per kg water. 

In the case of an air heater: 

Heat lost by gas = Heat gained by air 

Where air and gas quantities and specific heats are approximately 
the same, temperature changes are approximately the same. 

RELATED EQUIPMENT 

Evaporatom 
The basic information given on evaporators in Vol. 8 should be 

considered. As the evaporator is perhaps a more important part of a 
steamship plant some further details ere now considered. However, 
questions relating !a same mainly occur in the E.K. general exam. 

Single effect evapwa tion 
Refer to Fig. 6.25 which is a slightly more detailed circuit than that 

previously considered. The flow rates given and temperatures given 
are typical for such a plant giving about 4Q tonnes per day. 

This particular plant gives a very good performance ratio utilising 
waste exhaust at about 0.6 bar for coil steam. It also has the big ad- 
vantage of extremely small scale formation due to the high vacuum 
maintained in the shell. 

Multble effect evaporation 
With double effect evaporation two evaporators are used in series 

with shell pressures at about 0.6 and 0.17 bar. The vapour from the 
first effect Is used as the heating medium in the second effect. The 
arrangement is simitar to the single effect plant shown in Fig. 6.25. 
Such complex plants are being superceded by simpler more economic 
arrangements. 

Triple effect evaporation has been utilised for outputs of about 300 
tonnes per day at 1.3 6 bar, 0.6 bar and 0.1 7 bar shell pressures at a 



ALL QUANTITIES iN kplh 
FWMETeRS AT ALL MAIN POINT8 

Fig. 6.26 SINGLE EFFECT EVAPORATION 

cost of abwt 1.1 tonnse d Cusl oil, In thia cars a h t s r  pump would 
wobbly k fMd aftsr ttu doskrg tank to foma fesd In- the lnt 
rtsw waponwr. 

F M h  .vrporr th  
Thl$ prlnolplr ha6 k e n  utiliPsd In R.N. p n c t h  mnd h bmmlng in- 

orerllngly u r d  lor M.M, w d *  Ths prlnolpk akould br wmn by 
rohrrlng to the s W h .  The ~ n t i a l  fmt b hat hM wswr hsr tu 
p n u u n  dm@ qulcldy # that m a  watw ~s~ to s m m  wpwr, 

Ths unlt b the ffllowlng advntgw: Lem brlnm dmrlty, bllinfl 
water not adJ#ent to hesdng eu- low mllng mtm, r l  



Fig, 826 FLASH EVAPORATlON PLANT 

rsguladng, dtbbnoy Imrm#r with number of atage& compact. Note 
that thm vacuum chmbmn immn p r o # m h l y  in sirs durn to the 
I n e W n g  vrcuum. 

Fmsd mtrnmt 
for minuour  running of evwrMon f e d  treetmrnt m9y be 
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u U l W .  Chomkals must k avtome?icsily motered Into tho feed 
rupply at r dadng Ink,  w m m k d  whh h s h  water bsfora addldon 
wtkpfmd. 

Tvpfml ohemksls ussd b w  b w c  Chloridsr or oulphrter tgmnu- 
Iated) of zinc. olumlnium or ferdc. hmk Chbrlde hm~ ahown good 
rwul# In mduclng m w ~ f u m  hydddm mala (aeurrlng abws 
WC uturatbn tmnpmmtun In th &rll) and ealdum errbonm 
a l e .  Smr  mruble has h n  wrperlsnad HAth amok to piplng and 
tanks a d  the Iamt pnutlm la #, utlliss plythane Ilnlnge, Rder to 
Vol, 8 for mdem t m s n t .  

TEST EXAMPUS 

arm O 
1. Dworlbe a el& fwd wtsm, dmll  the pf#sunr and 
templrattm at the main poinu. Ststm the odvontaw d ruoh a 
ryrtlm. Dowrlb. th, functlonlng d w n m l  dwiwa In the opwm 
dwlng m a ~ ~ n g  wnditlonh 
2. b8eribe a turbo W pump. Enummrm, with dotmila, tho 
eutomMio &My kvioec ImxrrpomW and m t b  thdr part1wlnr 
functian. 
3. Sksaeh a d  d w r k  a three m g a  nlr afmor as fltpbd In the 
dumd hod syatsm. What b ths iunctkn d the 6-7 Wt Is the 
-mat# rim In tempmraturo of thm fwd water In p o s i n g  through 
thh unk? Smm ths vacuum at a c h  mqr and Indieate dearly on ywr 

the podtion of thr v a u m  mslnlrtg ualw end tho p i t b l  
arrmgemnt of thm drdna 
4, In Iha case of a turMm driven rotary feed pump explain and 
show by diagrams Ctow (8)  $m output of thb pump is rutomnhlly 
gowmed, (b) the =lei thrust k w h  up when rundng normally, a d  
(c) the mill thrust b #ken up on starting. 
I. Sk.tch and dmcrlbm r urrfucm fwd wrtw hsltw, Show elurly 
on the 8- the pmltlon d all mouMnga Stats the advant- of 
hod hrthq. 

C l m  1 
' 1, Sluteh and dmcrlk I multl+tmqm mvmpwmtfon ryrtmrn #toting 

rny rdvmtqr drlmmd for much r ryltam compmnd to singlm rtlgl. 
Clwrly Indleam on your 8Mkh tha p m u m  and tlrnprntunn at the 
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various points and give a reasoned explanation of the advantages of 
low preswre operation. 
2. Sketch and describe a cantact feed heater and name the connec- 
tions and mountings. State the source of the heating steam. Where is 
the heater placed and why? What attention does the heater require to 
maintain it in an f ieient working condition? 
3. Sketch and describe a three stage. air ejector. Detail the 
pressures at each stage. What maintenance is normally requiredl Do 
vapour ~ l e s  and steam nozzles differ in size from stage to stagel 
Comment on this. 
4. With the aid of sketches show how a closed feed system 
condensar water level is maintained under varying coditions of load. 
With the aid of a single line sketch describe a dosed feed system flow 
of condensate with particular emphasis on the feed heating 
arrangement. 
5. Describe a de-aemtor. Detail the wwking pressures and temper- 
atures. Where is the unit placed in the f e d  system and what 
arrangements are adopted to utilise the de-aerator for stand-by har- 
bour use? 
6. Discuss, in detail. the appljjation of regenerative feed heating. 
Explain clearly how this improves plant efficiency. Make a simple line 
sketch of any type of fwd water heater. 
7. Describe, with the aid of sketches, a turbine or motor driven 
rotary feed pump suitable for working in conjunction with high 
prwure boiien. Explain clearly the operation of stam'ng the pump 
and putting it on load. 
8. What is meant by flash evaporation? Describe the theoretical 
principles invohred. Make a line diagram of a suitable system inserting 
the pressures and temperatures at each stage. 



MISCELLANEOUS SPECIMEN QUESTIONS 

CLASS t 

1. Bkmteh and dmrlbs a thme elmmerit f a d  mulator, &plain how 
unlty tsldonshlp b ms lmlnd  k t w w n  the Identifind wriablrr. 
State why three demsm m t m l  is bu-r ta two dmmt e b d .  
2. Wlth Wennw to maln bollera Wa in :  

(4) why m 8 m b ~ ~  wdla a n  I- woorptlbh to distortion than 
slparatr flm row tub,  
(bl haw mhsrt elemma m plotmad rgalm wrrhutlng undar 
manoswrfng owrdtttww, 
(e) why hoadem have largely rupmrodod water and o u p e h ~ t e t  
dmm8 m d  M n m  thdr functjonrl value. 
3. Wlth refamnee a motn euphwterr: 

{a) cornprn the rdventpgw and dkndvantagmc of contr~-flow with 
parallel fkw dwIgna, 
(b) brulbs wlth aketchw how the element bonks am suppOrlQd, 
(cl W#ik how Mils? priming e#ecta supsrh-r sffsedwnms 
md c a d t l ~ .  
4. haw In datJI r section through n mnmWated high lltt dety  
valve, labelling all the prlneipal eorn~nmfs.  €xplstn how ths actton 
of this valve dlwm from other typm of w ing  laded vnlw, Wnln 
why. thls dwlgn was dwa lapd  and to what extent the ob joc th  
have bbbn bOhlbVed. 
6, Wlth dersncs w maln bIlsm oompars, udng skatehw, the 
dodgn dotoib md msrita af: 

(a) atud and msmbrsna turnam walla, 
(bl w m r  md air cdmd dnuporhmatero, 
(c) gar md m r m  air hmtlm. 
6. Dworlbe with dotohm two way9 whweby the #term wmpmr- 
Mure at aupwtrsatsr outlet I6 mletly umtrollrd under all condltlonr of 
boiler oporoh. D k u s e  the merlw md dsmsrlo of the two ways 
oriwtrd comp8nd with tho other means d rehievlng. the same 
P U P - .  
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7. with &etch- a rshest boiler ineorporeting a atearn 
oookr, en ewnomlser and air hentor, Explnln the purpose d the 
mhwt oyala end mt&te what am ita advantagas mnd disadvantages 
wrnpnmd to drnplm cydw m l r l n  the problurns pwulier to #heat 
biiem. 
8. Make a diugrammatlc sketah of a m d s r r t  rbdlsnt boiler in- 
poratlng two wperhwtw banks, a m a m  umlsr, an soommissr and 
an air h6atsr. Qiw your mmu for adopting the layout you h v o  
shown. 
9, O n e r f k  wlth rk.tehn r tdplddaublm duction gear )or a sot of 
crow wmpound wrbinu. Stmtm why wmbinltlonr of lpfcyella and 
pmrrlld Mait mducrlonr am acculonrlly rmploymd. SuOO#t why 
cornblnatiorw of star and planetary rpibyctle gear8 am a180 umd 
10. bplaln thm tolbwlng t rm when n l o t d  69 p a r  tooth 
conditbn: 

(81 plmrno, 
(b) wrker fatigue, 
(GI rwfnng, 
(dl flakino. 
1 1. Explain whet ia meant by 'nodal drtvm' and the fun* It pw- 
formr. b d r  wlth 6kadwr a maln gwr waln In whloh thl8 arrange 
m m  lo usrd. G l w  twa sdvmtugw and arm dhdvantaw d thls 
amngsm#lt,. 
12. Wlth rohmca to tho emmimeion al maln gradng: 

(a) -in how udrrcurdng w pltrlng of the teeth may be 
msarumd wr that futdter dwskpmsnt ot these woublds m y  be w i l y  
msslured, 
(bl d d k  a rnsthod of &ng tooth rurhm mdldm, 
Ic) mts why such rowtdm lro memaw,  
13. Skatch and d d b m  8 main pmpulsion mop-compound tur- 
bins I m l W o n  mnstruetd on r rlnglr plmm rrnngrmrnt wIth =la1 
mhruat. 
14. W d n  how r lubMng 011 mywtrm of th dlna pnrwm typo 
d m  lrom the mvRy typs. State two mnrngaa h hu war t h m  
grevfty typr D w r b e  how ths main turbines and gmrfng m 

Wnrt total pump lblluts h a d m t  prswurr wtm 
18. Wwrfbe, WM sketohee, r dngle wllnder m i n  p p u l h n  WP 
bin8 for smy 1 k 000 kW. Stlto whnt Iknhduu am Impwd on power 
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output and m r  n p d  Pos a turbine of this W i g n  and what &an- 
tagor it p o s s s ~  wlthin t i ~ @  llml~tlona 
10, St- whnt am the $bums and ~ ~ e q u m n c a s  d vibretbn In Wr- 
blnrr. braerlbr haw turMne ulbratbn la sltmifisDld, c4~lwlarly in 
maln p&pul#lon unite. 
17. Giw one reooan far the cause of rseh of tho followhg problem 
rsldng to turb1nr blrdlnfi: 

State one way whereby wuh problem fs owntmd. 
18. hplrln why r main high prsmurs turblne ir gmnarally of thm lm 
pulmm typ.. €&In wh8t 10 meant by ths term 'gaehd' rotor. G h  
thne 8dwntrgw mnd on, dbadwntego d this typr d rotor In cum- 
prtlmn wlth my athw typm. 
19. OmcrCbs with ~ketchss the mrnwnay steaming wnndmm 
for 4 wt of msr mpound turbines. Ewplain how matn propuhlon 
may k nmmd Hllth the hloh p m n  turbine W W .  State whh 
mown6 what pmautbnr and opmratlonal adjumwrtr arm m w r y  
undsr those exmdhfane. Sma what weuld k the dmPnnca If wn- 
.vwwly ths b w  prwwre tutbtne was b l W .  
20. With rmbnnce to blades fw low prsswn tutblnw mta: 

(a) how thsy are sorndrmb p m m d  rarlnut armion, 
(bl why thb omuse and mt 91 a d o n  dWwa from that In a h l ~ h  
m u m  turbine. 
(a) why shmdlng Is somobimam m h d  fmm the Iaa few 
'(d) what Is thm fumtlon of lwlng win and why it i m  invu-bly w d  
althwgh mmly w d  In Mgh p n o w n  turblnor. 
2 1. Idontlfy th#o huton w h M  promute fullun in, turbine bl&a 
Stm wHh m n r  whleh faewm Indues mpld hllhrra and thoor which 
have a kng trrm ohat, Rwrlbe ths mwrrss trkm bdon and 
dutlng m w h  to oountw bldr  hllun. 
22. 8- mnd d d b r  I tuhihe r o t w b r  pinion flna tooth 
ooupflng. G h  thd advan#g~  clrlrnk for It wrr thm -ram both. 

.ooupllng. 
23. Show by a linr dlwrrm how prouedon ir M r d e d  #I turbinra 



against we-, ucsophn axlal rnwmt ,  +OM of vacuum or 
lubricatlnq oll m u m  Explrln how thr wtam funaluu under huh 
conditions. D & k  how the w a r n  Is &pt fn a full state d 
madlnm ml all tima. 
24. hplsin with abtutws how a hlgh pnssun turbine dmignd k r  
a rebat oyolr dffhnh t h m  nar+mhaat dwlgn. Qlw w8norw for tlta 
dlfhmnus fwnd in the mh8t  wrblnc Givr two aduanagrr of thr 
rshwt tuhine, 
26. Draw in dmll r grwrp of mrln turbinr nonk vnlvrr In- 
pomdng ~ ~ r r  m o w  opmtbn. P d b a  how #l#dw/#qwn&l 
oparstlon la uaded oul. 
26. h w  llnm dirgnrn of a w m p h  glrnd 8tum oyrtrrn 
amdated wlth e wt of orore orrmporind turbfw. Irbdlhg dw pdn- 
dwl mmponem md indiostlng tha d i d o n  of flow In ell tines 
Stlta how w m r  conrumpihn h lupt to mlnlmum thmugh b 
rkllgn md opantlon. WWmtlaw -n tts made of oplntlon un- 
der Wl! rww and memuvring oondhkno, 
27. m r  thu m g e m m t  and w t b n  d I m i d  bed 
dmmlnmllsrl~ plant using cation and anion maim mrklng spsolal , 

*mmr arr: 

tal thr b n  dmgm p r o w ,  
lb) regsnmtbn d the m l d  bed, 
(cl precautions in handling otrwlg Wda nnd 8lkplIua and In ths dl* 
-1 of muoM. 
28. Dosoribs m autamatio aootbbwlnp sysMm giving wlth n m a  
th #quamo of opu&tlm. bpk ln  why bdlw tuba8 and ruplrhamr 
slemerm &odd k kmpt dwn #xtemally. Sma 4 t h  mason8 whnt 
umcaulbw am ubn durlng m W n g  opsrrtianr Ewplain how 
W molmlnod wot blower8 can csum M k r   defect^ and lwa of 
effiolmay. 
2Q. Dmw in d ~ l l  n mrln air l jmw lhowig thm flow p n h  m n d  
dmtmgm 8 m n g e r n 0 ~ ~  In pnlaular sxplaln why: 

(3 m non-roturn vdvm h uwrlly Rtard on ttn vmpwr ddm, 
(b) t h  n d e a  #Id tubs a n  dllhting In dbmbwr, 
(c) wollng is nwwary, 
L9 pHfwmrnw tmdr to 'fall off' mnd howthk In ecruntmd. 
30, A M W  thno Impomt f o n  llmlting th. wpmndon of -am 
In muln turblnm m d n  how main aondm#r condklon plmnt 



BCFi$iw. Giw t h m  muma Of um8tisfaetgry eondenaw opsnthn 
and m t a  how thy ara dsalt whh. Dewrlk wkh sketdws how 
dlfhnntial mpandon kWmn shell m d  tubm 18 accommdrtd 1 
the tubes are expanded Into both tuba plat& 

31. Sketch md d~dwlbe d pmmrs  m b r  a6 fhed In a Btemm 
n n p  whera thm ultimate state mrror and raspom ttm am rnlnlmd. 
IdantCfy thow m p o ~ n t s  gklng t k  m q u l d  ehaetrr ldca 
32 €@#In why wrblna rotom a n  both dynamically md eatlmlly 
balanced Utt*r 0en8motlon or rsbladfng. State how mmm bsmm 
unblmd in mrvlw. Dewlbe how a V-J Is enabled to eornplePs 
its voyage under ib own power if vibration drwlopr in #re of itr 
turblnw, 
33. Dwcrlbe In gansnl lmts the prinoipal Feeturw d a aid feed 
ryrtrrn. Explain how f ad  f l w  C contdlrd wrth adation of mndsn- 
r r t m  In tlu dm-mmtor. Shtm whot 11 munt by 'drd band' in the aon- 
ml mnge a d  its funutbn. 
34. Stow with naaom what e n  the ohortFomings of the conwn- 
tknal Intsrmlttunt rrnpllng and analyrls d bolter water, Dowrlbm 
with 8Whw m amngrment for a v ~ l n p  them imadequ~clrs. 
38. -ah and d a d b e  a rotary cup bumor for o bollor, brpllin 
why this type of bumw is suknble for w whh automa+ epmbwdan 
wntml, Explaln the muantng d the tmrm 'turn down' ratio and gkre r 
rapresentrtlvo tigum for thb type d burner. 
30. hmw a line dlagmm d s bohr oombusbion control swam 
laballing the principsl item. , W a i n  how tha a w r n  tunedons and In 
p ~ ~ l a r  how Cmd wamr -ply, fuel suppiy and airhol ratio am 
roguladsd w nwOoh smm prmsun m d  fbw vrrl&. W l a M o w  
them wrm la  uan be tuted for ohm w n d b m  without upwttlng 
the b a b , ~  of tho yrm. 
37. h w r s  the dbtm of oontmlllrg mln proprlebn turblrws by 
o i h r  thmttling through the msncwwrlng valvs or nelectlng tho k t  
nodm cmblnmtlon. 
38. btploln why Iwkege of otmm into a low pmwn turbtns 
awlng b rot ndwr thr vwuum whrms LerkPgm d air wll. 
8luteh and krerlbm I gland rtlmm p)rlrrn Ibr I mt of main pmpul- 
Ikn turblnu. Explmln h W  thm g k n 6  m n  w a l d  undmr both full 
powr and r n ~ u w l n o  mdMtlonr #Id how r t u m  lrakege to at- 
m o w  Is lupt to a minimum. 



aa. l~eoersbs thm W- mmty adoptad, 9o i-w ths 
wnll mfblency d a main propulsion plant lor a given ost of Ptwm 
candklonr n rywrhmatmr outkt. 
40. Glvr two m m m  why a mslln turblnm retor may b a d .  b l a i n  
why thk hult mn#itutm a hrtard. Pnpu* oprrrtfng lnmuetrmw u 
r safety pnuutlon 4g8lmt thr pombtlltv of rotor dhwtion. 
41. Sma what arm the lndl~loionr a d  pprdble eonwqumwr of 
both 8lgnMmm and InsfgnHiam steam leakage Into msm turblnss 
during ahmad operation. Dawrlbe toeta to memure the l e a b p  from 
an autmm rn8nomuwin~ artd guard hokdnu vmhrr. Stam why some 
a r m  turblnar a n  mquipped wlth 8 hlgh tmmp.ntun alarm and h w  
It b Wad, 



MISCELLANEOUS SPECIMEN QUESTIONS 

CLASS 2 

1. With reference to combustion state the effects of: 

(a) fuel temperature and air supply on flame condition and funnel 

emission, 
(b) salt water contamination of fuel, 
(c) molten ash in combustion gases. 
2. With reference to boiler safety valves explain the purpose of: 

(al easing gear, 
(bl valve drains, 
(c) adjustable ring seats, 
(d) high lift facility. 
3. Draw in detail a boiler feed regulator controlled by variables ad­
ditional to water level. Describe how it operates. Give reasons for 

these additional parameters in feed control. 
4. Draw a line diagram of a main boiler labelling the principal items 
and indicating the path and direction of flow of the combustion air 
and gases, the boiler water and steam. State how water circulation 
can be reduced to zero or even reversed. Give three reasons why the . 
combustion gases are constrained to follow the route indicated. 
5. With reference to main boilers: 

(a) describe with sketches two ways of controlling superheat 
temperature, 
(b) give three reasons why one arrangement is preferable to the 
other. 
6. With reference to main boiler furnaces explain with sketches the 
arrangement and the purpose of: 

(a) roof firing, 
(b) tangential firing. 

Give with reasons two disadvantages of both (a) and (b). Explain how 
(a) and (b) have affected boiler design. 
7. Give two reasons for the regular systematic inspection of the 
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main gearing. Describe three operational faults to which main gearing 
. is prone. State the probable causes and the methods by which they 
might be avoided. 
8. With reference to main reduction gearing explain why: 

(a) nodal drives are usually associated with high pressure turbines, 
(b) pinions are generally of alloy steel and, wheel rims are not, 
(c) pitting is usually found at the ends of the teeth. 
9. Draw diagrammatically a set of epicyclic/helical main gearing 
associated with a set of cross compound turbines, labelling the prin­
cipal items and showing the direction of rotation of all shafts. 
Describe the arrangement as drawn. Explain why some reductions are 
epicyclic and others are not. 
10. With reference to main reduction gearing explain the reason 
for: 

(a) tooth form, 
(b) surface pitting, 
(c) single plane configuration. 
11. With reference to main gearing explain: 

(a) how progressive pitting may be arrested, 
(b) how vapour space corrosion is kept to a minimum and why this 
is necessary, 
(c) why records are kept. 
12. With reference to main reduction gearing: 

(a) explain the purpose of quill shafts, 
(b) sketch and describe a quill shaft making particular reference to 
shaft support, 
(c) state how quill shafts are usually connected to the turbine rotors 

and gear pinions. 
13. With reference to main reduction gearing: 

(a) explain why helical tooth formation is invariably used, 
(b) give two reasons why double helical gearing is frequently used, 
(c) state what are the advantages of single helical gearing. 
14. Describe with sketches the provision for expansion of: 

(a) turbine casings, 
(b) turbine rotors, 
(c) inter-turbine eduction pipes. 
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1 5. Sketch a turbine emergency stop valve. Explain how steam is 
made available to the turbines when the valve has operated due to 
lubricating oil supply failure. State why steam supply to the turbines 
is required in such circumstances. 
16. Draw a line diagram of a main lubricating oil system for a set of 
cross compound turbines, labelling all the principal components and 
showing the direction of flow in all lines. Give reasons why the 
following items are incorporated in many such systems: 

(a) gravity tanks, 
(b) magnetic filters. 

Explain what emergency facility is inherent in 'gravity head' systems. 
17. Sketch a 'gashed' turbine rotor. Show in detail how the blades 
are carried. Explain why most high pressure turbine rotors are 
'gashed' whilst low pressure turbine rotors are often built up. 
18. Draw in detail a device for protecting main turbine rotors against 
overspeed and excessive axial movement. Explain how it operates 
and protection is af!orded to the engine. State how rotor overspeed 
and excessive axial movement can occur. 
19. Draw in diagrammatic form a double casing turbine showing all 
connexions and directions of flow of the steam. Describe its opera­
tion. Give a good reason for this design. 
20. Draw in detail a coarse tooth coupling between turbine and 
pinion. State what clearances are critical and how they are measured. 
Identify two defects of such couplings and explain how they are 
countered. 
21 . Draw in detail the devices fitted to guard against: 

(a) main turbine overspeed, 
(b) main lubricating oil supply failure, 
(c) loss of vacuum in main condenser. 

Describe how each of these devices functions. 
22. Draw in detail a turbine thrust/adjusting block. Describe how it 
functions. Explain how rotor axial movement and location is adjusted. 
23. Draw in detail a turbine diaphragm gland. Explain how it func­
tions. Explain how and why it differs from casing glands. 
24. With reference to turbine rotors explain with sketches what is 
meant by the terms: 
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(a) statically balanced, 
(b) dynamically balanced. 

Give two reasons why rotors are so balanced. 
25. Sketch in detail an impulse turbine blade showing the con­
figuration of the blade section and root. Similarly, draw respective 
diagrams for a 'reaction' turbine blade. Expli!iin fully why they differ. 
26. Explain how the tubes and tube plates of regenerative main 
condensers are supported. Explain how differentia! expansion 
between tubes and shell is accomodated if the tubes are rigidly held 
at both ends. State how condensate contamination occurs. 
27. Draw in detail a feed water de-aerator. labelling the principal 
components and showing the directio.n of flow of all fluids. Explain 
how it works. Suggest why de-aerators supplement air ejectors in 
many closed feed systems. 
28. Sketch and describe a main condensate extraction pump. 
Explain how: 

(a) the pump works effectively at condenser pressure, 

(b) the ingress of air through the pump is prevented. 
(c) pumping continues during light load. 
29. Sketch and describe a two stage air ejector. Explain how air 
and gases in the condenser are ejected to atmosphere. Describe the 
atmosphere and condenser vacuum sealing arrangements. Give a 
good reason why ejector efficiency 'falls off'. 

N.fJ. It is strongly recommended that Second Class candidates 
attempt, in reduced detail, the First Class specimen questions. 
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