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SYNOPSIS

Logical theories can be postulated for the 

escalation in incidents of marine main diesel 

engine lubricant malfunction and associated 

corrosion. If they are correct, the forecast is 

temporarily gloomy, until preventive measures 

become generally used and some long term 

reformulations are carried out. A number of 

early-warning signs can now be recognised. On

board microbiological tests have proved of great 

value; biocides are now known which can protect 

oils in use and many infected systems have been 

successfully sterilised.

Other 'straight' oil infections are discussed 

briefly but as yet the financial implications of 

other known infections are less pressing.

INTRODUCTION

Microbial degradation of cutting oils and 

coolants, rolling oil emulsions, hydraulic and 

bearing oils and aviation and other fuel oils has 

been recognised for many years. Whilst the 

economic consequences of infections of cutting 

and rolling oil emulsions is universally 

appreciated, and considered adequate 

justification for anti-microbial measures, 

infections of straight oils (except fuels) have 

largely been considered an academic curiosity

However, in 1969, a ship incident occurred in 

which malfunction of the main diesel engine 

lubricant and associated failure and corrosion 

was for the first time correlated with massive 

microbial infection. Since then there has been an 

escalating number of such incidents, many costing 

hundreds of thousands of dollars. Whilst the 

better ability to recognise such problems must 

account partly for an increase in numbers, there 

is undoubtedly also a real increase for which 

there must be a logical explanation. To 

understand this logic we must know something of 

the characteristics of microorganisms.

MICROORGANISMS

The majority of problems encountered in 

lubricants have involved bacteria, organisms 

which are no more than a few microns in size, 

which can double in size and divide into two 

every twenty minutes (under ideal growth 

conditions) and which usually separate from each 

other after each division. They flourish in warm 

conditions and most prefer neutral or slightly 

alkaline conditions. The usual dominant 

bacterium is Pseudomonas. Moulds are often 

found in small numbers, and in at least one case 

Aspergillus fumigatus has been the dominant
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Fig. 1 — Laboratory infected slow-speed diesel 
engine lubricant showing concentration of 
growth at the oil/water interface and 
‘milky’appearances of oil due to the 
formation of a stable emulsion

Load, kg

Fig.2—Four-ball wear tests (IP 239/73) on F ) Fresh lubricant (—— — )
I ) Laboratory infected lubricant (—  — — )

Note the increase in wear rates at low loads after infection



organism. Aspergillus fumigatus has received 

considerable attention as a potential hazard to 

supersonic aircraft fuel systems*. It is a 

filamentous organism and hence is found in 

discrete 'mats' of growth. Yeasts have often been 

isolated from hydraulic oils and from steel mill 

bearing oils but have so far played a minor role 

in ship's lubricant infections. Both yeasts and 

moulds prefer slightly acidic conditions.

Figure 1 is a photograph of a typical marine 

lubricant with an associated mineral salt aqueous 

phase after three weeks infection in the 

laboratory.

The milky appearance of the oil is due to a 

permanent, stable, entrained water phase, and is 

typical of laboratory generated infections. 

Infected oils in use also tend towards this 

condition although the milky appearance is 

modified by a darkening of the colour of the oil.

THE LUBRICANT PROBLEM

Microbes have an incredible ability to degrade all 

types of organic (and sometimes inorganic) 

materials. Different microbes have different 

preferences for 'diet' and for physical 

conditions (temperature, pH, light, oxygen 

tension and electron potential). All must have 

water to grow. Water is a by-product of their 

growth, so once started they are to some extent 

self sustaining. They must have a balanced 'diet' 

with particular respect to Carbon, Nitrogen and 

Phosphorus. It is the greater availability of 

these last two elements, either directly as 

additives in m o d e m  oils, or as coolant 

additives when these leak into the oil, which is 

probably a major factor in the escalation of the 

lubricant problem.

There is nothing magical about the role of 

microbes in lubricant malfunction and corrosion
2

and this has been described in detail elsewhere . 

We can summarise their activity in general 

although individual species of microbes may 

accomplish only some of the processes listed.

1. Their growth products may be corrosive e.g. 

organic acids, hydrogen sulphide, ammonia.

2. They reduce inter^facial tension and hence 

stabilise a water in oil dispersion. Such a 

dispersion tends to be corrosive and is difficult 

to resolve by centrifugation.

3. They attack some molecules of the base oil 

preferentially and hence alter its viscosity and 

chemical composition.

4. They may attack the oil additives and reduce 

their effectiveness.

5. Local concentrations of microbes deplete 

that area of oxygen and hence establish 

electrochemical anodic pitting due to an oxygen 

gradient.

6. The physical presence of the mass of microbial 

cells plugs filters and may restrict flow 

through pipes and orifices.

The ability of a microbial infection to change the 

load-bearing properties of an oil is illustrated 

in Figure 2. Typical "Four-Ball" Wear Data are 

given for an unused marine lubricant and the same 

lubricant after a massive Aspergillus fumigatus 

infection. The increased wear rates at low loads 

are very marked.

The time-scale for a serious problem to develop 

can be a matter of weeks but is very dependent on 

sufficient water being available for a growth 

'explosion'. Sulphide generating bacteria may 

appear after other organisms have flourished and 

have reduced the oxygen level. They prefer 

stagnant conditions and hence may be associated 

with 'lay-up1. Microbial sulphide corrosion is an 

intensely vicious process.

ESCALATION OF MICROBIAL SHIT INCIDENTS

There must be some logic which explains the 

increasing number of marine incidents. At least 

five factors can be recognised which may all have 

contributed to this escalation.

1. The increased use of non-toxic engine coolant 

inhibitors to fulfil regulations for coolants also 

used for fresh-water evaporators. Chromates 

(where still in use in coolants and at adequate 

concentration) are anti-microbial, but they 

cannot be used where the coolant is also used in 

drinking water evaporators. Other types of 

coolant additives may actually support microbial 

growth and hence if they leak into the lubricant 

may supply nutrients, water and microbes. This 

appertains particularly to water-cooled pistons.

2. The increased use of sophisticated oil 

formulations which may constitute a complete 'diet' 

for microorganisms or may become so when 

supplemented by nutrients from the coolant.
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3. A progressive change in base oils for 

lubricants. Naphthenic base oils have partially 

been replaced by paraffinic base oils which may 

be more prone to microbial attack.

4. Reduced use of renovating tanks. When used 

routinely these can function as batch sterilisers.

5. Use of undersized purifiers which cannot 

effectively remove microbes and positioning of 

purifier suctions to locations which are less 

able to pick-up and dispose of pockets of 

microbial infection.

6. Reduced engine temperatures, due to 'slow 

steaming', may increase susceptibility to 

microbial attack.

7. Increased lay-up during which growth, 

particularly by sulphide generating bacteria, may 

proceed un-noticed.

All of these changes have been made for very sound

reasons; it is unfortunate that no-one could have

foreseen that when they occurred together a
I 4

potential microbiological time-bomb would be 

created. It still, of course, requires an 

inoculum of those organisms which can flourish 

at the engine temperatures and in the 

formulations in use. It is likely that these 

organisms are acquired in the tropics where the 

adaptation for organisms growing at high ambient 

temperature to growth at engine temperatures is 

more probable; in the North Atlantic the larger 

temperature difference would discourage this 

adaptation.

Even when a potential 1 time-bomb1 has been*fused* 

(inoculated with the right organisms), oil 

changes and corrosion will not develop rapidly 

unless adequate water is available for growth 

proliferation. All of the evidence is that early 

detection is important. In the very early stages 

no lubricant malfunction and corrosion are seen; 

at later stages progressive changes can be 

identified and a major casualty may occur.

Experience has shown that finding large numbers 

of microbes in the bottom of a system may be no 

more than an indication that leakages are 

occurring from infected coolants, possibly during 

engineering work. Such isolated pockets of 

microbes have sometimes proved difficult to 

eradicate, and if the type of organism in the 

coolant is not able to flourish in the lubricant 

formulation, these pockets of infection may have

no great significance. Where the microbes are 

able to flourish in the lubricant they tend to 

spread progressively throughout the system. To 

draw the right conclusions it is therefore 

essential that the right samples are examined.

It is suggested that the following set should be 

taken :

1. Lubricant from bottom of sump - by hand pump 

if fitted or by dropping a sterile tube down the 

sounding pipe.

2. Lubricant entering purifier, after shutting 

down heater and allowing temperature to fall.

3. Lubricant from bottom of renovating tank.

4. Lubricant from main circulation e.g. before 

filter.

5. Lubricant from spare charge.

6. All coolant systems, preferably on forward 

rather than return flow.

The exact locations of the sampling points, the 

temperatures of the systems, and the brand of 

lubricant in use and coolant additive should all 

be notified to the testing laboratory if one is 

used.

ON-BOARD INDICATIONS OF MICROBIAL ATTACK ON- 

MARINE LUBRICANTS

All or some of the following phenomena may be 

observed when lubricant infection occurs. 

Individually each may be ascribed to some non- 

biological cause. They should therefore be 

taken as possible indications of infection which 

should be confirmed by microbiological tests on

board or in the laboratory.

1. Stable water content in the oil after the 

purifier.

2. Increased acidity of the oil due to 'weak' 

acids.

3. Unusual smells.

4. Sliminess of the oil. This may be 

particularly apparent on the crankcase wall or in 

a glass sample bottle.

5. Honey-coloured films on the journals.

6. Corrosion pitting of the journals.

7. Rust films on machined parts.

8. Black 'graphitic' pitting in cast iron.

9. Black stains on white metal bearings.

10. Brown or brown/black deposits.

11. Sludge accumulation in the crankcase and sump 

and sludge separation at the purifier.

12. Corrosion of the purifier bowl.
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Fig.3 —Damage to  main journal due to lubricant infection (Case 1) Fig.4  — Easicult TTC dip-slide before (left) and 
a fte r (right) use on infected lubricant



13. Filter plugging, particularly in rough weather. 

In total - unlucky thirteen.'

These phenomena have also been described by King 

and McKenzie , and a number of Case Histories have 

been described in detail by Hill^. Figure 3 

illustrates the typical appearance of a main 

journal following massive bacterial infection of 

the lubricant.

MICROBIOLOGICAL TESTS

The regimes for preparing sample bottles, taking 

and transporting samples and using on-board test 

methods have adequately been described elsewhere'’. 

It is sufficient to say that in on-board tests, 

slides coated with a nutritive gel can be dipped 

into the coolant or lubricant, incubated overnight 

(a yoghurt maker available at retail chemists is a 

useful cheap incubator) and the resultant 

intensity of red spots compared to a standard to 

determine the numbers, if any, of bacteria present. 

A typical result is shown in Figure 4-

The interpretation of a set of results is best 

left for the expert although this is outlined 

elsewhere'’’̂.

REMEDIAL MEASURES

A whole spectrum of approaches are available 

depending on the extent of infection and corrosion. 

In the early stages it is possible to salvage and 

sterilise most of the oil by renovating at 180°F 

or more for 12 - 24 hours, whilst circulating 

through the purifier and its heater, and then 

allowing to stand at high temperature for 12-24 
hours. At the same time the sump and system can 

be cleaned out and sterilised with some of the oil 

containing a biocide. The renovated oil can then 

be returned to the sump via the purifier and 

topped up. The renovating tank should then be 

cleaned out.

Depending on circumstances it may be considered 

desirable to add a biocide to the oil in use.

Even where this is not considered necessary there 

may be an appreciable carry-over from the 

sterilising flushing oil to the new charge of 

lubricant.

No biocide should be added to oil without 

expert advice and the approval of the oil 

supplier. Almost every biocide has some adverse 

affect and this should be allowed for in any

anti-microbial procedures.

For example a proposed biocide may itself 

interfere with the load-bearing properties of the 

oil. This is illustrated in Figure 5 where the 

"Four-Ball" Wear Data are given for an unused 

marine lubricant and the same lubricant after 

the additions of biocides B and M.

Obviously biocide B would be unacceptable if the 

lubricant was operating under conditions of 

loading likely to approach the initial seizure 

point.

A biocide may also impair the ability of the 

lubricant to shed water. This is a particular 

failing of the oil soluble Quaternary Ammonium 

Compounds, and as they are also invariably sold 

as solutions in a low flash point solvent, there 

are severe practiced, limitations to their use.

Some biocides are themselves corrosive. Tables 1 

and 2 give the results of a simple experiment in 

which two steel balls were dropped into 

replicate 50 ml aliquots of two oils plus 1 ml 

of distilled water and kept at 37°C. A variety 

of biocides were incorporated in the oils at 

concentrations appropriate to their biological 

effectiveness. Inspections were made at 

intervals of a few days and the onset of 

corrosion noted and arbitrarily assessed. It 

will be seen that Oil A (a straight non-additive 

oil) gave limited protection against corrosion 

and the various biocides increased or reduced 

corrosion. Oil B, an additive oil, protected 

against corrosion, but its effectiveness was 

impaired by certain of the biocides. Other 

experiments have indicated that for other brands 

of oil, different results may be obtained. 

Although it is possible in most cases to make a 

choice of biocide which will result in no known 

adverse affect, circumstances of availability, 

transportation and restricted treatment time, 

may mean that another biocide must be used. 

Provided that its deficiencies are known, a 

regime can usually be instituted which allows 

for them.

If there are already indications that the oil in 

use has become aggressive, there is obviously 

little point in trying to reclaim it by 

renovation. Thus a bearing inspection is 

desirable as well as a conventional oil test.

On the basis of all the information available it
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Fig. 5 —  Four-ball wear te sts on F )Fresh  lubricant ( — — )

B) Lubricant plus biocide benzyl cresol ( — —  — ) 

>W )Lubricant plus biocide M A R  71 (

N o te  the marked change in initial seizure load

Fig.6 — Severe corrosion of fuel valve due to growth of sulphide generating 
bacteria in the coolant. (Case 2)
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Effect of biocides on corrosion of 0.5" SKF Grade 1 steel balls

Steel balls were immersed in 50 ml oil plus biocide and 1 ml distilled water and maintained at 37°C. 

Corrosion was recorded ( +  to I-I III) and any precipitation noted (P).

Table 1 Non-additive lubricant

Tables 1 and 2

Time
BIOCIDE ADDED

elapsed (days)
CONTROL A B C D E F G H

7 - + + + + + - + +

14 - ++ P ++ P + + + - + +

28 - ++++ P -H-H- P + + ++ - + +

42 + ++++ P ■l-H-IHP +  P + ++++ P - + +

Table 2 Additive containing lubricant

7 _ _ - + _ _ _ -
28 - - - + P - - - - -

42 - - - ++ P - -

60 - + - +f P

“
- - -

may be considered prudent to dump the whole of the 

oil charge. In some circumstances it might first 

be 'spiked' with a high concentration of biocide 

and used as a sterilising flush, preferably with 

supplementary filtration.

COOLANTS

If infected coolants are detected this may be 

important in its own right, as corrosion may be 

occurring in the jacket or piston crown. A very 

severe microbial corrosion of the fuel valves has 

occurred on at least one ship (see Figure 6).

An infected piston coolant may also act as a 

reservoir of infection for the lubricant.

Because of the high temperature and alkalinity, 

infections of coolants are predominantly 

bacterial.

Bacteria may either oxidise or reduce the nitrite 

of nitrite-based coolant inhibitors, which thus 

become inactivated and corrosion can then take 

place. ’Soluble oil' coolant inhibitors 

usually become unstable and 'tramp oil' 

separates at the surface. This is due to the 

microbial degradation of the emulsifiers and

coupling agents which stabilise the oil 

dispersion. All coolants usually become more 

acidic during microbial infection.

A variety of water-soluble biocides can be used to 

flush out infected systems. There are 

limitations imposed on the addition of biocides to 

the coolants in use by the toxicityregulations of 

the Department of Trade. Apart from these 

limitations any biocide must be compatible with 

the coolant inhibitor in use, compatible with the 

lubricant should a leak occur and should not 

alter the pH of the coolant to an undesirable 

level.

PRECAUTIONARY MEASURES

Many ship owners have decided to conduct routine 

microbiological surveys which have proved of some 

value, as remedial measures can then be 

instituted before any adverse affects are noted.

At the moment, it seems to be prudent to err on 

the side of caution and eliminate infections when 

ever they are detected at a substantial level.

Obviously it is sensible to be particularly 

careful to rectify coolant leakages, to renovate 

routinely and to organise the purifier lay-out 

and operation to obtain the maximum benefit.
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There is no doubt that the purifier heater and 

centrifuge both reduce the numbers of living 

microbes in oil, and a programme of work is now 

in hand to optimise this part of the oil system so 

as to reduce the likelihood of a hazardous 

infection arising.

Concurrently there is much interest in the 

re-formulation of both lubricant formulations and 

coolant additive formulations to make them more 

resistant to microbial attack. Adding a 

compatible biocide to an existing formulation is 

only a partial answer, as all biocides are 

depleted in use and hence will have a finite life.

INFECTIONS IN OTHER STRAIGHT OILS

This paper has largely been concerned with 

microbial problems in lubricants for slow-speed 

marine diesel engines. There are good reasons for 

this. Both the lubricant and coolant temperatures 

are conducive to microbial growth, and a 

particularly nutritious environment is created 

when the chemicals of the coolant inhibitor leak 

into the lubricant. One does not anticipate 

severe problems for example in high speed engines, 

where both lubricant and coolant are hot enough 

to be self-sterilising.

Gear-oils, 'straight' cutting oils, hydraulic oils 

and preservative oils can all support microbial 

growth in the right circumstances. The symptoms 

of the infection and the remedial measures follow 

closely those described for slow speed marine 

diesel engines although some changes in properties 

may be relatively more important. For example 

infected hydraulic oils may cause equipment 

malfunction due to filter and valve plugging, and 

there is some evidence that cavitation is 

increased.

Of growing concern are the increasing problems due 

to fuel oil infection. The American Navy has
g

suffered severe microbial corrosion problems ,

particularly in sea water displaced fuel systems. 

Light fuel oils support most microbial growth; 

in severe cases the fuel may become corrosive, 

but the most common symptoms are coalescer and 

centrifuge malfunction and filter plugging. 

Further details of symptoms and treatment are 

published elsewhere^.

There may well be other locations in the ship 

(e.g. s t e m  tube lubrication) where microbial 

infections will prove to be deleterious.
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CASE HISTORIES 

Two case histories have been selected to 

illustrate the onset, consequences and cure of 

microbial infections in main engine lubricants 

and coolants.

In each case the permission of the ship-owners to 

publish has been sought and given and their 

cooperation is gratefully acknowledged.

The identity of the ships, the oils and chemicals 

involved and the make of engines could possibly 

be deduced or may be obvious from prior 

knowledge. There is no intention to criticise 

any of these or any aspect of ship managements.

CASE 1

The ship was 20 years old. The main engine had 

water cooled lower pistons; the coolant was 

protected with potassium bichromate (nominally 

2^lbs per 1000 galls.) and was common to pistons 

and jacket. There was no previous history of 

serious lubricant malfunction, nor unusual engine 

corrosion. Two months before the first bearing 

failure a routine survey of the journals and 

bearings had been conducted without adverse 

comment.

Three weeks before the first failure a major 

leakage of coolant into the engine was noted. A 

"Speedy Moisture Test" showed 7% water, but an 

oil sample was considered fit for further 

service. Water became progressively harder to 

separate cleanly at the purifier; an intractable 

stable emulsion had formed in the oil, and a 

watery sludge was being discharged at the 

purifier. Due to fracture of the main fuel pump 

crankshaft drive coupling, which was attributed 

to wear of a drive shaft bearing, the vessel was 

delayed for a week. A new crankshaft was fitted 

and the damaged bearing re-metalled. Meanwhile 

the oil was purified for a week, although the 

renovating tank was not used. 600 gallons of new 

oil were added to top-up the system and the ship 

sailed still trying to purify emulsified oil. As 

she entered the next port of call, all of the 

main bearings failed, white metal being 

extruded. An inspection revealed black scale on 

the white metal and blackish-brown deposits on 

the journals overlying corrosion pitting.

Tests on oil samples now revealed the following 

relevant facts:- oil from top of renovating tank:

water content 11.1%, total insolubles 0 .32%, 

initial pH (1P177) 5-9.

Oil from Port Storage Tank (for comparison) : 

water content - faint trace, total insolubles - 

nil, initial pH 8.8.

Water in the renovating tank contained 250,000 

bacteria per ml and water underlying the sump 

oil contained 8,000,000 bacteria per ml. No 

sulphide generating bacteria were detected; no 

yeasts or fungi were detected. The coolant 

was not infected.

It was concluded by the oil supplier that the 

casualty could be ascribed to microbial attack on 

the lubricant with associated additive depletion, 

emulsification and corrosion. This opinion was 

supported by an independent consultant.

Repairs were effected, but before the laboratory 

results were known a new oil charge was 

introduced. When the laboratory tests confirmed 

the presence of bacteria, the oil supplier 

advised on anti-microbial measures. The 

renovating tank was cleaned; the oil charge was 

treated by adding 0.5% of biocide 'G', and the 

oil was circulated at ambient temperature for 

more than 24 hrs. Much sludge was removed by 

temporary gauze filters and it was noted that a 

black rubbery deposit formed at the purifier bowl. 

This oil was discharged to bunkers and a fresh 

oil charge delivered and 0.15% of biocide 'G' 

added.

The coolant was dumped, the system cleaned and 

fresh coolant made up containing bichromate and 

0.5% of biocide 'G'.

The repairs included re-metalling all bearings, 

re-grinding the journals and micro-finishing the 

cross-heads. The approximate direct cost was 

£250,000 plus loss of hire and wages during the 

two month delay.

All systems were tested and found to be sterile. 

The ship sailed and a routine inspection after 

eight weeks revealed the onset of slight rusting 

of No. 3 centre crankpin journal. Further 

inspection revealed a similar condition at No. 5 

main bearing and No. 1 side crosshead. On the 

assumption that a further microbial attack was 

developing, 0.5% biocide 'G' was added to 

coolant and lubricant and the ship was diverted 

for attention. During the voyage a number of
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water leakages had occurred leading to a water 

content of the oil of 2.9%. This has been 

resolved by centrifuging although some temporary 

emulsification had taken place. Make-up oil 

(158 5 gallons) added during the voyage was 

treated with 0.1% of biocide 'O'.

A complete engine inspection now took place. The 

crankcase was clean with no sludge; the white 

metal appeared normal; the crankcase journals 

showed bands of rust up to 4" wide near the oil 

supply hole; the main journal showed small rust 

patches and the crosshead mainly staining with 

some etching. Some rust patches had picked up 

traces of white metal.

Remedial work was confined to removing rust and 

staining with wire-wool, emery tape and metal 

polish. Care was taken to preserve the micro

finish on crosshead pins. A modification was 

made to engine ventilation, and tank top, drain 

tank and coolers were tested for leakage. A 

number of 1Easicult' tests were conducted on 

board and all systems found to be sterile.

Further microbiological tests were conducted 

locally and in the U.K. and it was concluded that 

there was no significant infection at that time.

There were now two theories to explain the new 

casualty:-

(1) A renewed microbial attack. If this had 

occurred it had been effectively concealed by the 

large addition of biocide 'G' during the latter 

part of the voyage.

(2) An incompatibility of the biocide with the 

oil. There was some evidence to support this.

It was decided to continue anti-microbial 

measures but this time 0.2% biocide 'V' was 

added to 700 gallons of oil on the basis that it 

was freely oil soluble, whereas biocide 'G' was 

very sparingly oil soluble.

This was circulated throughout the system, 

hosing down in the crankcase at the same time, 

for about 24 hrs. The oil was pumped to the 

renovating tank and then disposed of in bunkers.

The coolant was dumped and replenished with 

bichromate and 0.2% biocide 'V'. The 

concentration of biocide was maintained in the 

coolant during subsequent make-up. The new oil 

charge now added was of a different type with a 

smaller additive content, but from the same 

supplier. 0.2% biocide 'V' was added. During

engine trials the pungent fumes from the 

biocide made it impossible to enter the 

crankcase unless a smoke helmet was worn. After 

successful engine trials the ship resumed normal 

trading. No further biocide additions have been 

made to the lubricant. 'Easicult' tests 

conducted weekly have given negative results for 

bacteria.

A light golden film has been observed on the 

journals but has been attributed to the change of 

oil type.

Conclusions

A massive bacterial infection caused pronounced 

oil emulsification and sludging; eventually 

severe corrosion and failure to lubricate 

resulted in a complete engine failure. Bacteria 

were successfully eliminated from the oil and 

coolant. On the next voyage a further incident 

occurred which could have been a bacterial 

attack, as it is known that biocide 'G ’ is 

easily leached from oil and hence leaves it 

unprotected. However such tests for bacteria as 

were conducted were negative. There could also 

have been interference by biocide 'G’ with oil 

characteristics. After further repairs and use 

of biocide 'V' there has been no recurrence of 

the problem. Biocide 'V' has objectionable 

pungent fumes which disperse after a period of 

several days.

CASE 2

The ship was six years old at the time of the 

casualty. The engine had water cooled upper 

pistons and oil cooled lower pistons. It had 

operated normally before the incident with no 

record of excessive corrosion or lubricant 

malfunction.

A routine survey was conducted and revealed 

corrosion. A complete brown film was observed 

on the journals except for a bright ring in the 

way of the oil grooves. The ahead guide face 

showed brown staining, whilst slight pitting was 

observed on the astern guide bar faces.

An oil sample taken before the survey was 

reported as fit for further service.

Samples were submitted for laboratory 

examination. They revealed 92,000 bacteria per 

ml in an oil sample drawn from the sump and

3,040,000 bacteria per ml in the jacket coolant
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sample.

As it was not possible to carry out the necessary 

work on the engine at the port where the ship 

berthed some temporary steps were taken. A 

proprietory cleaner was obtained from the 

lubricant supplier, added to the oil and this was 

then circulated for 24 hours at 75 C, 

transferred to the renovating tank for further 

heating and then discharged to bunkers. The 

brown encrustation was removed by the cleaning 

process and revealed that the journal surface 

below it had a pumice stone appearance and white 

metal had been picked up. A new charge of the 

original type of lubricant was delivered and the 

ship moved port for repairs.

A biocide (0.05% o f  Biocide 'M') was added to the 

oil and this was circulated for 48 hours at 50°C. 

The charge was pumped to the renovating tank, 

the temperature raised to 85°C and finally 

discharged to bunkers. There was an unpleasant 

pungent smell from the biocide in the hot oil but 

this was not strong enough to make working 

conditions difficult and it dispersed after a 

few days.

The jacket and fuel valve coolant were treated 

with 0.15% Biocide 'P', circulated for 48 hours 

at 65°C and dumped. All coolant tanks and the 

renovating tank were manually cleaned. All 

coolant and oil pipes in a horizontal plane were 

dismantled, cleaned and pickled in acid.

At the repair yard very severe corrosion of the 

water cooled fuel injection valves was noted.

At this time the coolant system had been treated 

and was sterile but the valves were sent away for

laboratory examination. This confirmed that this 

was a severe form of sulphide corrosion caused 

by bacteria.

The engine repairs included extensive 

remetalling, replacement of bearing shells and 

machining and polishing of crosshead pins and 

main journals. Ten of the twelve lubricating 

oil telescopic pipes were replaced, and all 

twelve guide bushes were re-metalled and 

machined.

After re-erection of the main engine the 

coolant and lubricating oil systems were 

refilled and treated with biocides as before. 

After 48 hours these charges were discarded and 

tanks cleaned.

During biocide treatment, samples were taken 

from four points in the oil system and all were 

sterile. Samples taken during the biocide 

treatment of the cooling systems were also 

sterile.

After treatment the ship was re-charged with a 

different type of oil from the same supplier.

After engine trials the lubricant was again 

tested and was sterile. The ship is now 

operating normally.

Comment

This is an interesting case because of

(a) The type of corrosion on the journals

(b) The successful treatment of the lubricant 

system with a very low concentration of a new 

biocide (ten times less than some which have 

been used previously).

(c) The very severe corrosion caused by 

microbial growth in the fuel valve coolant.
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D I S C U S S I O N

M R  R  0  K E Y W O R T H  s a i d  t h a t  " B u g s  - w h y  n o w  ?" 

w a s  a q u e s t i o n  f r e q u e n t l y  a s k e d  a n d  he 

n o t e d  t h a t  t h e  a u t h o r  h a d  r e f r a i n e d  f r o m  

s t a t i n g  t h e  o b v i o u s  in c o m p i l i n g  h i s  lis t  

o f  r e a s o n s  u n d e r  the h e a d i n g  " E s c a l a t i o n  

o f  M i c r o b i a l  S h i p  I n c i d e n t s " .  T h e  o b v i o u s  

w a s  t h a t  t e n  y e a r s  a g o  h a r d l y  a n y o n e  in 

th e  m a r i n e  i n d u s t r y  h a d  c o n s i d e r e d  m i c r o b e s  

as a p o s s i b l e  or c o n t r i b u t o r y  c a u s e  of 

c r a n k s h a f t  c o r r o s i o n .  T o d a y ,  t h a n k s  to 

t h e  e f f o r t s  o f  t h e  a u t h o r  a n d  o t h e r s  

( K i n g / M c K e n z i e )  t h i s  w a s  n o  l o n g e r  so - 

in f a c t  s o m e  m i g h t  s a y  t h e  s u b j e c t  h a d  

b e e n  o v e r - e x p o s e d .

T h e r e  h a d  b e e n  a n u m b e r  o f  r e c e n t  c a s e s  

w h e r e  e a r l y  d e t e r m i n a t i o n  o f  b a c t e r i a  h a d  

s t a r t e d  a f u l l - s c a l e  i n v e s t i g a t i o n .  T h i s  

h a d  r e s u l t e d  in t h e  f i n d i n g  o f  i n c i p i e n t  

c o r r o s i o n  w h i c h  w a s  e l i m i n a t e d  t o g e t h e r  

w i t h  the b a c t e r i a  b e f o r e  e x p e n s i v e  

regrindiiig r e p a i r s  b e c a m e  n e c e s s a r y .  T h i s  

in i t s e l f  w o u l d  s e e m  to m o r e  t h a n  j u s t i f y  

a s e c o n d  a i r i n g  o f  t h e  s u b j e c t  b e f o r e  t his 

I n s t i t u t e .

R e f e r r i n g  a g a i n  t o  the  p a p e r  u n d e r  the s a m e  

s u b - h e a d i n g ,  i t e m  2 w o u l d  i n d i c a t e  t h a t  

s o p h i s t i c a t e d  o i l s  s h o u l d  b e  a v o i d e d  

b e c a u s e  c e r t a i n  o f  t h e i r  a d d i t i v e s  fee d  

m i c r o b e s .  A s  b a c t e r i a  c o u l d  a l s o  a t t a c k  

s t r a i g h t  m i n e r a l  o i l s ,  a n d  as s t r a i g h t  

m i n e r a l  o i l s  o f f e r e d  l i t t l e  o r  n o  

p r o t e c t i o n  a g a i n s t  c o r r o s i o n  d u r i n g  s u c h  

a t t a c k s ,  h i s  c o m p a n y ' s  e x p e r i e n c e  w a s  

c o n t r a r y  to this. D e s p i t e  t h e  p o s s i b i l i t y  

o f  c e r t a i n  a d d i t i v e s  b e i n g  a p p e t i s i n g  to 

m i c r o b e s ,  t h e  u s e  o f  the s o - c a l l e d  

s o p h i s t i c a t e d  o i l s  - b y  w h i c h  w a s  i n f e r r e d  

a l k a l i n e / d e t e r g e n t  a n t i - c o r r o s i o n  o i l s  - 

h a d  f r e q u e n t l y  p r o t e c t e d  a g a i n s t  c r a n k c a s e  

c o r r o s i o n  e v e n  w h e n  i n f e s t e d  b y  bugs. He 

b e l i e v e d  t h a t  t h e r e  h a d  b e e n  a few m e d i u m  

s p e e d  e n g i n e  i n f e s t a t i o n s  r e c o r d e d  b u t  no 

c o r r o s i o n  h a d  b e e n  r e p o r t e d .  M e d i u m  s p e e d  

e n g i n e s  i n v a r i a b l y  u s e d  s o p h i s t i c a t e d  oils.

T u r n i n g  to i t e m  3 o f  the s a m e  s u b j e c t :

It w a s  t r u e  t h a t  of n e c e s s i t y  m a n y  d i e s e l  

e n g i n e  l u b r i c a n t s  h a d  c h a n g e d  f r o m  n a p h t h e n -  

ic t o  p a r a f f i n i c  b a s e  s t o c k s  o v e r  the las t  

f e w  ye a r s .  T h e  p a p e r  s t a t e d  t h a t  p a r a f f i n i c  

m i g h t  b e  m o r e  p r o n e  t o  m i c r o b i a l  at t a c k .  

W o u l d  the a u t h o r  a d v i s e  if t h i s  w a s  b a s e d  

o n  l a b o r a t o r y  t e s t  w o r k  a n d  s t a t e  w h a t  h a d  

b e e n  h is e x p e r i e n c e  in i n v e s t i g a t i n g  s h i p 

b o a r d  p r o b l e m s  w i t h  o i l  u s i n g  t h e s e  t w o  

t y p e s  o f  b a s e  s t o c k s .

U n d e r  t h e  s u b j e c t  " O n - b o a r d  I n d i c a t i o n s  o f  

M i c r o b i a l  A t t a c k  o n  M a r i n e  L u b r i c a n t s " ; 

a l t h o u g h  F r i d a y  1 3 t h  h a d  p a s s e d  us by, 

m i g h t  he s u g g e s t  i t e m  n u m b e r  14: R e m o v a l  or 

d i s c o l o r a t i o n  o f  c r a n k c a s e  p a i n t .  T h i s  h a d  

b e e n  f o u n d  to b e  a g o o d  i n d i c a t o r  o f  t h e  

p r e s e n c e  o f  m i c r o b i a l  a t t a c k ,  p a r t i c u l a r l y  

if the p a i n t  w a s  s l i m y  t o  t h e  t o u c h  a n d  

b e i n g  r e m o v e d  f r o m  t h e  t o p  s u r f a c e  i n w a r d s  

r a t h e r  t h a n  p e e l i n g  off. M r  K e y w o r t h  t h e n  

p r e s e n t e d  a s l i d e  s h o w i n g  t h e  o i l  f i l m  

t h i c k n e s s  o n  a c r o s s h e a d  b e a r i n g  of les s  

t h a n  5 m i c r o n s  at full load. I t e m  15 c o u l d  

w e l l  be the a n t i - p o l l u t i o n  l aws w h i c h  h a d  

r e s u l t e d  in b i l g e s  o v e r f l o w i n g  t a n k  t o p s  

a n d  c a u s i n g  b i l g e  w a t e r  i n g r e s s  t o  l e a k  i n t o  

s u m p  tanks. T h i s  h a d  b e e n  the c a u s e  o f  at 

l e a s t  t h r e e  c a s e s  of c r a n k s h a f t  c o r r o s i o n  

f o l l o w i n g  b a c t e r i a l  i n f e s t a t i o n .

A s  m a r i n e  e n g i n e e r s ,  t h e r e  w a s  m u c h  t h a t  

c o u l d  b e  d o n e  to c o u n t e r a c t  n o t  o n l y  

b a c t e r i a l  i n f e s t a t i o n  b u t  a l s o  in the 

p r e v e n t i o n  o f  c r a n k c a s e  c o r r o s i o n .

C a r e f u l  t h o u g h t  in t h e  l a y o u t  o f  p i p i n g  in 

the d e s i g n  o f  l u b r i c a t i n g  o i l  s y s t e m s  to 

e n s u r e  s l u d g e s ,  fre e  w a t e r ,  d i r t  e t c  c o u l d  

n o t  a c c u m u l a t e  in d o u b l e  b o t t o m  su m p s .  T h e  

p r o v i s i o n  o f  a d e q u a t e  s i z e d  p u r i f i e r s  and 

r e n o v a t i n g  t a n k s  e q u i p p e d  w i t h  s u f f i c i e n t  

h e a t i n g  f a c i l i t i e s  t o  m e e t  at l e a s t  the 

t e m p e r a t u r e s  q u o t e d  in the p a p e r ,  w o u l d  be 

s i g n i f i c a n t  f a c t o r s  in t h e  w a r  a g a i n s t  

b a c t e r i a l  a t t a c k  a n d  c o r r o s i o n .
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S i m p l e  p r e c a u t i o n s  s u c h  as b l a n k i n g  o f f  

t h e  e n g i n e  s u m p  to the d o u b l e  b o t t o m  t a n k s  

d u r i n g  o v e r h a u l  a n d  m a i n t e n a n c e  w o r k ,  b y  

p r e v e n t i n g  w a t e r  a n d  d i r t  f r o m  e n t e r i n g  

t h e  d o u b l e  b o t t o m  t a n k s ,  w o u l d  a l s o  h e l p  

to  p r e v e n t  t h e  p r o v i s i o n  o f  p r o v e n d e r  for 

p s e u d o m o n a s  c r e a t u r e s .

S o m e  o l d e r  m e m b e r s  p r e s e n t  m a y  r e m e m b e r  

the g o o d  o l d  d a y s  w h e n  d i e s e l  e n g i n e s  ran 

h a p p i l y  o n  up to 25% s e a  w a t e r  a n d  oil, 

so w h y  all t h e  fuss t o d a y  ?

F i g u r e  7 s h o w e d  a c r o s s h e a d  b e a r i n g  l o a d  

d i a g r a m  o f  a m o d e r n  h i g h l y  r a t e d  en g i n e .

I n c r e a s e d  b e a r i n g  l o a d s  m e a n t  t h a t  o f t e n  

o n l y  m i c r o s c o p i c a l l y  t h i n  o i l  f i l m s  w e r e  

a v a i l a b l e  to p r e v e n t  m e t a l  t o  m e t a l  

c o n t a c t .  In t h i s  c a s e  4 m i c r o n s  o r  less. 

T h e r e f o r e ,  t h e  s l i g h t e s t  d e t e r i o r a t i o n  o f  

t h e  m i c r o f i n i s h e d  p i n  s u r f a c e  b y  r u s t  o r  

c o r r o s i o n  w o u l d  r e s u l t  in m e t a l  t o  m e t a l  

c o n t a c t  a n d  u l t i m a t e  f a i l u r e .

S i m i l a r l y  in the d e s i g n  o f  t h e  d i e s e l  

e n g i n e  i t s e l f ,  the p r e v e n t i o n  o f  w a t e r  

i n g r e s s  i n t o  the e n g i n e  r e q u i r e d  e v e n  m o r e  

c o n s i d e r a t i o n  t h a n  g i v e n  to  t h e  p r o b l e m  

p r e v i o u s l y .  F u t u r e  l u b r i c a t i n g  o i l  s y s t e m s  

w o u l d  b e c o m e  p r o p o r t i o n a t e l y  s m a l l e r  in 

size, t h e r e f o r e  the s a m e  a m o u n t s  o f  w a t e r  

i n g r e s s  w o u l d  r e p r e s e n t  a g r e a t e r  p e r c e n t 

a g e  o f  w a t e r  c o n t a m i n a t i o n  o f  t h e  l u b r i c a t 

ing oil.

A r o u n d  53% o f  a l l  d i e s e l  e n g i n e  s y s t e m  o i l  

s a m p l e s  a n a l y s e d  b y  h i s  c o m p a n y  s h o w e d  

e n o u g h  w a t e r  to m e r i t  c o m m e n t  o n  the 

l u b r i c a t i o n  s e r v i c e  r e p o r t  a n d  t h i s  f i g u r e  

h a d  r e m a i n e d  f a i r l y  s t e a d y  o v e r  the las t  

f e w  y e a r s , a n y  i m p r o v e m e n t s  w h i c h  c o u l d  

r e d u c e  w a t e r  c o n t a m i n a t i o n  m u s t  b e  b e n e f i c 

ial.

F r o m  t h e  o i l  c o m p a n y ' s  p o i n t  o f  v i e w  the 

p r o b l e m s  a r i s i n g  f r o m  c o r r o s i o n  f o l l o w i n g  

t h e  i n g r e s s  o f  s t r o n g  a c i d s ,  f r e s h  o r  s e a 

w a t e r  h a d  b e e n  t a c k l e d  a n d  l u b r i c a n t s  w e r e  

a v a i l a b l e  o f f e r i n g  p r o t e c t i o n  a g a i n s t  

d a m a g e  f r o m  t h e s e  u n d e s i r a b l e  s o u r c e s .

A s  r e g a r d s  m i c r o b i a l  a t t a c k ,  e a r l y  oil 

c o m p a n y  w o r k  h a d  b e e n  d o n e  in the  f i e l d  

of  " c u t t i n g  o i l s "  w h e r e  a v e r y  d i f f e r e n t  

t e c h n o l o g y  w a s  a p p l i e d  w h e n  c o m p a r e d  w i t h  

m a r i n e  d i e s e l  e n g i n e  s y s t e m  oils. H o w e v e r ,  

in the l as t  18 m o n t h s  m u c h  w o r k  h a d  b e e n  

u n d e r t a k e n  b y  m i c r o b i o l o g i s t s  o n  b e h a l f  of

o i l  c o m p a n i e s  in e v a l u a t i n g  b a s e  s t o c k  

o i l s , a n d  a d d i t i v e s  r e l a t i n g  to d i e s e l  

e n g i n e  s y s t e m  l u b r i c a n t s .

T h i s  w o r k  t o g e t h e r  w i t h  e x p e r i e n c e s  f r e e l y  

e x c h a n g e d  in a n u m b e r  o f  p r i v a t e  and 

I n s t i t u t e  s p o n s o r e d  m e e t i n g s  h e l d  in the 

I n s t i t u t e ' s  C o n f e r e n c e  R o o m  w o u l d  c e r t a i n l y  

go a l o n g  w a y  t o  i n f l u e n c i n g  f u t u r e  f o r m 

u l a t i o n s  f o r  m a r i n e  s y s t e m  d i e s e l  oils. 

A f t e r  c o n s i d e r a t i o n  o f  all t h e  f a c t o r s  

i n v o l v e d  t h e  c a r e f u l  s e l e c t i o n  a n d  b l e n d i n g  

o f  the r i g h t  o i l s  a n d  a d d i t i v e s  w o u l d  

p r o v i d e  the l o n g  t e r m  p r e v e n t i o n  to 

b a c t e r i a l  i n f e s t a t i o n  a n d  t h e  p e r m a n e n t  

use o f  b i o c i d e s  in t h e  l u b r i c a t i n g  o i l  w a s  

n o t  a l o n g  t e r m  an s w e r .

F i n a l l y  t o  t h o s e  w h o  r i g h t l y  i n s i s t e d  o n  

s h o r t  t e r m  p r o t e c t i o n  n o w ,  h e  c o u l d  o n l y  

r e i t e r a t e  w h a t  h e  h a d  s a i d  in t h e  d i s c u s s 

ion f o l l o w i n g  the K i n g / M c K e n z i e  p a p e r  in 

N o v e m b e r  197 6  - "the r e g u l a r  t e s t i n g  of 

s y s t e m  o i l s  for b a c t e r i a  w i t h  t e s t  k i t s  

t o g e t h e r  w i t h  the u s e  of an a l k a l i n e  

d e t e r g e n t  a n t i - c o r r o s i o n  oil ,  is t h e  b e s t  

m e t h o d  of p r e v e n t i n g  e x p e n s i v e  c o r r o s i o n  

d a m a g e  w h i c h  m i g h t  o t h e r w i s e  b e  c a u s e d  b y  

m i c r o b i o l o g i c a l  i n f e s t a t i o n " .

C O M M A N D E R  M  J  N  N E E V E S  R N  w i s h e d  t d  reports' 

th e  e x p e r i e n c e  o f  the M i n i s t r y  o f  D e f e n c e  

in o p e r a t i n g  w a r s h i p s .  T h e  M i n i s t r y  h a d  

n o  l o w  s p e e d  d i e s e l  e n g i n e s  b u t  d i d  h a v e  a 

l a r g e  p o p u l a t i o n  of h i g h  s p e e d  e n g i n e s  in 

the 0 . 5  to 1.5 M W  p o w e r  r a n g e  w h i c h  w e r e  

u s e d  as p r o p u l s i o n  e n g i n e s  in s m a l l  s h i p s ,  

and as g e n e r a t o r  e n g i n e s  in l a r g e r  ones. 

W h e n  r u n n i n g  o n  p o w e r  the c o o l a n t  and 

l u b r i c a t i n g  o i l  t e m p e r a t u r e s  w e r e  o f  the 

o r d e r  o f  180°F a n d  s h o u l d  t h e r e f o r e  be 

s e l f  s t e r i l i s i n g .  H o w e v e r  a l a r g e  n u m b e r  

o f  t h e s e  e n g i n e s  w e r e  s t a n d b y  u n i t s  and
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Figure 7 - Paint discolouration and removal in crankcase
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w e r e  s u b j e c t  to lon g  p e r i o d s  of s h u t  d o w n  

w i t h  the p o s s i b i l i t y  o f  c o n t a m i n a t i o n  

t h r o u g h  t h e  b r e a t h e r  a r r a n g e m e n t .  In 

s p i t e  of t h i s  no c a s e s  o f  m i c r o b i o l o g i c a l  

c o n t a m i n a t i o n  of l u b r i c a t i n g  o i l  o r  c o o l a n t  

s y s t e m s  h a d  b e e n  r e p o r t e d .  T h i s  m i g h t  be 

d u e  to a n o r m a l  p r a c t i c e  o f  r u n n i n g  s t a n d b y  

e n g i n e s  a t  l e a s t  o n c e  a w e e k  f o r  a s h o r t  

p e r i o d  a n d  r i g o r o u s  w e e k l y  t e s t s  of 

l u b r i c a t i n g  o i l  w a t e r  c o n t e n t  w h i c h  the 

M i n i s t r y ' s  r e g u l a t i o n s  l i m i t e d  t o  les s  t han 

1%. C o u l d  t h e  a u t h o r  c o m m e n t  o n  w h e t h e r  

t h e y  w e r e  l i k e l y  t o  b e  at r i s k  in t h e s e  

s t a n d b y  e n g i n e s  ?

W h e r e  t h e r e  h a d  b e e n  i n s t a n c e s  o f  m i c r o 

b i o l o g i c a l  c o n t a m i n a t i o n  t h i s  h a d  b e e n  in 

the f u e l  s y s t e m s  o f  s o m e  o f  t h e  gas 

t u r b i n e  a n d  d i e s e l  e n g i n e d  sh i p s ,  w h i c h  

w e r e  run o n  l o w  s u l p h u r  d i s t i l l a t e  f u e l , 

a n d  p a r t i c u l a r l y  in t h o s e  s h i p s  w h i c h  h a d  

w a t e r  d i s p l a c e d  f u e l  s y s t e m s .  T h e  p r o b l e m  

c o n t a m i n a n t  at s e a  h a d  b e e n  the f u n g u s  

" c l a d i s p o r i u m  r e s i n a e "  a l t h o u g h  t h e r e  h a d  

b e e n  o n e  r e p o r t e d  c a s e  o f  c o n t a m i n a t i o n  by 

s u l p h u r  r e d u c i n g  b a c t e r i a  in a s u l l a g e  t a n k  

as h o r e .  T h e r e  w e r e  i n s t a n c e s  o f  f i l t e r  

p l u g g i n g  but ,  g e n e r a l l y ,  t h e  p r o b l e m  h a d  

b e e n  c o n t a i n e d ,  e v e n  in c o n t a m i n a t e d  

s y s t e m s ,  w h e r e  t h e  f u e l  h a d  b e e n  c e n t r i 

f u g e d  b e f o r e  b e i n g  p r e s e n t e d  for f ine 

f i l t r a t i o n .  T h e  C o m m a n d e r  w a s  a l i t t l e  

s u r p r i s e d  t h e r e f o r e  t h a t  in h i s  p a p e r  the 

a u t h o r  h a d  d o u b t e d  t h e  e f f i c a c y  o f  the  

c e n t r i f u g i n g  p r o c e s s  in d e a l i n g  w i t h  t h e s e  

m a t e r i a l s .

In F i g u r e  1 th e a u t h o r  h a d  s h o w n  c o n t a m i n 

an t  at th e o i l / w a t e r  i n t e r f a c e  a n d  t his 

w a s  al s o ,  in t h e  M i n i s t r y ' s  e x p e r i e n c e ,  

th e  l o c a t i o n  o f  the g r o w t h  in f uel tanks.

It w a s  n o t  b e l i e v e d  t h a t  t h e  "bugs" w e r e  

s w i m m i n g  to k e e p  d o w n  t h e r e  a n d  C o m m a n d e r  

N e e v e s  r e c k o n e d  t h a t  the y ,  t h e r e f o r e ,  h a d  

a d e n s i t y  s o m e w h e r e  b e t w e e n  t h a t  o f  w a t e r  

a n d  fuel. If thi s  w a s  so t h e y  s h o u l d  be 

s u s c e p t i b l e  to c e n t r i f u g i n g .  T h e  M i n i s t r y  

w e r e  s t a r t i n g  s o m e  t r i a l s  t o  t e s t  t his 

h y p o t h e s i s  a t  an M O D  e s t a b l i s h m e n t  at 

P o r t s m o u t h  b u t  w e r e  e n c o u r a g e d  b y  r e p o r t s  

f r o m  a s h i p  s u f f e r i n g  f r o m  c o n t a m i n a t i o n

w h i c h ,  w h e n  c l e a n i n g  h e r  c e n t r i f u g e ,  

d e s c r i b e d  t h a t  t h e y  w e r e  g e t t i n g  out 

m a t e r i a l  t h a t  l o o k e d  l i k e  a " m o i s t  c o w p a t " .

C o u l d  the a u t h o r  c o m m e n t  o n  t h i s  v i e w  of 

c e n t r i f u g i n g  ? W o u l d  h e  a l s o  c o m m e n t  o n  

w h e t h e r  the p r o b l e m  o f  g r o w t h  in fue l  w a s  

l i k e l y  to b e  m o r e  a m e n a b l e  to c e n t r i f u g e  

t r e a t m e n t  t h a n  t h a t  in l u b r i c a t i n g  o i l  ?

M R  B R Y A N  T A Y L O R  s a i d  t h a t  a l t h o u g h  M r  H i l l  

h a d  s t r e s s e d  t h e  s e r i o u s n e s s  o f  t h e  d a m a g e  

to b e a r i n g  s u r f a c e s  o f  s l o w - s p e e d  e n g i n e s  

w h i c h  c o u l d  r e s u l t  f r o m  m i c r o b i a l  d e g r a d 

a t i o n  of the l u b r i c a t i n g  o il, h e  f e l t  t h a t  

the e x t e n t  o f  t h i s  p r o b l e m  m u s t  n o t  be 

e x a g g e r a t e d .  So far as he w a s  a w a r e  t h e r e  

h a d  b e e n  r e l a t i v e l y  f e w  c a s e s  w h e r e  d a m a g e  

to the e n g i n e  c o u l d  be a t t r i b u t e d  w i t h o u t  

a n y  d o u b t  to t h e  e f f e c t s  o f  b a c t e r i a  in 

t h e  o i l  a n d  he, t h e r e f o r e ,  a s k e d  the a u t h o r  

w h e t h e r  h e  c o u l d  g i v e  a n y  s t a t i s t i c s  on 

t h e  s u b j e c t .

M r  T a y l o r  h a d  o n l y  o n e  c r i t i c i s m  of the 

p a p e r  to mak e ,  w h i c h  w a s  t h a t  p e r h a p s  m o r e  

e m p h a s i s  c o u l d  h a v e  b e e n  p l a c e d  o n  m e t h o d s  

o f  p r e v e n t i o n  of i n f e c t i o n .  M a i n t e n a n c e  

o f  a h i g h  s t a n d a r d  o f  c l e a n l i n e s s  a n d  c l o s e  

a t t e n t i o n  to the p r e v e n t i o n  o f  l e a k a g e  of 

w a t e r  f r o m  the b i l g e s  i n t o  t h e  l u b r i c a t i n g  

o i l  d r a i n  t a n k  w e r e  o b v i o u s l y  o f  p a r a m o u n t  

i m p o r t a n c e .  A n o t h e r  f a c t o r  n o t  m e n t i o n e d  

b y  the a u t h o r  w a s  t h a t  d i s t i l l e d  w a t e r  

s h o u l d  b e  u s e d  for the c o o l i n g  w a t e r  

sy s t e m .  He h a d  m e n t i o n e d ,  h o w e v e r ,  t h a t  

m o d e r n  o p e r a t i n g  c o n d i t i o n s  w i t h  r e d u c e d  

c r e w s , u n m a n n e d  m a c h i n e r y  s p a c e s  and 

f r e q u e n t  c h a n g e s  in e n g i n e  r o o m  s t a f f ,  m a d e  

a h i g h  s t a n d a r d  o f  h o u s e k e e p i n g  m o r e  

d i f f i c u l t .

O n  the q u e s t i o n  of c o o l i n g  w a t e r  t r e a t m e n t  

it w a s  r e c o m m e n d e d  t h a t  p o t a s s i u m  b i c h r o 

m a t e  s h o u l d  b e  u s e d  o n  e n g i n e s  w h e r e  its 

use w a s  n o t  p r e c l u d e d  b e c a u s e  o f  t h e  r i s k  

o f  c o n t a m i n a t i o n  o f  w a t e r  p r o d u c e d  f r o m  a 

f r e s h  w a t e r  g e n e r a t o r .  T h e  u s e  o f  s o l u b l e  

o i l s  w a s  n o t  r e c o m m e n d e d ,  n o t  b e c a u s e  of 

the r i s k  o f  b a c t e r i a l  i n f e c t i o n ,  as
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m e n t i o n e d  b y  t h e  a u t h o r ,  b u t  b e c a u s e  

e x p e r i e n c e  h a d  s h o w n  t h a t  r u b b e r  s e a l i n g  

r i n g s  c o u l d  b e  a f f e c t e d .  In e n g i n e s  w i t h  

w a t e r - c o o l e d  p i s t o n s  it w a s  v e r y  d i f f i c u l t  

to  a v o i d  l e a k a g e  of c o o l i n g  w a t e r  i n t o  the 

c r a n k c a s e  b u t  it w a s  i n t e r e s t i n g  to n o t e  

t h a t  in t h e  f i r s t  c a s e  h i s t o r y  g i v e n  in 

t h e  a p p e n d i x  to the p a p e r ,  t h e  p i s t o n  

c o o l i n g  w a t e r  w a s  t r e a t e d  w i t h  p o t a s s i u m  

b i c h r o m a t e  a n d  the w a t e r  w a s  n o t  i n f e c t e d  

w i t h  b a c t e r i a .  It s e e m e d  r e a s o n a b l e  to 

c o n c l u d e  f r o m  t his t h a t  the u s e  of o i l s  

c o n t a i n i n g  a n t i - r u s t  a n d  o x i d a t i o n  

a d d i t i v e s  w a s  a f a c t o r  in t h e  e s c a l a t i o n  

of i n c i d e n t s  s u c h  as d e s c r i b e d  in the 

p a p e r .  It w a s  n o t e w o r t h y  t h a t  in b o t h  c a s e  

h i s t o r i e s  t h e  o i l  w a s  u l t i m a t e l y  c h a n g e d  

fo r  a d i f f e r e n t  type, a f t e r  w h i c h  t h e r e  

w a s  n o  f u r t h e r  t r o u b l e .

N e v e r t h e l e s s  it s e e m e d  t h a t  in e n g i n e s  w i t h  

w a t e r - c o o l e d  p i s t o n s , a t t e n t i o n  t o  the 

c o o l i n g  w a t e r  t r e a t m e n t  w a s  v e r y  i m p o r t a n t .  

W h e n  n i t r i t e - b a s e d  c o r r o s i o n  i n h i b i t o r s  

m u s t  b e  us e d ,  w o u l d  it n o t  b e  p o s s i b l e  to 

a d d  a s u i t a b l e  b i o c i d e  to i n h i b i t  p e r m a n 

e n t l y  t h e  g r o w t h  o f  b a c t e r i a  in the w a t e r  ? 

O n  t h e  q u e s t i o n  o f  b i o c i d e s , t h e  a u t h o r  

m e n t i o n e d  at l e a s t  e i g h t  d i f f e r e n t  t y p e s  

in his p a p e r ,  m o s t  o f  w h i c h  a p p e a r e d  to 

h a v e  s ome d i s a d v a n t a g e ;  w a s  it p o s s i b l e  

to g i v e  s o m e  g u i d a n c e  o n  t h e  b e s t  t y p e  to 

use in a n y  g i v e n  c i r c u m s t a n c e s .

O n e  d i d  n o t  n e e d  to be a d e t e c t i v e  to 

d e d u c e  t h a t  b o t h  t h e  e n g i n e s  m e n t i o n e d  in 

the c a s e  h i s t o r i e s  w e r e  o f  D o x f o r d  d e s i g n  

b u t  it s h o u l d  b e  e m p h a s i z e d ,  as the a u t h o r  

h a d  p o i n t e d  o ut, t h a t  t h e  p r o b l e m  w a s  n o t  

r e s t r i c t e d  to a n y  p a r t i c u l a r  t y p e  of 

e n g i n e  o r  a n y  p a r t i c u l a r  oil. T h e r e  w e r e  

s e v e r a l  h u n d r e d  e n g i n e s  in s e r v i c e  o f  the 

ty p e  r e f e r r e d  t o  in C a s e  1 a n d  as far as 

t h e  e n g i n e  b u i l d e r s  w e r e  a w a r e  it w a s  the 

o n l y  s e r i o u s  i n c i d e n t  w h i c h  h a d  o c c u r r e d  

in t h i s  t y p e  of e n g i n e .

A m o n g s t  the p r o b a b l e  r e a s o n s  for the 

e s c a l a t i o n  o f  m i c r o b i a l  d e g r a d a t i o n  of 

l u b r i c a t i n g  o i l  l i s t e d  b y  t h e  a u t h o r  w a s  

r e d u c e d  e n g i n e  t e m p e r a t u r e s  r e s u l t i n g  f r o m

r u n n i n g  at r e d u c e d  p o w e r .  T h e r e  w a s  no 

r e a s o n  f o r  o p e r a t i n g  w i t h  l o w e r  c o o l i n g  

water, a n d  l u b r i c a t i n g  o i l  t e m p e r a t u r e s  

u n d e r  t h e s e  c o n d i t i o n s  a n d  t h e  a d v a n t a g e s  

to b e  g a i n e d  f r o m  h i g h  c o o l i n g  w a t e r  

t e m p e r a t u r e s  s h o u l d  b e  s t r e s s e d .  N o t  o n l y  

w a s  t h e  g r o w t h  o f  b a c t e r i a  r e d u c e d  b u t  

j a c k e t  w a t e r  o u t l e t  t e m p e r a t u r e s  o f  at 

l e a s t  170°F w e r e  f a v o u r a b l e  f r o m  t h e  p o i n t  

o f  v i e w  o f  l i n e r  w e a r .

It w a s  a l s o  p l e a s i n g  to n o t e  t h a t  the 

a u t h o r  s t r e s s e d  the i m p o r t a n c e  o f  c o r r e c t  

o p e r a t i o n  o f  the p u r i f i e r .  M a n y  o f  the 

o i l s  n o w  u s e d  w e r e  n o t  s u i t a b l e  f o r  w a t e r -  

w a s h i n g  b u t  it w a s  i m p o r t a n t  t h a t  t h e  o i l  

e n t e r i n g  the p u r i f i e r  w a s  m a i n t a i n e d  at a 

t e m p e r a t u r e  o f  a t  l e a s t  160°F. It w a s  

a l s o  i m p o r t a n t  t h a t  t h e  t h r o u g h p u t  o f  the 

p u r i f i e r  w a s  k e p t  d o w n  to at l e a s t  h a l f  

its r a t e d  c a p a c i t y .

M R  J E C H U R C H  F I M a r E  s a i d  t h a t  o n e  o f  h i s  

c o m p a n y ' s  s h i p s  w a s  a m o n g  t h o s e  w h i c h  

Mr  H i l l  h a d  m e n t i o n e d  as h a v i n g  a m o d e r a t e  

i n f e c t i o n  in t he  c r a n k c a s e  l u b r i c a t i n g  

o i l ,  f o r t u n a t e l y  w i t h o u t  d a m a g e  and, 

h o p e f u l l y ,  n o w  c l e a n e d  and c u r e d ,  t h a n k s  

to  t h e  a d v i c e  a n d  h e l p  g i v e n  b y  M r  Hill.

It w a s  s u b s e q u e n t l y  d i s c o v e r e d  t h a t  the 

p i s t o n  c o o l i n g  w a t e r  s y s t e m  w a s  e v e n  m o r e  

h e a v i l y  i n f e c t e d ,  a n d  t h i s  h a d  c o m p l i c a t e d  

m a t t e r s  b e c a u s e  t h e  e n g i n e  c o n c e r n e d  h a d  

t e l e s c o p i c  p i s t o n  c o o l i n g  p i p e s ,  the 

p a c k i n g s  of w h i c h  r e q u i r e  a s o l u b l e  o i l  

t y p e  o f  i n h i b i t o r  for l u b r i c a t i o n ,  w h i c h  

M r  H i l l  h a d  a d v i s e d  s h o u l d  n o t  b e  u s e d ,  as 

it w o u l d  p r o v i d e  f o o d  o n  w h i c h  t h e s e  

m i c r o b e s  f l o u r i s h e d .  It a l s o  p r e v e n t e d  

t h e  u s e  o f  a c h r o m a t e  b a s e d  w a t e r  t r e a t m e n t ,  

w h i c h  c o u l d  k i l l  them. O n  the o t h e r  h a n d  

t h i s  s h i p  d i d  n o t  u s e  j a c k e t  w a t e r  for 

p o t a b l e  f r e s h  w a t e r  g e n e r a t i o n ,  so t h a t  

c h r o m a t e  t r e a t m e n t  h a d  n o w  b e e n  p u t  int o  

the j a c k e t  c o o l a n t ,  t h e r e b y  e n s u r i n g  t h a t  

a n y  w a t e r  l e a k a g e  f r o m  t h a t  s y s t e m  w o u l d  

a c t  as a d e t e r e n t .
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T h i s  d i d  l e a v e  the p r o b l e m  o f  the p i s t o n  

w a t e r  c o o l a n t ,  a n d  t h e  u r g e n t  n e e d  

r e m a i n e d  for a s u i t a b l e  a n t i - b u g  a d d i t i v e  

w i t h  l u b r i c a t i n g  p r o p e r t i e s  for RD t ype 

e n g i n e s  w i t h  S u l z e r  a p p r o v a l .  In the m e a n 

time, u n t r e a t e d  d i s t i l l e d  w a t e r  w a s  b e i n g  

used, a n d  c h a n g e d  e v e r y  m o n t h  u n t i l  a 

s o l u t i o n  w a s  d i s c o v e r e d .

H a v i n g  l i s t e n e d  w i t h  i n t e r e s t  to all 

M r  H i l l  h a d  said, it s e e m e d  tha t  one m u s t  

n o w  t a k e  thi s  m a t t e r  m o r e  s e r i o u s l y  and 

it w a s  n o w  s u g g e s t e d  t h a t  t h e  f o l l o w i n g  

p r e c a u t i o n s  t o  a l l  s h i p s  s h o u l d  b e  p u t  

i n t o  e f f e c t  as s t a n d i n g  i n s t r u c t i o n s :

(1) E a c h  t i m e  a s h i p  r e a c h e d  p o r t  a n d  as 

s o o n  as e n g i n e s  w e r e  s h u t - d o w n ,  the c r a n k 

c a s e  l u b r i c a t i n g  o i l  s h o u l d  b e  t r a n s f e r r e d  

to the r e n o v a t i n g  tank; s t e a m  h e a t e d  and 

h e l d  a t  180°F if p o s s i b l e ,  f o r  the e n t i r e  

t i m e  t h e  s h i p  w a s  in port. A t  the sam e  

t i m e  c i r c u l a t i n g  t h r o u g h  the p u r i f i e r  and 

p u r i f i e r  h e a t e r  t o  e n s u r e  u n i f o r m  h e a t  

t h r o u g h o u t  a n d  t h e  c o m p l e t e  e x t r a c t i o n  of 

w a t e r .  In t h i s  w a y  the o i l  w o u l d  n e v e r  

c o o l  d o w n  in p o r t ,  a n d  s o  n o t  p a s s  t h r o u g h  

a t e m p e r a t u r e  f a v o u r a b l e  to t h e  m u l t i p l i 

c a t i o n  o f  b a c t e r i a .

(2) T h e  c h a n g i n g  o f  all s h i p s  to c h r o m a t e  

b a s e d  c o o l i n g  w a t e r  t r e a t m e n t .  T h o s e  t h a t  

h a d  f r e s h  w a t e r  g e n e r a t o r s  for p o t a b l e  

w a t e r ,  w h i c h  w e r e  h e a t e d  b y  e n g i n e  j a c k e t  

w a t e r ,  to b e  d i s c o n n e c t e d  f r o m  the e n g i n e  

s y s t e m  a n d  b e  c o n n e c t e d  to e x h a u s t  gas 

w a s t e  h e a t  steam. S c a l i n g - u p  o f  s t e a m  

c o i l s  to b e  p r e v e n t e d  b y  u s i n g  a p r o p r i e t 

ary b r a n d  of e v a p o r a t o r  t r e a t m e n t  c h e m i c a l  

b y  d r i p  f e e d  i n t o  the s e a  w a t e r  f e e d  to 

th e  g e n e r a t o r .  T h e  e x p e n s e  o f  t h e s e  e x t r a  

p r e c a u t i o n s  w o u l d  b e  s l i g h t  c o m p a r e d  w i t h  

the c o s t  of c r a n k s h a f t  d a m a g e  as d e s c r i b e d  

in M r  H i l l ' s  paper. T h e  l u b r i c a t i n g  o i l  

c o n d i t i o n  c o u l d  o n l y  b e c o m e  b e t t e r  t h a n  

e v e r  b e f o r e  as a re s u l t .

W o u l d  M r  H i l l  c o m m e n t  u p o n  t h e s e  s u g g e s t e d  

p r e c a u t i o n s  ?

T h e  q u e s t i o n  h a d  a r i s e n  as t o  w h y  this 

p r o b l e m  o f  m i c r o b i a l  d e g r a d a t i o n  h a d  c o m e  

to t h e  f ore r e c e n t l y  a n d  M r  H i l l  h a d  

o f f e r e d  s o m e  e x p l a n a t i o n s .  T o  t h e s e  m i g h t  

b e  a d d e d  t h a t  o f  the s h i p s  s e w a g t , w h i c h  

n o w  h a d  to be r e t a i n e d  a n d  t r e a t e d  on 

b o a r d ,  w h i c h  m e a n t  t h a t  a l l  r e c e n t  s h i p s  

h a d  s o m e  f o r m  o f  s e w a g e  t a n k  a n d  t r e a t m e n t  

p l a n t  in the e n g i n e  room. M r  H i l l  h a d  

t o l d  o f  t h e  t r e m e n d o u s  c o u n t  o f  b u g s  in 

t h i s  m a t e r i a l  a n d  o t h e r s  h a d  s t a t e d  t h a t  

d i r t y  b i l g e  w a t e r  h a d  b e e n  e s t a b l i s h e d  as 

t h e  c a u s e  o f  s o m e  c a s e s  o f  c r a n k c a s e  

i n f e c t i o n .  W o u l d  M r  H i l l  a d v i s e  if the 

b u g s  f r o m  s e w a g e  w e r e  t h e  s a m e  as t h o s e  

f o u n d  in l u b r i c a t i n g  o i l  ? If this w a s  

the cas e ,  s t e p s  s h o u l d  b e  t a k e n  t o  i s o l a t e  

s e w a g e  tan k s  a n d  to p r e v e n t  a n y  d r a i n a g e  

f r o m  t h e m  r e a c h i n g  t h e  e n g i n e  r o o m  b i l g e s  

d u r i n g  r e p a i r s  etc.

C O R R E S P O N D E N C E

M R  M  R  Q U I R K  w r o t e  t h a t  t h e  f o l l o w i n g  

a c c o u n t  c o v e r e d  the e x p e r i e n c e  of his 

c o m p a n y  o v e r  t h e  l a s t  t w o  y e a r s ,  w i t h  f u e l  

s u f f e r i n g  f r o m  m i c r o b i a l  c o n t a m i n a t i o n .

W h i l s t  a c k n o w l e d g i n g  t h a t  t h e  s u b j e c t  

m a t t e r  of thi s  p a p e r  w a s  t h e  " M i c r o b i a l  

D e g r a d a t i o n  o f  M a r i n e  L u b r i c a n t s ", the 

f o l l o w i n g  c o n t r i b u t i o n  w a s  s u b m i t t e d ,  

s i n c e  the p r o b l e m s  e x p e r i e n c e d  w i t h  fuels, 

a n d  r e m e d i a l  a c t i o n s  t a k e n , w e r e  b e l i e v e d  

to b e  s i m i l a r  to t h o s e  w i t h  l u b r i c a t i n g  

o i l s .

T w o  y e a r s  ago, in M a r c h  1976, w h i l e  u n d e r 

g o i n g  full p o w e r  t r i a l s  at s e a  in a m o d e r n  

w a r s h i p ,  s e r i o u s  b l o c k a g e s  w e r e  e x p e r i e n c e d  

in t h e  f u e l  sy s t e m .  T h e  p r o t e c t i n g  f i l t e r s  

o f  the  e n g i n e s ,  O l y m p u s  Gas T u r b i n e s ,  

r a p i d l y  b l o c k e d  up w i t h  a s l i m y  g l u t i n o u s  

s u b s t a n c e ,  the c a u s e  a n d  s e r i o u s n e s s  o f  

w h i c h  w a s  n o t  f u l l y  u n d e r s t o o d  a t  th e time.

In s p i t e  of c o n t i n u a l l y  c h a n g i n g  a n d  

c l e a n i n g  o f  the f i l t e r s , l i t t l e  i m p r o v e m e n t  

w a s  f o u n d  a n d  it w a s  r e a l i z e d  t h a t  a 

c r i t i c a l  s i t u a t i o n  e x i s t e d .  It w a s  a l s o  

n o t i c e d  t h a t  l a r g e  q u a n t i t i e s  o f  w a t e r  

a p p e a r e d  t o  b e  p a s s i n g  the c o a l e s c e r  filte r s .

214



T r i a l s  h a d  to b e  a b a n d o n e d  a n d  t h e  s h i p  

r e t u r n e d  t o  S o u t h a m p t o n .  S a m p l e s  o f  fue l  

w e r e  s e n t  f o r  l a b o r a t o r y  e x a m i n a t i o n  a n d  

the r e s u l t s  s h o w e d  v e r y  h e a v y  c o n t a m i n a t i o n  

w i t h  t h e  f u n g u s  " c l a d o s p o r i u m  r e s i n a e " .

T h e  c l e a n i n g  up o f  the f u e l  s y s t e m  i n v o l v e d  

t h e  d u m p i n g  of a p p r o x i m a t e l y  2 0 0  t o n n e s  of 

c o n t a m i n a t e d  d i e s e l  a n d  the m a n u a l  c l e a n i n g  

o f  all t h e  b u n k e r  t a n k s  a n d  f u e l  lin e s  at 

a v e r y  c o n s i d e r a b l e  cost.

It w a s  c l e a r l y  n e c e s s a r y  t h a t  t h e  c o m p a n y ,  

as the s h i p b u i l d e r ,  n e e d e d  t o  t a k e  p o s i t i v e  

a c t i o n  to e n s u r e  t h a t  t h e r e  w o u l d  b e  n o  

r e - o c c u r r e n c e  o f  t h i s  p r o b l e m .  In c o n s u l t 

a t i o n  w i t h  U n i v e r s i t y  C o l l e g e ,  C a r l i f f ,  a 

p r o g r a m m e  of r e g u l a r  s a m p l i n g ,  a n a l y s i s  a n d  

d o s i n g  of the fue l  w a s  s e t  up. T h e  c o m p a n y  

h a d  r e c e n t l y  o p e n e d  a s m a l l  l a b o r a t o r y  for 

t h i s  p u r p o s e ,  w i t h i n  o u r  f i t t i n g - o u t  c o m p l e x ,  

to e n a b l e  t h i s  w o r k  t o  be c a r r i e d  o u t  on  

s i t e  a n d  w i t h i n  h o u r s  o f  s a m p l e s  b e i n g  

taken. S h i p s  u n d e r  c o n s t r u c t i o n  w e r e  

s a m p l e d  a n d  a n a l y s e d  m o n t h l y  in the s u m m e r  

a n d  b i - m o n t h l y  in t h e  w i n t e r ,  a n d  f r o m  the 

r e s u l t s  t a n k s  w e r e  d o s e d  w i t h  t h e  a p p r o p 

r i a t e  b i o c i d e .  T h i s  t e c h n i q u e  h a d  p r o v e d  

e n t i r e l y  s u c c e s s f u l  a n d  in s p i t e  of 

c o n t a m i n a t i o n  b e i n g  d e t e c t e d  in c e r t a i n  

d e l i v e r i e s  o f  fuel, t h i s  h a d  n o t  c a u s e d  a n y  

f u r t h e r  d i s r u p t i o n .

It w a s  b e c o m i n g  i n c r e a s i n g l y  e v i d e n t  t h a t  

in the f u t u r e ,  the c o n t a m i n a t i o n  o f  fuel, 

as w i t h  t h e  c o n t a m i n a t i o n  o f  l u b r i c a t i n g

oil, w a s  a h a z a r d  w i t h  w h i c h  a l l  w o u l d  

h a v e  to live. T h e  s h i p b u i l d e r  h a d  a 

r e s p o n s i b i l i t y  to d e s i g n  i n t o  t h e  v e s s e l ,  

m e a n s  of s a m p l i n g  a n d  d o s i n g ,  t h e  l a t t e r  

c l e a r l y  b e i n g  b e s t  c a r r i e d  o u t  as f u e l  wa§ 

em b a r k e d .

T h e  h i g h  f l o w  ra t e s ,  w h e n  a s h i p  w a s  

r e p l e n i s h i n g  a t  sea, c o u l d  l e a d  to s p e c i a l  

p r o b l e m s  in t h i s  r e s p e c t  a n d  a u t o m a t i c  

m e t e r i n g  e q u i p m e n t  t o g e t h e r  w i t h  a d v a n c e  

k n o w l e d g e  of t h e  f u e l  s t a t e  w a s  n e c e s s a r y .  

A d e q u a t e  f a c i l i t i e s  s h o u l d  a l s o  be 

p r o v i d e d  o n  b o a r d ,  o r  at l e a s t  a t  b a s e ,  t o  

a n a l y s e  a n d  a d v i s e  o n  t h e  s t r e n g t h s  of 

b i o c i d e s  n e c e s s a r y  to c o r r e c t  a n y  c o n t a m i n 

a t i o n  d e t e c t e d .

A U T H O R ' S  R E P L Y

M R  H I L L  a g r e e d  w i t h  M r  K e y w o r t h  t h a t  m o s t  

m i c r o b i a l  p r o b l e m s  h a d  a r i s e n  w i t h  

m o d e r a t e l y  a d d i t i v e  o i l s  r a t h e r  t h a n  

m o d e r n  h i g h l y  s o p h i s t i c a t e d  a d d i t i v e  oils. 

A l t h o u g h  t h e  l a t t e r  c o u l d  b e c o m e  i n f e c t e d ,  

t he c o n s e q u e n c e s  o f  i n f e c t i o n  a p p e a r  to 

b e  d i m i n i s h e d .  A s  w e l l  as t h e  h i g h  

a l k a l i n i t y  b e i n g  a b l e  to a b s o r b  a c i d i c  

c o r r o s i o n  p r o d u c t s ,  the d e t e r g e n c y  

a p p e a r e d  to t i e  t h e  w a t e r  up i n t o  s m a l l  

d r o p l e t s  w h i c h  w e r e  n o t  n e c e s s a r i l y  

a v a i l a b l e  t o  t h e  m i c r o - o r g a n i s m s .

He r e g r e t t e d  t h a t  h e  w a s  u n a b l e  t o  g i v e  

d e t a i l s  o f  t h e  r e s i s t a n c e  o f  p a r a f f i n i c  

a n d  n a p h t h e n i c  o i l s  w i t h o u t  r e f e r r i n g  t o  

s p e c i f i c  p r o d u c t s ;  b u t  h e  w a s  f i r m l y  of 

t h e  o p i n i o n  t n a t  t h i s  w a s  a n  i m p o r t a n t  

f a c t o r .

M r  H i l l  a p p r e c i a t e d  M r  K e y w o r t h ' s  o t h e r  

c o m m e n t s  w h i c h  h a d  a d d e d  m u c h  f r o m  the 

p r a c t i c a l  e n g i n e e r s  v i e w p o i n t .

T o  C o m m a n d e r  N e e v e ,  M r  H i l l  s a i d  t h a t  he 

w o u l d  b e l i e v e  t h a t  t h e  a b s e n c e  o f  m i c r o 

b i a l  p r o b l e m s  in the h i g h  s p e e d  e n g i n e s  

r e f e r r e d  to c o u l d  b e  a t t r i b u t e d  t o  t h e  

s e l f - s t e r i l i z i n g  r u n n i n g  t e m p e r a t u r e s ,  

the l o w  w a t e r  c o n t e n t  o f  the l u b r i c a n t ,  

a n d  t h e  t y p e  o f  o i l  in use.

T h e  d e n s i t y  o f  b a c t e r i a  w a s  v e r y  s l i g h t l y  

g r e a t e r  t h a n  w a t e r  a n d  t h e r e f o r e  s u b s t a n 

t i a l l y  g r e a t e r  t h a n  d i s t i l l a t e  f u e l  a n d  

h o t  e n g i n e  l u b r i c a n t .  It w a s  e a s y  tqi 

d e m o n s t r a t e  t h a t  t h e y  w e r e  l a r g e l y  

s e p a r a t e d  o u t  at the m a i n  e n g i n e  o i l  

c e n t r i f u g e ,  a l t h o u g h  s h i p b o a r d  t e s t s  

i n d i c a t e d  t h a t  e f f e c t i v e n e s s  w a s  less 

t h a n  100%. He w o u l d  a n t i c i p a t e  t h a t  

s i m i l a r  s u c c e s s  w o u l d  b e  a c h i e v e d  w i t h  

f u e l  c e n t r i f u g e s ,  p a r t i c u l a r l y  if the 

d e n s i t y  d i f f e r e n c e  a n d  v i s c o s i t y  w e r e  

m o r e  a d v a n t a g e o u s .

M r  H i l l  t h a n k e d  M r  T a y l o r  f o r  h i s  h e l p f u l  

c o m m e n t s  a n d  a g r e e d  w i t h  a l l  o f  them . He 

w o u l d  h o w e v e r  l i k e  to a d d  t h a t  s h i p b o a r d  

d i s t i l l e d  w a t e r  c o u l d  b e  o f  a v e r y
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v a r i a b l e  c h a r a c t e r  a n d  w a s  o f t e n  h i g h l y  

i n f e c t e d  itself. O n e  p r o b l e m  o f  a d d i n g  

b i o c i d e s  r o u t i n e l y  t o  c o o l a n t s  w a s  t h a t  

t h e y  m i g h t  b e  c o n s i d e r e d  t o o  t o x i c  for use 

w h e n  the c o o l a n t  w a s  u s e d  in the f r e s h  

w a t e r  e v a p o r a t o r .

He m u s t  a l s o  c o n f e s s  t h a t  h a v i n g  l o o k e d  at 

s l o w - r u n n i n g  c o n d i t i o n s  m o r e  c l o s e l y  he 

d i d  n o t  n o w  t h i n k  t h a t  t h i s  w a s  a n  i m p o r t 

a n t  fa c t o r ;  i n d e e d  it c o u l d  g i v e  r i s e  to 

h i g h e r  t e m p e r a t u r e s  if t h e  c o o l e r s  w e r e  

o p e r a t e d  a u t o m a t i c a l l y .

M r  H i l l  w a s  v e r y  i m p r e s s e d  b y  the m e a s u r e s

w h i c h  M r  C h u r c h  h a d  p r o p o s e d  f o r  h i s  s h i p s  

a n d  o n e  c o u l d  a n t i c i p a t e  t h a t  the  l i k e l i 

h o o d  o f  an i n f e c t i o n  a r i s i n g  h a d  b e e n  v e r y  

s u b s t a n t i a l l y  r e d u c e d .

H o w e v e r  M r  H i l l  t o o k  h i s  p o i n t  o n  o n - b o a r d  

se w a g e ,  a n d  d i d  n o t  k n o w  o f  a n y  e x p e r i m e n t 

al w o r k  w h i c h  w a s  r e l e v a n t .  It w o u l d  

c e r t a i n l y  b e  i n t e r e s t i n g  t o  i n v e s t i g a t e  

t h i s .

Mr  H i l l  m u c h  a p p r e c i a t e d  M r  Q u i r k ' s  c o m m e n t s  

a n d  w e r e  a v e r y  c l e a r  i n d i c a t i o n  t h a t  o nce 

r e c o g n i z e d ,  m i c r o b i a l  p r o b l e m s  c o u l d  b e  

a d e q u a t e l y  c o n t a i n e d .
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A REALISTIC ADVANCED STEAM CYCLE 
FOR SHIPS

K. G. Grossmann, C.Eng., F.I.Mar.E., STG *

This paper describes a marine steam cycle for high steam pressure and low fuel consumption. 

To achieve a good fuel economy even at partial load, the system is designed to operate from 

maximum manoeuvring rate to "full away" with a floating boiler pressure Py. To increase the 

safety margins of the system ~nd to simplify the feed water control the water level set point 

is floating proportional to the steam velocity in the superheater steam pipe. The theories of 

the water level and the boiler pressure behaviour are discussed and evaluated for the control 

system. Full scale tests at sea trials and dock trials and test on the small steam turbine 

plant of the Institut fur Schiffstechnik were run, to prove the theories and the control phi

losophy.

INTRODUCTION

Due to the sharp increase in fuel prices, steam 

turbine plants for ships are in discussion again 

because of their rather high specific fuel co n 

sumption. All over the world new steam systems 

with higher steam pressure, slightly higher steam 

temperatures and with reheat are put forward.

This paper deals with a steam plant, which is de

signed to be self controlling in the "full away" 

conditions, and is very simple and reliable. To 

get a low fuel consumption, the plant is run from 

manoeuvre conditions (CMR) to maximum continuous 

rating (MCR) with floating boiler pressure py, 

full open turbine control valves, all bleed points 

in operation and the main feed pump and the main 

generator attached to the main gear. By this way 

throttle losses are avoided when steaming at less

* o. Professor Dr.-Ing. for marine engineering 

Technical University Berlin-West

than full power.

For safe operation, the turbine control system and 

the boiler control systems are interconnected. D u 

ring manoeuvres, the latter ones are controlled 

by the turbine control system.

^ • §§l§ctlgn_of_the_reheat_system

Two principle modes of operation can be defined: 

Mode 1: Manoeuvring and port conditions.

Mode 2: Full away operation.

During mode 1 only 40% of the MCR steam demand is 

needed to cover the manoeuvring conditions in the 

ahead speed area.(This is for a ship with rather 

low velocity, e.g. tanker. For a fast container 

ship, the manoeuvre load may be even smaller.) The 

steam demand for full astern rises to 70% of MCR

2 1 7



on account of the low efficiency of the astern tu r 

bine, but this power is usually needed only at 

crash-stops.

For mode 2 the steam demand rises from 40% up to 

100%.

Three conditions can be postulated for the steam 

cycle.

1. The propulsion system must be as simple as possi 

ble, to provide easy service and to demand litt

le maintenance. The elements of the propulsion 

system must be of proven design and of highest 

quality.

2. When in mode 1, the plant should be able to per

form rapid load changes without any risk to the 

safety of the system. (This implies an additio

nal requirement for the boiler. The natural ci r 

culation must always be guaranteed even with 

load changes.) Economic considerations - such

as low fuel consumption - are not of major im

portance, because the time, in which the ship 

will run in mode 1 is comparatively short and 

the boiler load is usually low to medium.

3. For the whole full away range - mode 2 - the 

lowest possible fuel consumption should be 

achieved. With the exception of the emergency 

stop, all load changes will be rather slow.

If the boiler pressure is raised above 80 bar, some 

kind of reheat system will be needed to keep the 

moisture at the exit of the low pressure turbine 

within acceptable limits. The choice is between 

flue gas reheat and bled steam reheat.

With the same live steam conditions, flue gas r e 

heat offers a gain in fuel consumption of

A m g  = 6 - 7  g/A'Wh

when the steam is reheated up to the full super

heater temperature. With a lower reheat tempera

ture the gain in fuel consumption will rapidly go 

to zero.

The boiler for a steam cycle with full flue gas 

reheat has either two parallel secondary passes 

for the flue gas - one for the reheater and the 

other one for the primary superheater - or an inde

pendently fired reheater. Fig. 1 shows the a r r a n 

gement of the reheater in the "Esso Norway" [1 J. 

When in mode 1 the reheater is by-passed which

means, that the distribution of the flue gases and 

the heat transfer to the boiler proper is no lon

ger symmetrical. This of course has an influence 

on the natural circulation.

With the independently fired reheater, which is a l 

ways connected to the main boiler, there is a c han

ge of the flue gas flow downstream of the reheater. 

This also has an influence on the heat transfer of 

the whole boiler.

All flue gas reheat systems have a change of the 

steam temperature at the inlet of the medium pres

sure turbine. When switching from mode 1 to mode 2, 

the reheater is activated and the m e d i u m  p r e s s u r e - 

turbine has to be heated gradually to full reheat 

temperature. When going from "full away" conditions 

to manoeuvre conditions, the reheater is closed 

andthe MP-turbine has to be cooled down gradually 

again. Unfortunately, these load changes may hap

pen very fast, when a crash-stop is initiated or 

the turbine trip comes. Especially in a crash-stop 

case the boiler state is changed from the full load 

condition with reheat rather suddenly to 75% load 

without reheat.

In comparison bled steam reheat has a higher fuel 

consumption than flue gas reheat. It utilizes p rac

tically only the pressure - and temperature increa

se. But the boiler for this system is a normal one 

with a single secondary flue gas pass.

The reheater is heated by bled steam from the first 

bled point. It is placed in the cross over between 

the HP-turbine and the LP-turbine. The cross over 

steam is heated up to below the condensation tempe

rature t ^  of the first bled point. This means, 

that the reheat temperature is always lower than 

the saturation temperature t of the live steam.

For this reason the material for the LP-turbine 

does not need to be of high heat resistance qu a l i 

ty. The reheat temperature also decreases with d e 

creasing load, due to the reduction of the pres

sure at the bled points - and vice versa. When the 

steam temperature at the reheater entrance is the 

same as the condensation temperature of the first 

bled point, the reheater closes down automatically, 

as the heating steam is no longer condensed.

With a high steam pressure the evaporation heat be

comes rather small whereas the economiser heat and
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the superheater heat increase. This means an equi

valent change in the size of the respective heating 

surfaces. The trends can be seen in table 1. It 

shows, that the ratio of the heat for the superhea

ter to the evaporation heat increases to nearly 

twice the value at p K = 65 bar, the feed water 

heat to evaporation heat increases even to 3.2 when

Table 1

w a s  p r e f e r r e d  to a flue gas reheat cycle with 

130 bar boiler pressure. To achieve a low fuel 

consumption when in mode 2 the boiler pressure 

will float proportional to the turbine load from

to

P K = 65 bar at P-j- = 0,4 P-j-q (CMR)

P K  = 150 bar at PT = PTQ (MCR) [ 2]

System No. 1 2 3 4 5

1 p K bar 65 65 100 130 150

2 tUE
°C 530 530 530 530 530

3 t SP
°C 138 220 236 236 236

4 r A’J/kg 1544 1544 1276 1113 985

5 A  hUE
A' J/kg 710 710 745 764 796

6 A  hy^/r - 0.46 0.46 0.58 0.69 0.81

7 A h sp A-J/kg 630 290 444 520 587

8 A  hsp/r - 0.41 0.19 0.35 0-47 0.61

9 A h Z[ A'J/kg 422 440 441

10 A  hZE/r 0.33 0.40 0.45

11 ( A  I W +  A  h
sp)/r

0.87 0.65 0.93 1.16 1.42

1 2( A  hUE+ A h S p + A h Z E )/r 1.26 1.56 1.87

the boiler pressure is increased to p K = 150 bar.

From a design point of view, m a i n 

ly space reasons seem to define the pressure

limit of a marine boiler with flue gas reheat to 

P K = 130 bar. At this pressure, the energy trans

ferred to the superheater and the economiser is 

already 1.16 times the evaporation energy or 1.33 

times the ratio found with the common economiser 

boiler. To these big heating surfaces we have to 

add the big reheater volume respectively surface.

T a b l e  2 gives the figures for the most important 

values for the natural circulation, the mean water 

velocity at the entrance into the evaporation tubes 

and the circulation number u = m^/rriQ

The boiler pressure for the system with bled steam 

reheat can be raised up to p K = 150 bar. Its v o 

lume will still be less than that of the flue gas 

reheat boiler.

As the simplicity of the plant is considered one 

of the most important design points, a bled steam 

reheat cycle with a boiler pressure of p^ = 150 bar

* space
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Table 2 Calculation of the natural circulation

/ PT 0 PT w 0 u tV m zo

- bar m/s - -

1 155 0,734 12,2 1

0,8 125 0,738 16,7 1,09

0,6 95 0,728 23,8 1,17

0,4 65 0,696 36,6 1,20

0,7 65 0,881 23,2 1,32

0,8 155 0,684 14,3 0,94

0,6 155 0,622 17,3 0,86

0,4 155 0,541 22,6 0,74

With a floating boiler pressure the water velocity 

W q  remains practically constant, which means that 

the circulating water volume Vz stays constant too 

and the circulating water mass flow m^ is even in

creasing. The cooling of the evaporation tubes is 

becoming better with decreasing boiler pressure.

(This is a very important fact. It means, that if 

the boilers on tankships- or any other steam ships - 

are run with a lower boiler pressure during slow 

steaming, the circulation will become better and 

not - as is generally believed - worse. This is 

caused by the increase of the steam volume Vp in 

the boiler. The specific gravity of the mixture 

of steam and water in the evaporation tubes is lo

wered by the bigger steam volume. This improves 

the circulation.

The lower boiler pressure would also improve the 

fuel consumption by reducing throttling losses.)

Another advantage of the floating boiler pressure 

is the fact, that all rapid load changes happen 

at the "normal" boiler pressure of p K = 65 bar with 

the higher circulation. All big steam driven a uxi

liary turbines - especially the turbines of the 

cargo pumps, are supplied with steam of this pres

sure even under full away conditions. The same 

happens to the astern turbine.

2- §§l§ction_of_the_steam_cycl_e

2.1 Main feed pumps

The floating boiler pressure as a main design 

parameter allows the feed pump to be attached to 

the main gear during the whole "full away" condi

tion (mode 2) Fig. 2. With a reduction in revolu

tions from 100% to 73%,which represents a load 

reduction from 100% to 40%, the decrease of the 

pump's head is still less than the reduction of the 

boiler pressure.

Due to the higher boiler pressure, the power ne

cessary for the feed pump is P<.p = 508 kW = 2% of 

the main drive power. The attached feed pump causes 

an additional steam flow of 2 9 8 3  k9/h int0

the main turbine.

An independent feed pump, driven by its own turbine 

with an efficiency of = 0.7 and a back pres

sure of p^ijp = 3 . 0  bar would need

m D sp = 4830 kg/h 

steam. This means 4.8% of the overall steam demand.

With an independent feed pump turbine exhausting 

into the deaerator,the deaerator pressure has to be 

as low as possible in mode 1 and in mode 2 to cut 

down the steam demand of the feed pump. This means, 

that the make up steam from the bled point has to 

be throttled at MCR, so that it still can serve 

thedeaerator at manouevre conditions.

The independent feed pump would increase the fuel 

consumption by

A m BspEz = 2,0 9/^wh = 0.73%

With a fuel price of DM 175,-- ($ 73) perton and 

280 days of full power service per year this means

A K  =-^8 800 D M / a  (24 530 S/a

2.2 Generator

The electric load for this steam plant is estimated 

to be = 750 kW when in mode 2. This includes 

electric driven boiler fans. The efficiency of the 

rather small auxiliary turbines with the high boi

ler pressure would be very poor. There would be 

also a control problem, if the turbo generator had 

to work at pj. = 150 bar as well as at 60 bar. For 

all the auxiliary turbines - including the turbines 

for the cargo pumps and the astern turbine - a r e 

duced pressure steam line with p^ = 60 bar is pr o 

vided. This simplifies the auxiliary steam system.

Still the turbo generator would run with an effi

ciency ^.yG*  0.65 - 0.7 only.
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When the main generator also is attached to the 

main gear during mode 2 , then the fuel consumption 

will drop another

A ^ s p e z  = 3 >0 9 / kWh = 1,3%

This would mean a saving of

A  K = 114 600 DM/a (47 700 $/a)

There is one big problem with the attached auxilia

ries: The switchover from the attached state to the 

back up turbines under emergency conditions fcrash- 

stop, turbine trip). The critical point is a t ur

bine trip, when the engine is running at CMR 

(Continuous Manoeuvre Rating), because the frequen

cy is already at the lower limit.

Records of ship board trials showed, that the pro

peller revolutions go down with a rate of 2,5 RPM/s 

when the turbine trips from full power at full speed. 

For security reasons a deceleration rate of 3.5 

RPM/s after a trip is assumed. With a fast opening 

steam valve, activated by the turbine trip itself, 

the back up turbine for the generator can take 

over the load from the main gear 1 s after its 

activating, so this is also the time, when the ge

nerator can be disengaged from the' main gear. D u 

ring this time, the frequency will drop

A  f = 2.8 Hz

below the limit. This figure is acceptable for the 

classification societies. After the disengagement 

of the clutch, the frequency controller takes over 

and will adjust the generator on f = 50 Hz (Fig.3).

There is no problem, when the turbine trip is above

because the back up turbine takes over at

frequencies higher than f = 50 Hz, so the control

ler has to decrease the generator revolutions.

When normal manoeuvres are asked for, the steam 

valve for the back up turbine will be activated as 

soon as revolutions lower than nCMR are ordered. 

f3] M

2.3 Boiler fans,deaerator and main condensate pump 

With the main generator attached to the main gear 

in mode 2 , the frequency and the voltage will float 

according to the change of the revolutions. When 

a frequency f = 68 Hz is selected at MCR, then the

frequency will drop to f = 50 Hz at CMR. This means 

that all electric motors will change their speed 

accordingly to the changes of the propeller r evo

lutions .

For the electrically driven boiler fans, this 

means practically a speed and guide vane control. 

The floating frequency yields a stepless speed 

control between 100% and 73,5%. Fig. 4 shows 

these conditions.

The floating frequency is giving problems for the 

main condensate pump. It has to be designed to 

serve the deaerator even when running at low fre

quency. When the deaerator pressure is left floa

ting, too, the condensate pump head is sufficient 

at low load as well as at high load and the thrott

le losses between bled point and deaerator are 

practically zero in mode 2. Fig. 5 shows the c h a 

racteristic curves for the main condensate pump.

The deaerator pressure changes from 7 bar at MCR 

to 2,8 bar at CMR. Consequently the feedwater te m 

perature will fall from 165°C to 131°C. In mode 1 

Pj:A = 2,8 bar and t ^  = 131°C will be kept c o n 

stant by the exhaust steam from the feed pump tu r 

bine and make up steam.

The floating of the deaerator pressure when in 

mode 2 , would mean an extra supply of

^ m DEA = 6 7 0  k g / h  

steam when going from CMR to MCR (calculated with 

a deaerator content of 10 000 kg water). This steam 

can be deducted from the make up steam when going 

from MCR down to CMR.

2.4 Evaporator

A single stage condensate cooled evaporator with 

a heat exchanger, preheating the seawater by the 

brine, will be provided. Its capacity will be

my = 2000 kg/h at p^ = 0.9 bar (MCR)

At CMR, the destillate flow will drop to

my = 800 kg/h at p^ = 0.38 bar.

For the fuel consumption calculation, my = 1000 kg/h 

is assumed. The necessary heating steam is m^y = 

1250 kg/h.
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The condensate cooled evaporator lowers the fuel 

consumption by A m gsp££ = 0.6 g/kWh.

2.5 Boiler design

This boiler will be designed for full turbine 

power plus 1 cargo pump running at a boiler pres

sure p K = 150 bar (drum pressure pT = 155 bar) and 

superheater outlet temperature t K = 530°C. For 

40% turbine power at CMR, the boiler will have 

p^ = 65 bar (drum pressure Py = 70 bar). Due to 

the difference in the heat of evaporation, the 

evaporation rate at Py = 70 bar is

r155
m D 70 = m D155 ’ 7 ~ T  = 0/66 m D 1 55 

70

The calculation of the heat balances gives the fol

lowing results.

MCR + 1 cargo pump m ^  115 500 kg/h m K=83000 kg/h 

MCR m D = 98 000 kg/h m K=75300 kg/h

CMR rhp= 41 200 kg/h m^=34900 kg/h

Maximum power at manoeuvre conditions with all 

ble d points closed p j q |v]r = 12500 kW =0.50 PyMCR

Port, discharging = 76500 kg/h m K=67300 kg/h

Full astern m^ = 77000 kg/h m K=68000 kg/h

From these figures, the boiler system - twin m a r i 

ne boilers- will be designed for:

Maximum load

™DMAX = 2 x 60000 kg/h, Py = 155 bar, p K = 147,5 bar 

Normal load (MCR)

tiipQ = 2 x 50 000 kg/h, Py = 155 bar, pn = 150 bar 

Manoeuvre load (CMR)

n'DCMR = 2 x 21 000 kg/h, Py = 70 bar, p K = 66 bar

Maximum load at manoeuvre pressure

ri'DAST = 2 x 39 000 kg/h, Py = 70 bar, p K = 60 bar

The boiler will be designed for an exhaust gas 

temperature of t^  = 94°C. [ Ei] Compared with the 

usual temperature = 110°C this cuts down the 

fuel consumption by

^  m BSPEZ = ^*6 g/kWh.

2.6 Steam cycle

The steam cycle with 5 bled points - 2 at the H.P.- 

turbine, 1 at the cross over, 2 at the L.P.-

turbine - and the respective feedwater heaters, 

with condensate cooled evaporator and lub oil c o o 

ler - which lowers the fuel consumption by

A  ^ BSPEZ = 0 - 9  g/kWh.

can be seen in Fig. 6 . The specific fuel c o n sump

tion of this cycle will be

m BSpEz = 236.7 9 / kwh (174.0 g/PSh)

(If fitted with independent turbines for the feed 

pump and the generator, the fuel consumption in

creases to

m B S P E Z  = 2 4 2  g / k W h  ( 1 7 7 , 8  9 / P S h )

The fuel consumption of the same cycle with flue 

gas reheat up to t RE = 530°C at pRE = 3 1 , 2  bar and 

with py = 135 bar, p^ = 130 bar is

m BsPEZ = 234,7 9/kWh.

This gain is of the same order as that reached 

with the attached feed pump. The complications are 

of a much higher order (also the additional install

ment costs). This comparatively small gain j u s t i 

fies the selection of the bled steam reheat cycle, 

as the cost savings of

A K  «  ^,8 8 0 0  D lv l/a  ( 2 4  500 3 / a )

seem to be too small to cover even the additional 

first cost, nothing to say for covering the d i s a d 

vantages of the flue gas reheat system.

2.7 Partial load consumption

The calculations for partial load gave the f o l l o w 

ing fuel consumptions

Py = 17200 kW, pT = 110 bar, p R = 105 bar,

w s = 14,2 kn, m BSpEZ = 248 g/KWh ( 182,6g/PSh)

Py = 10000 kW, py = 70 bar, p K = 65 bar,

W s = 11,8 kn, m BSpEZ = 275, 4 g/kWh, ( 2 0 2 ,4g/PSh)

If the cycle with the floating system pressure is 

compared to a cycle with a fixed boiler pressure 

and - naturally - an independent driven feed pump, 

then the fuel consumptions are as follows

Py = 25 000 kW, pT = 155 bar

m BSPEz = 238>7 9/kWh (175,4 g/PSh)

Py = 17 200 kW , Py = 155 bar
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i r i g s p E Z  =  2 5 4 , 8  g / k W h

Py = 10 000 kW P T  = 155 bar

mgspEz = 285.5 g/kWh

The influence of the floating pressure can be clear

ly seen from these figures.

The fuel consumption figures for a slow speed 

Diesel engine, running on fuel of Hu = 40 600 kJ/kg 

(9700 kcal/kg) are:

Load % 100 75 50 25

Consumption g/kWh 214 215 219 226 

Correction for 1 g/kWh lub oil = 5 g/kWh fuel oil 

g/kWh 219 220 224 231

Correction for higher propeller revolutions 

(103 R P M - 8 5  RPM)

g/kWh 235.5 236.5 240.8 248.5 

Correction for 400 kW generator load.

m BSpEZ g/kWh 239.2 241 248 263.5

The curves behind these figures can be seen in Fig. 

7, where for comparison reasons the curve from 

Rein £6] is also drawn.

In Fig. 8 , the expansion curves of the main t u r 

bine for MCR and CMR can be seen. At CMR, the r e 

heat is only A h ^  = 11,0 kJ/kg, whereas it is 

A h 7E = 132.6 kJ/kg at full power.

3. Contro]_System

During manoeuvre conditions, the plant should be 

able to do rapid load changes without any risk, 

whereas load changes under full away conditionsare 

rather slow. The exception is the emergency stop 

manoeuvre, but this will be done with a fixed boi

ler pressure and not a floating one.

The usual control point for the power of the t u r 

bine is the revolution of the propeller. This is 

a very unfavourable value, as the turbine power is 

proportional to the third power of the propeller 

revolutions. For the manoeuvre rangethere are 73% 

of the revolutions but only 40% of the power. For 

the full away range with 60% of the power there 

are only 27% of the revolutions.

It is much easier and safer to go back to the pres

sure control. When under full away conditions, the

control of the steam pressure to the turbine auto

matically restricts the torque to the main gear, 

as the turbine control valve does not react to a 

change in the resistance of the ship due to heavy 

sea for instance. During the emergency stop mano

euvre, the steam flow to the astern turbine is 

kept steady, which even a good revolution control 

system cannot achieve, when the ships speed is be

tween 65% and 45% of the design speed. Fig. 9 

shows records of this phase from a trial trip.

When rapid load changes around zero load occur, 

the turbine does no unnecessary reversing.

At the boiler, the control points are 

the drum pressure Py

the water level h

the steam temperature t^

3.1 Boiler control at manoeuvring conditions 

with fixed boiler pressure

Theoretical evaluations show, that the drum p r e s 

sure pj is a better control variable than the 

steam pressure p^ , because the thermal state of 

the boiler is not changed with every load change, 

as long as the plant is in manoeuvre state with 

a fixed boiler pressure. The pressure control 

system becomes faster and more stable.

The water level in the steam drum depends - when 

feed water flow and steam demand are in equ i l i 

brium - practically on the steam volumes V^, e n 

closed within the boiler tubes. This steam volume 

V Q is practically proportional to the evaporation. 

When the water level set point is made proportio

nal to the steam flow m^, then the water volume 

in the boiler stays constant - with all the a d 

vantages for the fuel supply - and the feed water 

control valve operates in the same direction as 

the turbine control valve and not in the opposite 

direction as it does with a fixed water level set 

point. By this arrangement the feed water control 

becomes faster and more stable.

3.2 Feed water control under full away conditions 

with floating boiler pressure

Generally the movement of the water level in the 

drum is covered by the equation
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I —  *r c/f set proportional to the steam pressure Py.

d m w  dvu/ dm n dvD i 1
--------—  V \A/ \AJ ----- - *  ------ D  ''r ,  *  m r> ------- '

dt w  W dt dt D D dt

The first term comprises the difference between 

the feed water supply m^p and the steam demand

dm W
dt

= m,'SP m.V 3.2

The second term in equ. 3.1 represents the change 

of the water volume due to the change of the spe

cific volume v,,.
w

VQ = 10 (659 + 2,6 pT ) ( Py in bar) 3.7

Then terms 3 and 4 of equation 3.1 becomes

dt D D dt dt dp dt dt

When the water level set point hs is kept propor

tional to the velocity w^ of the steam in the su

perheater steam line, then it will be constant 

during the floating of the pressure range.

dvW _ KvodvW _ ^wo dvW dp 
m w  dt ~  vw  dt dp dt

When for the floating pressure range of 60 = Py = 

160 bar the specific volume of the water is a p p r o 

ximated by the linear equation (Fig. 10)

vw = ( 1074 + 3,85 P y ).10—6 m3/kg 3.4 

(Py in bar)

dh
A T dt r 0

With equ. 3.2 - 3.9 equ. 3.1 becomes

mSP  "  m D
1 vwo dvW dVD \ dp

VW V  d p  d p  I  d f

3.9

n /  ' ■ . i Vwo dVW dV°\ dP ? 1 nO -- ( m s p - m D ) v w .

3.11

then the derivation to the pressure becomes c o n 

stant.

dv W

dp
= 3,85.10 ®  m ^/kg.bar 3.5

dv ,
m W dt 279 + p  ̂ dt

3.6

Terms 3 and 4 represent the change in the steam 

volume Vp. The calculation of the natural circu

lation shows, that the steam volume increases 

by 20%, when the load is increased from 40% to 

100% and the pressure from 65 bar to 155 bar.

Table 3.1 - Steam volume V D as function of

pressure

PT

T

mD/mD0

bar 65 95 125 155 

40 60 80 100 

m 3 0,821 0,93 0,995 1,04

Equation 3.11 shows, that the feed water m ^  pursu 

es the steam flow nu, when the load is increased 

fdp/dt positivejand leads the steam flow, when the 

load is decreased (dp/dt negative).

With the numbers from equ. 3.4, 3.5 and 3.8 and 

dp/dt = + 0.05 bar/s the difference m sp - m D 

becomes

m, - - 2,68 kg/s = 0,103mDO
( Pj.  = 65 bar)

r - 1,69 kg/s = 0,061 m^Q 3.12 

( P j  = 155 bar)
Fig. 11 shows these relations.

3.3 Boiler pressure control under full away 

conditions with floating boiler pressure

The general equation covering the boiler pressure 

is

, V m RO \ dp
-I -— 7-_ , c <7 * --- —  I + mQ(t) 3.13D V I Po dt

For this pressure range, the steam volume can be
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where

HU,

m D V I ( t )  -  mB - A

E F
3.14

represents the steam flow, which could be genera

ted by the fuel flow mg (virtual steam flow, Profos 

J gj ). The term

vwo mRO
—  -c-q +

TA~ TE 3.21

VW ' Po / . TB  
Equ. 3.21 shows, that the fuel flow mg has to lead

the steam flow m^, when the load is increased,

whereas it follows m D> when the load is decreased.

With Tg = 1800 s and Py^ = 65 bar and p^^ = 155 bar

dp/dy is o o5 bar/s and the difference between fuel

flow rripyj and steam demand m^ becomes

m
DVI

- m D = + 3,73 kg/s = 0,134 m P j  - 65 bar

vw c

W

m
RO 3.15

= *3,03 kg/s = 0,109m

Po

shows the influence of the self evaporation.

Manoeuvres should be done with the lowest possible 

steam change rate. The control should be able to 

achieve a linear increase ( or decrease) of the 

steam flow m^.

mD ( t ) = m DA
( m.

DA " b e > T b
3.16

Tp is the time passing by to increase the steam 

n o w  from m ^ ^  (Continuous Manoeuvre Rating) to

mQMCR (Maximum Continuous Rating). As under full 

away conditions all the steam flows through the 

main turbine, the steam pressure before turbine 

is - according to the law of Stodola j^9J - propor

tional to the steam flow.

PV T <f)  r  P VTA ‘ ( P VTA "  PVTE}  Tq
3.17

In the full away area, the boiler pressure pT can 

be set

P T = cp P VT 3.18

as the losses are proportional to the steam flow 

m D , due to the constant steam velocity W^

p 7 (t) = PTA - ( P TA - PTE> jb

dp.

dt

PTA '  PTE

B

3.19

3.20

DO
p̂ . - 155 bar

Fig. 12 shows the behaviour for a load reduction

4. Conclusions

This paper presents a very simple steam cycle 

with a fuel consumption, which is lower than the 

corrected fuel consumption of a low speed diesel 

motor. To achieve this good economy, the boiler pres

sure controls the turbine power, when the ship is 

under steady steaming conditions. The boiler p res

sure floats from p̂ , = 65 bar at manoeuvre conditions 

to p^ = 150 bar at MCR. Excessive wetness at the LP 

turbine exit is avoided by a bled steam heated r e 

heater in the cross over between HP-turbine and LP- 

turbine. To lower the fuel consumption further, the 

feed pump and the generator are attached to the main 

gear, when the plant is in steady steaming conditions. 

In addition to this the evaporatior and the Tub oil 

cooler are cooled by the main condensate.

An integrated control system for the whole plant 

is suggested. At manoeuvres turbine, boiler pressure 

and feed water supply are directly controlled. The 

control point for the boiler pressure is the drum 

pressure py. The water level set point is p roportio

nal to the steam velocity in the superheater line. 

When the boiler is operated with a fixed pressure, 

the water level is practically proportional to the 

steam load. With a floating boiler pressure the water 

level set point is practically constant.

Numerous tests were run on trial trips, at dock 

trials and at the steam model plant of the Institut 

fur Schiffstechnik in Berlin, backed up by computer 

simulation both for the fixed boiler pressure and 

the floating boiler pressure. All tests proved the 

feasibility of the control system for the proposed 

steam cycle.

With equ. 3.20 equ. 3.19 becomes

m D V I < t ) r  mDA
- (mDA - m D E ) Ts
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NOMENCLATURE 

X = spec, gravity 

A  = difference

A  = hUE hSP

NOMENCLATURE

A = Area

K = Costs

P = Power

T = Time constant

V = Volume

MCR = Maximum Continuous Rating

CMR = Continuous Manoeuvre Rating

HU^p = Lower effective heating value

c = proportional factors

f = frequency

g = gravity constant

h = height, enthalpy

m = mass

m = mass flow

p = pressure

q = evaporation number

r = evaporation heat

t = temperature, time

u = natural circulation number

v = specific volume

w = velocity

INDICES

A = begin of a manoeuvre

B = fuel

D = steam

E = end of a manoeuvre, electric

K = condensate, state at boiler outlet

0 = design point 

R = pipe, reduced

T = state at boiler drum

W = water

Z = circulation

AG = exhaust gas

UE = superheater

EA = deaerator

ZE = reheat

SP = feed water

VI = virtual 

SPEZ = specific

1 = isenthropic, general index 

k = boiler

m = mean value

r = real value

s = set point, desired

(t) = time

v = destillat

w = water
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DISCUSSION

COMMANDER K I  SHORT OBE DSC RN CE n g  F I M a r E  

o p e n e d  t h e  d i s c u s s i o n  a s  f o l l o w s :

M a c h i n e r y  S e l e c t i o n  P a r a m e t e r s

T h e  s e l e c t i o n  o f  p r o p u l s i o n  m a c h i n e r y  f o r  s h i p s  

w a s  n o t  a  s i m p l e  m a t t e r  o f  s e l e c t i n g  t h e  

i n s t a l l a t i o n  o f f e r i n g  t h e  l o w e s t  f u e l  c o n s u m p t i o n .  

A v a r i e t y  o f  o t h e r  f a c t o r s  h a d  t o  b e  i n c l u d e d  i n  

t h e  e q u a t i o n  s u c h  a s :

( i ) T y p e  o f  v e s s e l  a n d  i t s  d u t y ;

( i i ) P o w e r  r a n g e ;

( i i i ) F u e l  a v a i l a b l e ;

( i v ) F u e l  c o s t s ;

( v ) C a p i t a l  c o s t ;

( v i ) W e i g h t  a n d  s p a c e ;

( v i i ) L u b r i c a t i n g  o i l  a n d  o t h e r  r u n n i n g  
c o s t s ;

( v i i i ) M a i n t e n a n c e  c o s t s

a n d  s o  o n .

W h i l s t  t h i s  w a s  o f t e n  s a i d  -  i t  w a s  o f t e n  f o r g o t t e n ,  

a n d  j u d g m e n t s  w e r e  i r r e s p o n s i b l y  o f f e r e d  o n  f u e l  

c o n s u m p t i o n  d a t a  o n l y .

When  f u e l  w a s  c h e a p  a n d  a b u n d a n t  t h e r e  w a s  a  l i m i t  

t o  t h e  c a p i t a l  e x p e n d i t u r e  w h i c h  i t  m a d e  

c o m m e r c i a l  s e n s e  t o  i n c u r  t o  o b t a i n  i m p r o v e m e n t s  

i n  s t e a m  p l a n t  e f f i c i e n c y .  N e v e r t h e l e s s ,  i n  t h e  

p o w e r  r a n g e  b e i n g  c o n s i d e r e d  a  s t r o n g  c a s e  c o u l d  

b e  m a d e ,  e c o n o m i c a l l y ,  f o r  t h e  m o d e r a t e l y  

e f f i c i e n t  s t e a m  a s  o p p o s e d  t o  t h e  h i g h e r  e f f i c i e n c y  

a l t e r n a t i v e  l o w  s p e e d  d i e s e l  p r o p u l s i o n  w h e n  a l l  

f a c t o r s  w e r e  c o n s i d e r e d .

When f u e l  p r i c e s  i n c r e a s e d  s o  d r a m a t i c a l l y  a  f e w  

y e a r s  a g o ,  e x i s t i n g  s t e a m  i n s t a l l a t i o n  a n d  t h o s e  

u n d e r  c o n s t r u c t i o n  t e n d e d  t o  s h o w  u p  a d v e r s e l y ,  

c o m m e r c i a l l y ,  c o m p a r e d  w i t h  d i e s e l  e n g i n e s .

As  a  r e s u l t ,  a n d  d o u b t l e s s  w i t h  a  f e w  n u d g e s  f r o m  

t h e  d i e s e l  m a n u f a c t u r e r s ,  t h e  i l l  i n f o r m e d  h a d  

s o m e t i m e s  e r r o n e o u s l y  s u g g e s t e d  t h a t  " s t e a m  w a s  

f i n i s h e d "  .

B u t  t h e  c o n t r a r y  w a s  i n  f a c t  t n e  t r u e  s i t u a t i o n  

f o r  t w o  i m p o r t a n t  r e a s o n s :

a )  F i r s t l y ,  j u s t  a s  t h e  i n c r e a s e d  D r i c e  o f  

o i l  h a d  m a d e  i t  c o m m e r c i a l l y  v i a b l e  t o  

e x p l o i t  t h e  N o r t h  S e a  a n d  o t h e r  d i f f i c u l t  

s o u r c e s  o f  o i l ,  s o  i t  h a d  n o w  j u s t i f i e d  

a d d i n g  t o  t h e  c o s t  o f  steteuii  i n s t a l l a t i o n s  

t o  i m p r o v e  t h e i r  e f f i c i e n c y  m a r k e d l y ;

b )  S e c o n d l y ,  w i t h  t h e  c u r r e n t  o i l  d e p l e t i o n  

f o r e c a s t s  a n d  t h e  l i k e l i h o o d  o f  m o r e

a n d  m o r e  d e g r a d e d  f u e l  b e i n g  m a r k e t e d ,  

s u c h  f u e l  w a s  u n d o u b t e d l y  b e t t e r  s u i t e d  

f o r  b o i l e r  t h a n  d i e s e l  m a c h i n e r y .

So  i n v e s t i g a t i o n s  o f  i m p r o v e m e n t s  t o  s t e a m  c y c l e s  

h a d  a  s e r i o u s  e n d  i n  v i e w  a n d  w e r e  b y  n o  m e a n s  

n u g a t o r y  .

E v p r y  r e a s o n a b l e  p r o p o s a l  f o r  s t e a m  c y c l e s  o f f e r i n g  

i m p r o v e d  e f f i c i e n c y  m u s t  c o n t i n u e  t o  b e  e x p l o r e d  

w i t h  e n t h u s i a s m  a n d  z e a l .

We w e r e  t h e r e f o r e  p a r t i c u l a r l y  g r a t e f u l  t o  

P r o f e s s o r  G r o s s n a n n  f o r  i n t e r e s t i n g  h i m s e l f  i n  

t h i s  s u b j e c t  a n d  f o r  m a r s h a l l i n g  h i s  f a c i l i t i e s  t o  

p r e p a r e  a  p a p e r  o f  s u c h  t o p i c a l  i n t e r e s t .

C o m m a n d e r  S h o r t  a l s o  a g r e e d  w i t h  h i m  t h a t  t h e  

c u r r e n t  d i a l o g u e  c o n c e r n i n g  s t e a m  c y c l e s  s h o u l d  

h a v e  t a k e n  p l a c e  s o m e  f i f t e e n  y e a r s  a g o ;  i n  w h i c h  

c a s e  s t e a m  w o u l d  h a v e  b e e n  i n  a  b e t t e r  p o s i t i o n  

t o d a y  t o  p l a y  i t s  p a r t  i n  t h e  s h i p  p r o p u l s i o n  

s c e n a r i o .  I t  s h o u l d  n o t  b e  a l l o w e d  t o  s t a g n a t e  

now o r  b e  s u b m e r g e d  b y  o v e r - s e l l i n g  b y  i t s  

c o m p e t i t o r s .

C o m i n g  a s  i t  d i d  f r o m  a  d i s t i n g u i s h e d  a c a d e m i c  

r a t h e r  t h a n  a n  i n d u s t r i a l  s o u r c e  t h e  p a p e r  w a s  

p a r t i c u l a r l y  v a l u a b l e .

C o m m a n d e r  S h o r t  t h e n  c o m m e n t e d  u p o n  s e v e r a l  p o i n t s  

i n  t h e  p a p e r .

R e h e a t  P r e s s u r e  T h r e s h o l d  T h e  a u t h o r  h a d  s u g g e s t e d  

a  p r e s s u r e  t h r e s h o l d  o f  8 0  b a r  f o r  n o n  r e h e a t  

s y s t e m s  b u t  i t  w a s  t h e  C o m m a n d e r ' s  u n d e r s t a n d i n g  

t h a t  w i t h  a  p r o p e r l y  d e s i g n e d  t u r b i n e  u p  t o  1 0 0  b a r  

w a s  a c c e p t a b l e  f o r  5 1 0 ° C  a n d  o v e r  1 0 0  b a r  f o r  t h e  

5 3 0 ° C  u s e d  i n  t h i s  s t u d y  w i t h o u t  t h e r e  b e i n g  c a u s e  

f o r  c o n c e r n  a b o u t  e r o s i o n  o f  b l a d i n g  a t  t h e  LP 

t u r b i n e  e x i t .
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F l o a t i n g  B o i l e r  P r e s s u r e  When  h e  f i r s t  r e a d  t h i s  

p a p e r  h e  w a s  p u z z l e d  a s  t o  t h e  m a t t e r  o f  f a c t  w a y  

i n  w h i c h  i t  w a s  s u g g e s t e d  t h a t  a  f l o a t i n g  b o i l e r  

p r e s s u r e  w o u l d  i m p r o v e  e f f i c i e n c y  a t  l o w e r  p o w e r s  

b y  r e d u c i n g  t h r o t t l i n g  l o s s e s .

He h a d  b e e n  b r o u g h t  u p  t o  b e l i e v e  i n  n o z z l i n g  d ow n  

o n  t u r b i n e s  t o  m a i n t a i n  a  h i g h  i n l e t  p r e s s u r e  t o  

m a i n t a i n  t u r b i n e  e f f i c i e n c y  a n d  h e  s o u g h t  a n  

e x p l a n a t i o n  i n  t h e  p a p e r  f o r  t h e  b a l d  c l a i m  t h a t  

a  f i x e d  p r e s s u r e  i n s t a l l a t i o n  i n v o l v e d  a d d i t i o n a l  

f u e l  c o n s u m p t i o n  o f  c i r c a  2 . 3 %  a t  69% ma x i mu m 

p o w e r  a n d  3 . 3 %  a t  40% p o w e r .  B u t  t o  n o  a v a i l .

I n  a  SNAME p a p e r  r e a d  e a r l i e r  t h i s  y e a r  b y  S i e g e l  

o f  G e n e r a l  E l e c t r i c  (USA)  " I m p r o v e m e n t s  i n  P a r t  

L o a d  P e r f o r m a n c e  o f  M a r i n e  S t e a m  T u r b i n e s "  h e  h a d  

p r o d u c e d  t h e  g r a p h  s h o w n  i n  f i g u r e  13 a n d  c o m m e n t e d  

" I t  i s  s e e n  t h a t  t h e  p l a n t  f u e l  r a t e  s u f f e r s  w i t h  

v a r i a b l e  p r e s s u r e  o p e r a t i o n " .  As t h e  v e s s e l  

m e n t i o n e d  r e g a r d i n g  t h e  r e - h e a t  b o i l e r  w a s  t h e  

"ESSO NOP.WAY" f i t t e d  w i t h  GE m a c h i n e r y ,  C o m m a n d e r  

S h o r t  w o u l d  h a v e  e x p e c t e d  t h e  S i e g e l  c o n c l u s i o n  

t o  a p p l y  t o  t h e  a u t h o r ' s  p r o p o s a l .

T h e n  t h e  C o m m a n d e r  w s s  i n t r o d u c e d  t o  D o n a l d ' s  

r e c e n t l y  p u b l i s h e d  s l i m  v o l u m e  " M a r i n e  S t e a m  

T u r b i n e s "  ( w h i c h ,  i n c i d e n t a l l y ,  h e  r e c o m m e n d e d  t o  

a l l  J i o s e  c u r r e n t l y  i n t e r e s t e d  i n  s t e a m  p r o p u l s i o n ) , 

a n d  f r o m  i t  h e  d e d u c e d  t h a t  t h e  a u t h o r ' s  c o m m e n t s  

w e r e  p r o b a b l y  b a s e d  u p o n  t h e  u s e  o f  a  B l o h m  & V o s s  

p r o p u l s i o n  u n i t  w i t h  i t s  u n c o n v e n t i o n a l  50% 

r e a c t i o n  t y p e  HP t u r b i n e  e m p l o y i n g  t h r o t t l e  v a l v e  

c o n t r o l  w i t h  f u l l  3 6 0  d e g r e e s  i n l e t  s t e a m  

a d m i s s i o n  a r e a .

A c c o r d i n g  t o  D o n a l d ,  w h i l s t  t h i s  t u r b i n e  c o u l d  b e  

m a r g i n a l l y  m o r e  e f f i c i e n t  a t  f u l l  p o w e r  t h a n  a  

n o z z l e  c o n t r o l l e d  i m p u l s e  t u r b i n e  i t  w a s  l e s s  

e f f i c i e n t  a t  p a r t  l o a d .

I f  h i s  own  s u p p o s i t i o n  w a s  c o r r e c t  t h e  t u r b i n e  

w o u l d  o f  c o u r s e  n o t  m i n d  h o w t h e  r e d u c e d  s t e a m  

p r e s s u r e  w a s  o b t a i n e d  w h e t h e r  b y  t h r o t t l i n g  o r  by  

f l o a t i n g  t h e  b o i l e r  p r e s s u r e  b u t  t h e  l a t t e r  w o u l d  

s a v e  t h r o t t l i n g  l o s s e s  a s  c l a i m e d .

Ha d  a  n o z z l e  c o n t r o l l e d  i m p u l s e  IIP t u r b i n e  b e e n  

u s e d  t h e n  p e r h a p s  p a r t  l o a d  e f f i c i e n c y  w o u l d  h a v e  

b e e n  h i g h e r  w i t h  a  f i x e d  b o i l e r  p r e s s u r e .

P e r h a p s  t h e  a u t h o r  w o u l d  b e  g o o d  e n o u g h  t o  c o m m e n t  

u p o n  t h i s  p o i n t  w h i c h  h a d  b e e n  s o  f u n d a m e n t a l  t o  

h i s  p r o p o s a l s .

F l u e  G a s  V e r s u s  S t e a m  R e h e a t  T h e  C o m m a n d e r  l e f t  

a n y  d e t a i l e d  d i s c u s s i o n  o f  t h e  b o i l e r  a n d  t u r b i n e  

m a t e r i a l  p r o b l e m s  w i t h  f l u e  g a s  r e h e a t  t o  t h e i r  

d e s i g n e r s  a n d  m a n u f a c t u r e r s .  He  w o u l d  h o w e v e r  

c o m m e n t  t h a t  G e n e r a l  E l e c t r i c  h a d  m o r e  t h a n  n i n e  

l a r g e  f l u e  g a s  r e h e a t  i n s t a l l a t i o n s  1 0 0  b a r  5 1 0 ° C  

a l r e a d y  a t  s e a .

T h e  MP t u r b i n e s  w e r e  d e s i g n e d  t o  a c c e p t  t h e  

t e m p e r a t u r e  c h a n g e s  a s s o c i a t e d  w i t h  s u d d e n  l o a d  

c h a n g e s  ( r e h e a t  t o  n o n  r e h e a t  a n d  v i c e  v e r s a )  

w i t h o u t  p l a c i n g  a n y  r e s t r a i n t s  o n  t h e  o p e r a t o r .

No t u r b i n e  p r o b l e m s  h a d  b e e n  e x p e r i e n c e d  i n  

s e r v i c e ,  b o i l e r  c o n t r o l  h a d  g i v e n  f e w  p r o b l e m s  a n d  

f u e l  c o n s u m p t i o n  r a t e s  a s  l o w  a s  2 3 9  g m s / k W h  h a d  

b e e n  o b t a i n e d  a t  f u l l  p o w e r  w i t h  s o m e  o f  t h e m .

I t  was  t h u s  n o t  c o r r e c t  t o  s u g g e s t  t h a t  a l l  MP 

t u r b i n e s  h a d  t o  b e  c o o l e d  d o wn  g r a d u a l l y  a n d  t h a t  

t h e  f r e e d o m  o f  a c t i o n  o f  t h e  o p e r a t o r s  w a s  

t h e r e f o r e  i n e v i t a b l y  r e s t r i c t e d  w i t h  f l u e  g a s  r e h e a t .

L i m i t i n g  P r e s s u r e  f o r  F l u e  G a s  R e h e a t  B o i l e r  

T h e  a u t h o r  h a d  s u g g e s t e d  t h a t  f o r  m a r i n e  b o i l e r s  

t h e r e  w a s  a  s p a c e  r e a s o n  f o r  l i m i t i n g  t h e  b o i l e r  

p r e s s u r e  w i t h  f l u e  g a s  r e h e a t  t o  1 3 0  b a r .

A c u r r e n t  s t u d y  b y  t h e  G e n e r a l  E l e c t r i c  C o m p a n y  o f  

A m e r i c a  f o r  t h e  US M a r i t i m e  A d m i n i s t r a t i o n  w a s  

s e r i o u s l y  p r o p o s i n g  a  r e h e a t  p l a n t  i n  e x c e s s  o f  

t h i s ,  n a m e l y :

1 6 5  b a r

5 6 0 ° C / 5 6 0 ° C  

w i t h  a n  a l l  p u r p o s e  SFC o f :

2 1 9 / 2 3 2  g m s / k W h  

f o r  a  p l a n t  o f  3 0 , 0 0 0  t o  4 5 , 0 0 0  kW.  S o  h e  b e l i e v e d  

t h a t  t h e  s p a c e  d i f f i c u l t i e s  w e r e  n o t  i n s u p e r a b l e .

B o i l e r  C i r c u l a t i o n  a t  R e d u c e d  P r e s s u r e  T h e  a u t h o r  

h a d  p r e s e n t e d  t h e  r e s u l t s  o f  s o m e  c a l c u l a t i o n s  

w h i c h  s u g g e s t e d  t h a t  c i r c u l a t i o n  i m p r o v e d  w i t h  

l o w e r e d  p r e s s u r e  d u e  t o  t h e  r e d u c t i o n  i n  t h e  

s p e c i f i c  g r a v i t y  o f  t h e  m i x t u r e  o f  s t e a m  a n d  w a t e r  

i n  t h e  e v a p o r a t i o n  t u b e s  r e s u l t i n g  f r o m  t h e  b i g g e r  

v o l u m e  o f  s t e a m  i n  t h e  b o i l e r .

2 3 0



S l o w  S p e e d  D i e s e l  E n g i n e  C o n s u m p t i o n  F i g u r e s

D i d  n o t  t h e  a p p e a r a n c e  o f  m o r e  s t e a m  i n  t h e  

m i x t u r e  t e n d  t o  r e d u c e  c i r c u l a t i o n  b y  " c h o k i n g "  -  

a n d  i f  p r e s s u r e  r e d u c t i o n  w a s  c a r r i e d  t o  t h e  

e x t r e m e  w i t h  t u b e s  p r a c t i c a l l y  f i l l e d  w i t h  s t e a m ,  

s u r e l y  m a s s  f l o w  m u s t  b e  r e d u c e d  ?

C o u l d  t h e  a u t h o r  p l e a s e  e x p a n d  u p o n  t h e  m e t h o d  o f  

c a l c u l a t i o n  i n v o l v e d  a n d  a n y  v e r i f i c a t i o n  c a r r i e d  

o u t .

A s t e r n  T u r b i n e  P r e s s u r e  I n  t h i s  s t u d y  t h e  a s t e r n  

t u r b i n e  u s e d  s t e a m  a t  t h e  l o w e r  p r e s s u r e .  T h i s  

m u s t  i n e v i t a b l y  i n c r e a s e  t h e  s i z e  o f  t h e  t u r b i n e  

a b o v e  t h a t  o f  o n e  d e s i g n e d  f o r t h e  h i g h e r  p r e s s u r e  

a n d  t h u s  i n c r e a s e  t h e  a s t e r n  t u r b i n e  l o s s e s .

I n d e p e n d e n t  F e e d  P u mp  -  I n c r e a s e  i n  F u e l  C o n s u m p t i o n  

C o u l d  t h e  a u t h o r  p l e a s e  e x p l a i n  wh y  t h e  i n c r e a s e d  

f u e l  c o n s u m p t i o n  w a s  o n l y  s h o w n  a s  C . 7 3 %  w h e r e a s  

t h e  f i g u r e s  g i v e n  e a r l i e r  i n d i c a t e d  t h a t :

( i )  2% o f  M a i n  S t e a m  w a s  n e e d e d  w h e n  

a t t a c h e d ;

( i i )  4 . 3 %  o f  M a i n  S t e a m  w a s  n e e d e d  w h e n  

s e p a r a t e .

As s t e a m  p r o d u c e d  m u s t  b e  r o u g h l y  p r o p o r t i o n a l  t o  

f u e l ,  h e  w o u l d  h a v e  e x p e c t e d  a  h i g h e r  g a i n  o n  

t h e s e  f i g u r e s  e v e n  a l l o w i n g  f o r  t h e  a d d i t i o n a l  

s t e a m  n e e d e d  f o r  t h e  d e - a e r a t o r  w h e n  p u m p  w a s  

a t t a c h e d .

T h e  c o m b i n e d  a t t a c h e d  f e e d  p u mp  a n d  g e n e r a t o r  f u l l  

p o w e r  s a v i n g  w a s  q u o t e d  i n  t h e  p a p e r  a s  2%.  I n  

t h e i r  " S T - 1 4  c o n s e r v a t i v e  r e h e a t  f i x e d  p r e s s u r e  

p r o p u l s i o n  p l a n t  w h i c h  w a s  i n  s e r v i c e ,  GE( USA)  h a d  

c a l c u l a t e d  t h a t  2 . 0 / 4 . 0 %  o f  t h e  f u e l  r a t e  i m p r o v e 

m e n t  w a s  a t t r i b u t a b l e  t o  t h i s  a r r a n g e m e n t ,  t h e  

a c t u a l  f i g u r e s  v a r y i n g  w i t h  p o w e r .  F u e l  r a t e  

f i g u r e s  a t  f u l l  p o w e r  c i r c a  2 3 0  g m s / k W h  w e r e  b e i n g  

o b t a i n e d .

N o t  o n l y  w a s  t h e  CE e s t i m a t e  h i g h e r  t h a n  c l a i m e d  

b y  t h e  a u t h o r  b u t  i t  w a s  b a s e d  u p o n  a  m a i n  e n g i n e  

d r i v e n  f e e d  p ump  c o n t r a r y  t o  h i s  s u g g e s t i o n  t h a t  

f i x e d  p r e s s u r e  s y s t e m s  w o u l d  ' n a t u r a l l y '  h a v e  a n  

i n d e p e n d e n t  f e e d  p u m p .

T h e  a u t h o r  h a d  b e e n  c o n s e r v a t i v e  i n  c a l c u l a t i n g  

t h e s e  f i g u r e s .  U s i n g  SNAME T e c h n i c a l  a n d  R e s e a r c h  

P u l l e t i n  3 - 2 7  " M a r i n e  D i e s e l  P o w e r  P l a n t  P e r f o r m 

a n c e  P r a c t i c e " ,  C o m m a n d e r  S h o r t  a r r i v e d  a t  t h e  

f o l l o w i n g  f u l l  p o w e r  c o n s u m p t i o n  f i g u r e s :

SFC

P o o r  C o m b u s t i o n  2%

L u b r i c a t i n g  O i l  4%

C o r r e c t i o n  f o r  r e v / m i n  
(7% f o r  1 8 )

C e n t r i f u g e  L o s s  (1%)

G e n e r a t o r  L o a d  ( 2 . 7 % )

G u a r a n t e e  M a r g i n  (4%)

2 1 4  g m s / k W h  

4 

8 

14

2

5i 

___9

2 5 6  g r a s / kWh

C f  A u t h o r

2 1 4

5

17

2 4 0

T h i s  r e v i s i o n  v e r y  m u c h  i m p r o v e d  t h e  r e l a t i v e  

p o s i t i o n  o f  t h e  s t e a m  p l a n t .  Hs  h a d  r e - d r a w n  

P r o f e s s o r  G r o s s m a n n ' i  f i g u r e  7 ( s e e  f i g u r e  1 4 )  a n d  

h e  h a d  i n c l u d e d  s o m e  f i g u r e s  f o r  o t h e r  s t e a m  p l a n t  

d e s i g n s .  F r o m  t h e  GE MST- 14  f u l l  p o w e r  p o i n t  l i e  

h a d  d e d u c e d  t h e  p a r t  l o a d  c o n s u m p t i o n  c u r v e  f r o m  

S i e g e l ' s  p a p e r  f o r  t h e  t w o  r o w / o n e  r o w  d e s i g n  a s  

s h o w n  d o t t e d .  T h i s  w a s  f l a t t e r  t h a n  t h e  a u t h o r ' s  

c u r v e .

He t h o u g h t  t h a t  i n  p r e s e n t i n g  s t u d i e s  o f  t h i s  

n a t u r e  s u c h  e s t i m a t e s  s h o u l d  b e  a s  r e a l i s t i c  a s  

p o s s i b l e  f r o m  t h e  b e g i n n i n g  e v e n  t h o u g h  p e r h a p s  

e v e r y  m a r g i n  w a s  n o t  n e c e s s a r i l y  n e e d e d  t o  m a k e  

o n e ' s  c a s e .  I f  n o t  c l a i m e d  o r i g i n a l l y  i t  c o u l d  b e  

m o r e  d i f f i c u l t  t o  e s t a b l i s h  t h e i r  c r e d i b i l i t y  l a t e r .

C o n t r o l  S y s t e m  T h e  f u l l  i m p l i c a t i o n s  o f  t h e  

c o n t r o l  s y s t e m s  c a l c u l a t i o n s  w e r e  n o t  c l e a r  t o  h i m  

a n d  h e  w o u l d  w e l c o m e  a  p r a c t i c a l  e x p l a n a t i o n .  D i d  

t h e y  f o r  e x a m p l e  s u g g e s t  a  s i m p l i f i c a t i o n  o r  t h e  

e l i m i n a t i o n  o f  c e r t a i n  c o n t r o l s  a s  a  r e s u l t  o f  t h e  

f l o a t i n g  b o i l e r  p r e s s u r e  ?  D u r i n g  t h e  p r e s e n t a t i o n  

t h e  a u t h o r  h a d  s h o w n  s l i d e s  o f  s o m e  a d d i t i o n a l  

g r a p h s  t o  t h o s e  i n  t h e  p a p e r  a n d  t h e s e  m i g h t  h a v e  

c l a r i f i e d  s o m e  o f  t h i s  h a d  t h e r e  b e e n  t i m e  t o  s t u d y  

t h e m  a n d  c o r r e l a t e  t h e m  w i t h  t h e  p a p e r .
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C o m m e n t s

C o m m a n d e r  S h o r t  b e l i e v e d  t h a t  t e c h n i q u e s  a l r e a d y  

e x i s t e d  -  o r  u n d e r  t h e  i m p e t u s  o f  n e e d  w e r e  n o t  

f a r  a w a y  -  f o r  t h e  d e s i g n  a n d  c o n s t r u c t i o n  o f  

b o i l e r s ,  t u r b i n e s  a n d  a n c i l l i a r y  e q u i p m e n t  

w h i c h  i f  p r o p e r l y  t i e d  t o g e t h e r  w o u l d  o f f e r  

f u e l  r a t e s ,  o v e r  t h e  s e r v i c e  r a n g e  a n d  m a i n t e n 

a n c e  c o s t s  i n  p a r t i c u l a r ,  w h i c h  w e r e  e x t r e m e l y  

c o m p e t i t i v e  w i t h  o t h e r  f o r m s  o f  p r o p u l s i o n .

T h e  t y i n g  t o g e t h e r  w a s  a  m a t t e r  o f  s e l e c t i n g  

t h e  r i g h t  c y c l e ,  t h e  c o r r e c t  m a t c h i n g  o f  

c o m p o n e n t s  a n d  t h e  i n s t a l l a t i o n  o f  e f f e c t i v e  

c o n t r o l  g e a r .

He w a s  s u r e  t h a t  w i t h  m o d e r n  t e c h n o l o g y  t h e  

m a t e r i a l  p r o b l e m s  c o u l d  b e  s o l v e d  i f  p r o p e r l y  

p o s e d .

We w e r e  t h e r e f o r e  v e r y  d e p e n d e n t  f o r  a d v a n c e  

u p o n  f i n d i n g  t h e  r i g h t  c y c l e .

He c o n c l u d e d  b y  u r g i n g  P r o f e s s o r  G r o s s m a n n  a n d  

o t h e r s  t o  c o n t i n u e  t o  u s e  t h e  i n g e n u i t y ,  a s  h a d  

b e e n  d o n e  i n  t h i s  p a p e r ,  t o  s u g g e s t  a n d  e v a l u a t e  

c y c l e  i m p r o v e m e n t s  h o w e v e r  r a d i c a l  t h e y  m i g h t  

a p p e a r  i n i t i a l l y .

MR. N . A .  BRICKNELL s a i d  t h a t  t h e  p a p e r  h a d  

r e f e r r e d  t o  i m p r o v e d  f u e l  c o n s u m p t i o n  a t  

m a n o e u v r i n g  s p e e d s  b y  r e d u c i n g  t h e  b o i l e r  

p r e s s u r e  t o  r e d u c e  t h r o t t l e  l o s s e s .  I t  w a s  

c u r r e n t  p r a c t i c e  t o  a t t a i n  s i m i l a r  r e s u l t s  b y  

n o z z l e  c o n t r o l  a n d  h e  h a d  b e e n  l e d  t o  b e l i e v e  

t h i s  w a s  m o r e  p r a c t i c a l  t h a n  a l t e r i n g  t h e  

b o i l e r  p r e s s u r e .  T h i s  a l t e r n a t i v e  w a s  

m e n t i o n e d  i n  t h e  p a p e r ;  w o u l d  t h e  a u t h o r  p l e a s e  

c o m m e n t  ?

T h e  a u t h o r  h a d  r e f e r r e d  t o  q u i c k  o p e n i n g  v a l v e s  

t o  s t a r t  b a c k  u p  t u r b i n e s .  W h i l s t  t h i s  w a s  

r e a s o n a b l e  f o r  s m a l l  i t e m s  s u c h  a s  f e e d  p u m p s ,  

i t  w a s  n o r m a l  p r a c t i c e  t o  wa rm t u r b o  a l t e r n a t o r s  

s l o w l y .  W o u l d  t h e  a u t h o r  e x p l a i n  w h a t  p r o c e d u r e  

w a s  a d o p t e d  t o  a v o i d  d a m a g e  d u e  t o  s u d d e n l y  

a p p l i e d  h i g h  t e m p e r a t u r e s ,  o r  w e r e  t h e  t u r b o  

a l t e r n a t o r s  c o n t i n u o u s l y  w a r m e d  I f  s o ,  how 

d i d  t h i s  a f f e c t  o v e r a l l  r u n n i n g  c o s t s .  A l s o  

d e s p i t e  a l l  p r e v e n t a t i v e  p r e c a u t i o n s  t h e  s u p p l y

l i n e s  w e r e  s u r e  t o  b e  f i l l e d  w i t h  w a t e r  a t  s o m e  

t i m e  w h e n  t h e  q u i c k  o p e n i n g  v a l v e  w a s  a c t u a t e d .

He w o n d e r e d  how l o n g  i t  w o u l d  b e  b e f o r e  s e v e r e  

d a m a g e  o c c u r r e d  t o  p i p e  a n d  t u r b i n e s  e t c . ,  d u e  

t o  r e s u l t a n t  w a t e r  h a m m e r .

As t h e  b o i l e r  l o a d  r e d u c e d  t h e  a u t h o r  p r o p o s e d  

a l t e r i n g  t h e  o u t p u t  o f  f e e d  p u m p s ,  f a n s ,  e t c . ,  b y  

v a r y i n g  v o l t a g e  a n d  f r e q u e n c y .  T h i s  w o u l d  p r e 

s u p p o s e  t h a t  t h e s e  i t e m s  h a d  t h e  s a m e  p e r f o r m a n c e  

c h a r a c t e r i s t i c s  s o  t h a t  t h e  s a m e  f r e q u e n c y / v o l t a g e  

r e d u c t i o n  w o u l d  g i v e  t h e  r e q u i r e d  o u t p u t  r e d u c t i o n  

f o r  a l l  i t e m s .  A l s o  a s  t h e  v a r y i n g  f r e q u e n c y  w a s  

s u p p l i e d  b y  t h e  m a i n  a l t e r n a t o r  i t  m e a n t  t h a t  o n l y  

a  f r e q u e n c y  v a r i a b l e  s u p p l y  w a s  a v a i l a b l e  f o r  a l l  

e q u i p m e n t .  T h i s  w o u l d  n o t  b e  s u i t a b l e  f o r  h o t e l  

s e r v i c e s ,  e l e c t r o n i c ,  r a d i o s  a n d  o t h e r  e q u i p m e n t .  

P r e s u m a b l y  s o m e  f o r m  o f  v o l t a g e  a n d  f r e q u e n c y  

s t a b i l i s e d  s u p p l y  w a s  m a d e  a v a i l a b l e  f o r  t h e s e  

i t e m s .  He w o u l d  b e  i n t e r e s t e d  t o  k n o w  h ow  t h i s  

a f f e c t e d  t h e  o v e r a l l  c o s t  i n  c o m p a r i s o n  w i t h  a  

c o n v e n t i o n a l  s t e a m  c y c l e .

W h i l s t  c y c l e  e f f i c i e n c y  w a s  i n c r e a s e d  b y  u s i n g  

c o n d e n s a t e  t o  c o o l  t h e  l u b r i c a t i n g  o i l ,  t h i s  

i d e a  w a s  d i s c a r d e d  s o m e  t i m e  a g o  d u e  t o  t h e  

d a n g e r  o f  o i l  l e a k a g e  i n t o  t h e  s y s t e m  d u r i n g  

s h u t  d ow n  t i m e s .  S u c h  l e a k a g e  w o u l d  b e  p a r t i c u l a r 

l y  d a n g e r o u s  a t  t h e  h i g h  o p e r a t i n g  p r e s s u r e s  

m e n t i o n e d .  W h a t  s a f e g u a r d s  w e r e  c o n s i d e r e d  

n e c e s s a r y  t o  p r e v e n t  s u c h  a n  o c c u r r e n c e  a n d  a t  

w h a t  a d d i t i o n a l  c o s t  ?

MR. CHRISTOPHER '.1URTHI s a i d  t h a t  h e  h a d  h a d  s o m e  

o p e r a t i n g  e x p e r i e n c e  w i t h  a  r e h e a t  t u r b i n e  

i n s t a l l a t i o n  a n d  f l u e  g a s  r e h e a t  b o i l e r ,

W . P .  8 6  b a r ,  s u p e r h e a t  a n d  r e h e a t  s t e a m  t e m p e r a t 

u r e  5 1 5 ° C ,  e n g i n e  d r i v e n  f e e d  p u mp  a n d  a l t e r n a t o r  

a n d  m o s t  o f  h i s  c o m m e n t s  w o u l d  b e  b a s e d  o n  t h e  

p r a c t i c a l  a s p e c t  o f  t h e  c y c l e  p r e s e n t e d .

H o w e v e r ,  h e  w o u l d  f i r s t  l i k e  t o  k n o w  m o r e  a b o u t  

t h e  c o n s t r u c t i o n  o f  t h e  H . P .  t u r b i n e .  I t  w o u l d  

a p p e a r  t h a t  f o r  a  p r e s s u r e  d r o p  f r o m  1 5 0  b a r ,  t h e  

t u r b i n e  w o u l d  h a v e  t o  b e  m u c h  l o n g e r  t h a n  t h e  

a v e r a g e  m a r i n e  t u r b i n e .  A l t e r n a t i v e l y ,  t h e  

t u r b i n e  w o u l d  n e e d  t o  h a v e  i n i t i a l  v e l o c i t y  

s t a g e s  w h i c h ,  h e  s u g g e s t e d ,  w o u l d  d r o p  t h e  

e f f i c i e n c y  a n d  n e g a t e  a n y  i n c r e a s e  o b t a i n e d  d u e  t o  

t h e  i n i t i a l  v e r y  h i g h  p r e s s u r e .

2 3 2



Conventional plant 
ref. (Rein)

F ig .15

2 4 0 -

Stal Laval 
<3* ^  A P  plant

-Q ^ ^ n o  reheat

Kawasaki 
,^ U R 3 1 S R H  

" t ^ S t a l  Laval 
C T  VAP plant

G E M S T 14 
reheat actual

GE
M A RA D  study

2 3 3



D u r i n g  t h e  o p e r a t i o n  o f  b o i l e r s  a t  86  b a r ,  

e n o r m o u s  t r o u b l e s  w e r e  e x p e r i e n c e d  w i t h  c h e m i c a l  

h i d e o u t . C o u l d  t h e  a u t h o r  i n d i c a t e  t h e  f e e d  

w a t e r  t r e a t m e n t  t h a t  w o u l d  b e  u s e d  a t  p r e s s u r e s  

o f  1 5 0  b a r  a n d  how e f f e c t i v e  i t  w o u l d  b e  i n  

o v e r c o m i n g  p r o b l e m s  s i m i l a r  t o  c h e m i c a l  h i d e o u t ,  

e t c .

A n o t h e r  a r e a  o f  o p e r a t i n g  t r o u b l e  w a s  t h e  d i r e c t  

r e a d i n g  g a u g e  g l a s s  w h i c h  w a s  o f  t h e  b u l l s  e y e  

t y p e .  C o u l d  t h e  a u t h o r  i n d i c a t e  t h e  t y p e  o f  

d i r e c t  w a t e r  l e v e l  i n d i c a t o r s  t o  b e  f i t t e d  o r  

w o u l d  h e  r e l y  o n  d i f f e r e n t i a l  p r e s s u r e  c e l l s  

o n l y  f o r  i n d i c a t i o n  o f  t h e  b o i l e r  w a t e r  l e v e l .

I f  s o ,  i t  w o u l d  b e  i n t e r e s t i n g  t o  k n o w  t h e  

t h o u g h t s  o f  t h e  D . T . I .  r e g a r d i n g  t h i s .

F i n a l l y ,  t w o  c o m m e n t s  w h i c h  h e  t h o u g h t  b o r e  

s p e c i a l  r e f e r e n c e  t o  t h e  a d v a n c e d  s t e a m  c y c l e  

a s  d e s c r i b e d .  I n  o n e  i n s t a n c e  w h i l e  o p e r a t i n g  

w i t h  a  " c l u t c h e d - i n "  a l t e r n a t o r ,  w h e n  t h e  

r e v o l u t i o n s  w e r e  d e c r e a s e d ,  t h e  c l u t c h  d i s e n g a g e d  

b u t  t h e  e l e c t r i c  s t e a m  v a l v e  f o r  t h e  b a c k  up  

t u r b i n e  f a i l e d  t o  o p e n  a n d  t h e  s h i p  b l a c k e d  o u t .  

W o r s e  s t i l l ,  o n  a n o t h e r  o c c a s i o n ,  d u r i n g  a  s p e e d  

r e d u c t i o n ,  t h e  s t e a m  v a l v e  f o r  t h e  b a c k  u p  

t u r b i n e  o p e n e d ,  b u t  t h e  c l u t c h  f a i l e d  t o  

c o m p l e t e l y  d i s e n g a g e ,  w i t h  c a t a s t r o p h i c  r e s u l t s .

NR.  A . F .  r OP GKI N ( i n  a  c o n t r i b u t i o n  r e a d  f o r  h i m  

b y  ' !R.  CULLEN) s a i d  t h a t  t h e  e f f o r t  m a d e  by  

P r o f e s s o r  G r o s s m a n n  t o  p r o d u c e  a  s i m p l e  y e t  

e c o n o m i c a l l y  a t t r a c t i v e  s t e a m  c y c l e  w a s  a p p l a u d e d  

b y  a l l  who  h a d  a n  i n t e r e s t  i n  s e e i n g  s t e a m  

p r o p u l s i o n  s t a y  a s  a  v i a b l e  p r o p o s i t i o n .  T h e  

b o i l e r  d e s i g n e r  w o u l d  h a v e  l i t t l e  q u a r r e l  w i t h  

h i m  o v e r  s t e a m / s t e a m  r e h e a t  o r  f l o a t i n g  p r e s s u r e  

o p e r a t i o n .  I t  w a s  a  l i t t l e  d i s t u r b i n g  h o w e v e r  

t o  f i n d  s t a t e m e n t s  w h i c h  c o u l d  t e n d  t o  d e t e r  

t h o s e  w ho  m i g h t  b e  c u r r e n t l y  i n t e r e s t e d  i n  w h a t  

we  c a l l  c o n v e n t i o n a l  r e h e a t  u s i n g  b o i l e r s  s i m i l a r  

t o  t h o s e  i n  f i g u r e  1 .  W h i l s t  r e f e r r i n g  t o  

f i g u r e  1 ,  h e  w a s  s u r e  t h a t  P r o f e s s o r  G r o s s m a n n  

r e a l i s e d  h i s  e r r o r  i n  t h a t  t h e  r e h e a t e r  w a s  n o t  

a s  s h o w n  b u t  w a s  t h e  t o p  t w o  b a n k s  o f  t u b e s  i n  

t h e  l e f t  h a n d  v i e w  o f  t h e  i l l u s t r a t i o n .

T h e r e  w e r e  a  n u m b e r  o f  s h i p s  a t  s e a  w i t h  r e h e a t  

m a c h i n e r y  u s i n g  b o i l e r s  w i t h  p a r a l l e l  g a s  p a t h s ,  

s i m i l a r  i n  s t y l e  t o  f i g u r e  1 a n d  i t  w a s  b e l i e v e d  

t h a t  t h e s e  h a d  g i v e n  r e a s o n a b l y  a c c e p t a b l e

s e r v i c e .  C e r t a i n l y ,  i n  t h e  c a s e  o f ’ ESSO NORWAY" 

m e n t i o n e d  i n  t h e  p a p e r ,  e x p e r i e n c e  w a s  s u c h  a s  t o  

e n c o u r a g e  r e f e r e n c e  t o  t h e  s h i p ,  o n  m o r e  t h a n  o n e  

o c c a s i o n ,  a s  t h e  ’’b e s t  s h i p  i n  t h e  f l e e t 1’ .

P o s s i b l y ,  t h i s  w a s  p a r t l y  d u e  t o  t h e  c a r e  a n d  

a t t e n t i o n  d e v o t e d  t o  t h e  s h i p  b y  P r o f e s s o r  

G r o s s m a n n  h i m s e l f .  N e v e r t h e l e s s ,  t h e r e  w a s  f e l t  t o  b e  

s u f f i c i e n t  e v i d e n c e  t o  s u p p o r t  t h e  c o n t e n t i o n  

t h a t  a l t h o u g h  r e h e a t  m a c h i n e r y  m i g h t  b e  a  t r i f l e  

m o r e  c o m p l i c a t e d  t h a n  s t r a i g h t  c y c l e  p l a n t ,  t h i s  

d i d  n o t  c a u s e  o p e r a t i o n a l  d i f f i c u l t i e s  o f  a n y  

k i n d .

I t  w a s  t r u e  t h a t  a s  s t e a m  c o n d i t i o n s  a d v a n c e d

t h e  r e h e a t  b o i l e r  b e c a m e  m o r e  d i f f i c u l t  t o

d e s i g n  . C h a n g e s  t o o k  p l a c e  i n  t h e  p r o p o r t i o n

o f  t h e  v a r i o u s  t y p e s  o f  s u r f a c e  r e q u i r e d  -  a s

m e n t i o n e d  i n  t h e  p a p e r .  H o w e v e r ,  i t  w a s  f a r

f r o m  i m p o s s i b l e  a s  p r o v e d  b y  t h e  w o r k  d o n e  b y

G . F .  (USA)  a n d  r e p o r t e d  b y  P'ARAD i n  r e p o r t  n u m b e r

■ A—R D - S 2 0 - 7 7 0 5 6 . T h e  b o i l e r  d e s i g n  p r e p a r e d  f o r

t h i s  h a d  s t e a m  c o n d i t i o n s  o f  1 7 0  b a r ,  5 6 8 ° C
o

a t  t h e  s u p e r h e a t e r  o u t l e t  a n d  2 8  b a r ,  5 6 5  C a t  

t h e  r e h e a t e r  o u t l e t .

C i r c u l a t i o n ,  t h a t  i s  n a t u r a l  c i r c u l a t i o n ,  o f  

b o i l e r s  w a s  m e n t i o n e d  m a n y  t i m e s  i n  t h e  p a p e r  a n d  

i t  w a s  r i g h t l y  a n  i m p o r t a n t  a s p e c t  o f  a n y  b o i l e r  

d e s i g n .  M a r i n e  b o i l e r s  h a d  a l w a y s  h a d  t o  f a c e  

t h e  r e q u i r e m e n t  o f  a  r a p i d  m a n o e u v r i n g  s i t u a t i o n  

e s p e c i a l l y  i n  w a r s h i p s .  T h e r e  w a s  n o  s u b s t a n t i a l  

h i s t o r y  o f  a n y  s h o r t c o m i n g  i n  t h i s  r e s p e c t .

‘ o d c r n  w a t e r t u b e  b o i l e r s  o f  r a d i a n t  t y p e  n ow  s h o w  

i m p r o v e d  c i r c u l a t i o n  c h a r a c t e r i s t i c s  c o m p a r e d  t o  

e a r l i e r  b i - d r u m  d e s i g n s .  S e e  T a b l e  I I .

TABLE I I

-  A b s o r p t i o n  p e r  T u b e  p e r  U n i t  F l o w

I l a r l y  I n t e g r a l  F u r n a c e  
C i r c u i t  H . P .  B o i l e r  ___________ B o i l e r ___________

F u r n a c e
s i d e  w a l l  4 2 . 8  5 3 . 9

S c r e e n  3 8 . 1  4 7 . 0

F u r n a c e
f r o n t  & r e a r  4 1 . 5  5 2 . 0

As t h e  p r e s s u r e  a t  w h i c h  a  b o i l e r  g e n e r a t e s  s t e a m  

w a s  r a i s e d ,  t h e r e  w a s  a  c o n t i n u a l  r e d u c t i o n  i n  

t h e  d i f f e r e n c e  i n  d e n s i t y  b e t w e e n  s t e a m  a n d  v / a t e r  

u n t i l  a t  t h e  c r i t i c a l  p r e s s u r e  t h i s  d i f f e r e n c e  

d i s a p p e a r e d  ( f i g u r e  1 5 ) .  S i n c e  n a t u r a l  c i r c u l a t i o n  

w a s  d e p e n d e n t  u p o n  t h i s  d e n s i t y  d i f f e r e n c e ,  

n a t u r a l  c i r c u l a t i o n  c o u l d  o n l y  b e  o b t a i n e d  a t
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p r e s s u r e s  u p  t o  a  f r a c t i o n  o f  t h e  c r i t i c a l  v a l u e .

I t  f o l l o w e d  t h a t  f o r  a  d e s i g n  m a d e  a t  a  p r e s s u r e  

e q u a l  t o  t h i s  l i m i t i n g  f r a c t i o n ,  c i r c u l a t i o n  

w o u l d  t e n d  t o  i m p r o v e  a s  t h e  p r e s s u r e  w a s  r e d u c e d  

u n t i l  a t  a  v e r y  l o w  p r e s s u r e  t h e  r a p i d l y  i n c r e a s 

i n g  s t e a m  s p e c i f i c  v o l u m e  c a u s e d  a  l a r g e  i n c r e a s e  

i n  t h e  r e s i s t a n c e  o f  r i s e r  c i r c u i t s .  H o w e v e r ,  

b e t w e e n  t h e  p r e s s u r e s  o f  6 5  b a r  a n d  1 5 5  b a r  t h e  

e f f e c t  d e s c r i b e d  i n  t h e  p a p e r  c o u l d  b e  o b t a i n e d .  

T h i s  w a s  n o t  t o  s a y  t h a t  n a t u r a l  c i r c u l a t i o n  a t  

t h e  h i g h e s t  p r e s s u r e  w a s  i n  a n y  w a y  u n s a t i s f a c t o r y .  

T h e  d e s i g n  o f  t h e  c i r c u l a t i n g  s y s t e m  t o o k  a c c o u n t  

o f  t h e  o p e r a t i n g  p r e s s u r e  a n d  b y  a  j u d i c i o u s  

a r r a n g e m e n t  o f  h e a t e d  c i r c u i t s ,  d o w n c o m e r / f e e d e r  

a n d  r i s e r  a r r a n g e m e n t s ,  a  s a t i s f a c t o r y  c i r c u l a t i o n  

r a t i o  c o u l d  b e  o b t a i n e d  u p  t o  1 7 0  b a r  a n d  t h e  

b o i l e r  o f f e r e d  f o r  t h i s  p r e s s u r e  w o u l d  b e  a s  a b l e  

t o  s a f e l y  e x e c u t e  t h e  d e m a n d s  u p o n  i t  a s  a  b o i l e r  

d e s i g n e d  f o r  a  l o w e r  p r e s s u r e .  T h e  d e g r e e  o f  

s e c u r i t y  o r i g i n a l l y  b u i l t  i n t o  t h e  d e s i g n  

r e n d e r e d  a n y  i m p r o v e m e n t  d u e  t o  m a n o e u v r i n g  a t  

r e d u c e d  p r e s s u r e  o f  l i t t l e  c o n s e q u e n c e .

MR. M . S .  BRADLEY, M . I . M a r . E . ,  s a i d  t h a t  h e  w o u l d  

l i k e  t o  m a k e  a  f e w  c o m m e n t s  o n  t h e  r e m a r k s  o f  

p r e v i o u s  c o n t r i b u t o r s  r e g a r d i n g  n o z e l l i n g  do wn  

t u r b i n e s , p a r t i c u l a r l y  w i t h  r e g a r d  t o  r e d u c e d  

p o w e r  s t e a m i n g  a n d  P r o f e s s o r  G r o s s m a n n ’ s  p r o p o s e d  

c y c l e .

Some t i m e  a g o  h e  h a d  b e e n  i n v o l v e d ,  s e p a r a t e l y ,  

w i t h  t w o  S h i p p i n g  C o m p a n i e s ,  r e g a r d i n g  e c o n o m i c a l  

r e d u c e d  s p e e d  o p e r a t i o n  o f  s t e a m  V L C C s . O v e r  

s e v e r a l  m e a s u r e d  t r i a l s  i t  w a s  i n v a r i a b l y  f o u n d  

t h a t  t h e  l o w e s t  f u l l  c o n s u m p t i o n  o c c u r r e d  f o r  t h e  

c o n d i t i o n s  a p p l i c a b l e  t o  n o z z l e  g r o u p s  f u l l y  o p e n  

o r  f u l l y  s h u t .  T h e s e  p o i n t s  w e r e  t h o s e  m a r k e d  

*Nf o n  f i g u r e  1 6 .  T h e  c o n t i n u o u s  l i n e  n o r m a l l y  

d r a w n  t h r o u g h  t h e s e  p o i n t s  t o  p r o d u c e  a  s p e e d /  

p o w e r  ( f u e l  c o n s u m p t i o n )  c u r v e  w a s  i n  f a c t  a  

f i c t i o n .  O p e r a t i o n  a t  i n t e r m e d i a t e  p o w e r s  d u e  t o  

t h r o t t l i n g  a t  t h e  m a n o e u v r i n g  v a l v e  i n t r o d u c e d  

l o s s e s ,  p r i n c i p a l l y  d u e  t o  t h e  h i g h e r  LP e x h a u s t  

t e m p e r a t u r e .  T h i s  i s  i n d i c a t e d  i n  f i g u r e s  17  a n d  

1 9 .

A t t e m p t s  t o  o p e r a t e  t h e  p l a n t  a t  i n t e r m e d i a t e  

p o w e r s  b v  a l t e r n a t i n g  b e t w e e n  n o z z l e  p o s i t i o n s  a s  

p r o p o s e d  b y  M r .  L a r s e n  a l s o  i n t r o d u c e d  l o s s e s ,  

s i n c e  t h e  a v e r a g e  s t e a m i n g  r a t e  l a y  s o m e w h e r e  o n

t h e  c h o r d  l i n e  c o n n e c t i n g  t h e  n o z z l e  p o s i t i o n s ,  

t h e  p o s i t i o n  b e i n g  d e t e r m i n e d  b y  t h e  r e l a t i v e  

p e r c e n t a g e  o f  t h e  t i m e  s t e a m e d  a t  e a c h  s e t t i n g  

( f i g u r e  1 8 ) .

P r o f e s s o r  G r o s s m a n n ’ s  p r o p o s a l s  o n  t h e  o t h e r  h a n d  

w o u l d  a p p e a r  t o  a l l o w  t h e  t u r b i n e s  t o  b e  s t e a m e d  

u n d e r  n o z z l e  f u l l y  o p e n  c o n d i t i o n s ,  w i t h o u t  t h e  

n e e d  f o r  t h r o t t l i n g  f o r  i n t e r m e d i a t e  p o w e r s .

T h i s  w a s  a  l a u d a b l e  a c h i e v e m e n t  a n d  w a s  a t t a i n e d  

s o l e l y  b y  t h e ,  t o  M r .  B r a d l e y ' s  m i n d ,  f a s c i n a t i n g  

a n d  s o  f a r  u n e x p l o r e d  p r i n c i p l e  o f  a  f l o a t i n g  

b o i l e r  p r e s s u r e .

P e r h a p s  t h e  a u t h o r  w o u l d  c a r e  t o  c o m m e n t  o n  t h e  

p o s s i b i l i t y  o f  e x i s t i n g  s t e a m  p l a n t  b e i n g  o p e r a t e t  

a t  r e d u c e d  b o i l e r  p r e s s u r e  f o r  s e r v i c e  a t  r e d u c e d  

s p e e d s .  O b v i o u s l y  t h e  l o w e r  l i m i t  f o r  s u c h  

o p e r a t i o n  v / o u l d  b e  d e f i n e d  b y  t h e  c a p a b i l i t i e s  o f  

t h e  t u r b o  a l t e r n a t o r  a n d  f e e d  p u mp  g o v e r n o r s .  

N e v e r t h e l e s s ,  w o r t h w h i l e  s a v i n g s  a r e  a p p a r e n t  i n  

p r i n c i p l e .

R e g a r d i n g  t h e  a u t h o r s  c o m m e n t s  o n  a  f l o a t i n g  

d e a e r a t o r  p r e s s u r e ,  w i t h  w h i c h  h e  a g r e e d  i n  

p r i n c i p l e ,  h e  w i s h e d  t o  m a k e  t h e  f o l l o w i n g  

o b s e r v a t i o n s :  d u r i n g  t h e  a b o v e  m e n t i o n e d  

i n v e s t i g a t i o n s  i n t o  e c o n o m i c a l  r e d u c e d  p o w e r  

o p e r a t i o n ,  v a r i o u s  a t t e m p t s  w e r e  m a d e  t o  e n s u r e  

t h a t  t h e  m a i n  t u r b i n e  b l e e d s  r e m a i n e d  o p e n  a s  

l o n g  a s  p o s s i b l e .  I n  o r d e r  t o  c o n t i n u e  e x t r a c t i n g  

b l e e d  s t e a m  f r o m  t h e  t u r b i n e s  a t  l o w  r e v / m i n  

t h e  l i v e  s t e a m  m a k e  u p  r e d u c i n g  v a l v e  s e t  p o i n t s  

w e r e  a d j u s t e d  d o w n w a r d s ,  t h e  n e t  r e s u l t  b e i n g  

t h a t  a l l  s y s t e m  p r e s s u r e s ,  i n c l u d i n g  t h a t  o f  t h e  

d e a e r a t o r ,  f l o a t e d  d o w n w a r d s .  T h e  p l a n t  o p e r a t e d  

s a t i s f a c t o r i l y  u n t i l  t h e  d e a e r a t o r  p r e s s u r e  b e c a m e  

s o  d e p r e s s e d  t h a t  t h e  f e e d  p u mp  g o v e r n o r  w a s  

u n a b l e  t o  c o p e  w i t h  t h e  r e d u c e d  e x h a u s t  p r e s s u r e  

a n d  i n s t a b i l i t y  s e t  i n .  C o u l d  t h e  a u t h o r  s t a t e  

w h e t h e r  t h i s  p r o b l e m ,  a n d  o t h e r s  s i m i l a r  t o  i t ,  

h a d  b e e n  e x a m i n e d  a n d  s a t i s f a c t o r y  c o n t r o l  m e t h o d s  

b e e n  a c h i e v e d  w i t h o u t  a d d i n g  a n y  f u r t h e r  c o m p l e x 

i t y  t o  t h e  s y s t e m .  I t  h a d  b e e n  M r .  B r a d l e y ’ s  

e x p e r i e n c e  t h a t  p l a n t  a n d  e q u i p m e n t  m i g h t  o n l y  b e  

t e r m e d  " S e l f  R e g u l a t i n g ” o r  " S e l f  C o m p e n s a t i n g "  

o v e r  a  c o m p a r a t i v e l y  n a r r o w  b a n d w i d t h  o f  o p e r a t i o n

2 3 5



Fig.16 Fig.17

Fig. 18-E ffec t of alternating between nozzle 
group openings
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control



AUTHOR1S REPLY

PROFESSOR GROSSMANN t h a n k e d  a l l  c o n t r i b u t o r s  t o  

t h e  d i s c u s s i o n ,  e s p e c i a l l y  C o m m a n d e r  S h o r t ,  who  

h a d  v e r y  t h o r o u g h l y  w o r k e d  t h r o u g h  t h e  p a p e r .

He w o u l d  t r y  t o  a n s w e r  a l l  q u e s t i o n s  a s  w e l l  a s  

p o s s i b l e ,  c o n d e n s i n g  t h e m  t o  s o m e  m a j o r  p o i n t s  

o f  i s s u e .

F l o a t i n g  b o i l e r  p r e s s u r e  T h i s  p o i n t  w a s  r a i s e d

b y  p r a c t i c a l l y  a l l  c o n t r i b u t o r s .  T h e  f l o a t i n g

b o i l e r  p r e s s u r e  w a s  f i r s t  o f  a l l  a  m e t h o d  t o

r e d u c e  t h e  s t r e s s e s  i n  t h e  b o i l e r ,  t h e  h i g h

p r e s s u r e  s t e a m  p i p e s  a n d  t h e  HP t u r b i n e  i n  t h e

m a n o e u v r i n g  s t a t e ,  w h e n  r a p i d  l o a d  c h a n g e s

o c c u r r e d .  By r e d u c i n g  t h e  p r e s s u r e  d u e  t o  t h e

s t e a m  p r e s s u r e  b y  t h e  f a c t o r  2 . 5 ,  t h e  o v e r a l l

s t r e s s e s  w e r e  r e d u c e d  c o n s i d e r a b l y  a n d  t h e

o v e r a l l  s a f e t y  w a s  d e f i n i t e l y  i n c r e a s e d ,

e s p e c i a l l y  a t  f l a n g e s ,  v a l v e s ,  p a c k i n g s  a n d

g l a n d  s e a l s .  T h e  f l o a t i n g  p r e s s u r e  w a s  b a s e d  
o

o n  a  t u r b i n e  w i t h  a  3 6 0  i n l e t  s t e a m  a d m i s s i o n  

a r e a .  T h i s  t y p e  o f  t u r b i n e  w a s  b u i l t  b y  

AEG/KWU f o r  H o w a l d t s w e r k e  s h i p s .  T h e  f u l l  

i n l e t  a r e a  g a v e  a n  u n d i s t u r b e d  t e m p e r a t u r e  

f i e l d  a t  t h e  s t e a m  i n l e t ,  w h i c h  s h o u l d  b e  

r e a c h e d  w i t h  t h e  p r o p o s e d  h i g h  p r e s s u r e ,  

o t h e r w i s e  a d d i t i o n a l  t h e r m a l  s t r e s s e s  w o u l d  

b e  f o u n d  a t  t h e  IIP t u r b i n e  i n l e t .  ( T h e  a b o v e  

c o n s i d e r a t i o n  m i g h t  b e  a  p o i n t  w h i c h  w o u l d  

i n f l u e n c e  a  p r o s p e c t i v e  o w n e r  t o  d e c i d e  f o r  a  

h i g h  p r e s s u r e  s t e a m  p l a n t )  .

T h e  s e c o n d  m a i n  p o i n t  f o r  t h e  f l o a t i n g  p r e s s u r e  

wa s  t h a t  i t  a l l o w e d  t h e  m a i n  f e e d  p u mp  t o  b e  

a t t a c h e d  t o  t h e  m a i n  g e a r  d u r i n g  t h e  v / h o l e  f u l l  

a w a y  r a n g e  f r o m  40% p o w e r  a t  7 3 . 6 %  r e v o l u t i o n  

t o  100% p o w e r  a n d  100% r e v o l u t i o n .  W i t h  a  f i x e d  

b o i l e r  p r e s s u r e ,  t h e  d i s c h a r g e  p r e s s u r e  o f  t h e  

a t t a c h e d  f e e d p u m p  w o u l d  d r o p  a t  a  l o a d  r e d u c t i o n  

u n d e r n e a t h  t h e  b o i l e r  p r e s s u r e ,  s o  e i t h e r  t h e  

b a c k  u p  t u r b i n e  o r  t h e  s t a n d  b y  f e e d  p ump  w o u l d  

h a v e  t o  g o  o n  d u t y .  T h e  a t t a c h e d  f e e d  pump 

m a d e  t h e  f l o a t i n g  d e a e r a t o r  p r e s s u r e  p o s s i b l e ,  

s o  t h a t  t h e  b l e d  p o i n t s  c o u l d  b e  u s e d  b e s t  u n d e r  

f u l l - a w a y  c o n d i t i o n s .  T h i s  w o u l d  a l s o  t a k e  c a r e  

o f  t h e  s t a b i l i t y  p r o b l e m s  o f  t h e  f e e d  p ump  

g o v e r n o r  a s  m e n t i o n e d  b y  M r .  B r a d l e y .  T h e  f e e d  

p ump  t u r b i n e  w a s  n o t  c o n n e c t e d  t o  t h e  d e a e r a t o r  

d u r i n g  f u l l - a w a y  m o d e ,  s o  t h e  c h a n g e  o f  t h e  

b a c k  p r e s s u r e  c o u l d  n o t  e f f e c t  t h e  f e e d  pump 

g o v e r n o r .

T h e  f u e l  c o n s u m p t i o n  d e c r e a s e d  b e c a u s e ,  d u e  t o  

t h e  f l o a t i n g  b o i l e r  p r e s s u r e ,  t h e  s t e a m  c o n 

s u m p t i o n  o f  t h e  f e e d  p u mp  d e c r e a s e d  f r o m

d =  0 . 0 4 8  k g  s t e a m / k g  f e e d w a t e r  
s p

t o

d  =  0 . 0 3 0 4  k g  s t e a m / k g  f e e d w a t e r  
s p

B u t  a s  t h e  h e a t i n g  s t e a m  f o r  t h e  d e a e r a t o r  h a d  t o  

b e  m a d e  u p  b y  b l e d  s t e a m ,  t h e  g a i n  w a s  n o t  m o r e  

t h a n  t h e  C . 7 3 %  s h o w n  i n  t h e  p a p e r .  T h i s  d i f f e r 

e n c e  w a s  n a t u r a l l y  a c h i e v e d  w i t h  a  t h r o t t l e  

c o n t r o l l e d  t u r b i n e .

To sum u p  t h i s  d i s c u s s i o n  p o i n t ,  t h e  m a i n  b e n e f i t s  

o f  t h e  f l o a t i n g  b o i l e r  p r e s s u r e  w e r e

( i )  t h e  h i g h e r  s a f e t y ;

( i i )  t h e  b e t t e r  o p e r a t i o n a l  p o s s i b i l i t i e s  

f o r  p o w e r  d ow n  t o  s l o w  s t e a m i n g .

T h e  f l o a t i n g  b o i l e r  p r e s s u r e  w a s  n o t  r e s t r i c t e d  

t o  t h e  b l e d  s t e a m  r e h e a t  s y s t e m .  I t  c o u l d  b e  

u s e d  w i t h  a l l  f l u e  g a s  r e h e a t  c y c l e s  a n d  h e  

w o u l d  s t r o n g l y  r e c o m m e n d  t h a t  t h i s  s h o u l d  b e  d o n e .

F l o a t i n g  p r e s s u r e  v e r s u s  n o z z l e  c o n t r o l  T h e  

n o z z l e  c o n t r o l l e d  t u r b i n e  c e r t a i n l y  h a d  a  b e t t e r  

s t e a m  c o n s u m p t i o n  t h a n  t h e  t h r o t t l e  c o n t r o l l e d  

t u r b i n e  a t  l o w  l o a d s  b e c a u s e  t h e  e n t h a l p y  d r o p  

w a s  g r e a t e r .  T h i s  g a i n  w a s  p a r t l y  o f f s e t  b y  t h e  

h i g h e r  s t e a m  c o n s u m p t i o n  o f  t h e  u s u a l l y  t h r o t t l e  

c o n t r o l l e d  f e e d  p u m p .  T h e  d i f f e r e n c e  i n  f u e l  

c o n s u m p t i o n  w a s  s h o w n  b y  t h e  f l a t t e r  c u r v e  i n  

C o m m a n d e r  S h o r t ’ s  f i g u r e .  H o w e v e r ,  f o r  t h e  

r e a s o n s  m e n t i o n e d  b e f o r e ,  we  w o u l d  l i k e  t o  s t i c k  

t o  t h e  t h r o t t l e  c o n t r o l  a n d  t h e  f l o a t i n g  b o i l e r  

p r e s s u r e .

Mr .  L a r s e n  h a d  s h o w n  t h a t  t h e  r e l a t i v e  c h a n g e  i n  

f u e l  c o n s u m p t i o n  f o r  t h e  V A P - S y s t e m  w a s  t h e  s a m e  

a s  f o r  t h e  b l e d  s t e a m - f l o a t i n g  b o i l e r  p r e s s u r e  

s y s t e m .  H i s  p a p e r  i n  MER O c t o b e r  1 9 7 7  s h o w e d  

t h a t  t h e  VAP m a i n  t u r b i n e  w a s  t h r o t t l e  c o n t r o l l e d  

b y  t h e  v a l v e  b e t w e e n  m a i n  b o i l e r  a n d  f l u i d i z e d  

b e d  s u p e r h e a t e r .  T h e  t h r o t t l e  l o s s e s  a t  t h e  f e e d  

p ump  t u r b i n e  w e r e  o f f s e t  b y  h a v i n g  t h i s  t u r b i n e  

n o z z l e  c o n t r o l l e d .  T h e  t h r o t t l e  l o s s e s  a t  t h e  

d e a e r a t o r  w e r e  a v o i d e d  b y  l e a v i n g  i t  i n d e p e n d e n t  

f r o m  t h e  m a i n  t u r b i n e  a n d  h e a t e d  b y  t h e  e x h a u s t  

s t e a m  o f  t h e  f e e d  p u m p  t u r b i n e  o n l y .  As t h e  

d i f f e r e n c e s  i n  g e n e r a t o r  l o a d  w e r e  b e l o w  1% a t  40%
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p o w e r  o f  t h e  m a i n  t u r b i n e ,  t h e  s i m i l a r i t y  o f  t h e  

t w o  c u r v e s  w a s  n o  l o n g e r  s u r p r i s i n g .

F l u e  g a s  v e r s u s  s t e a m  r e h e a t  F o r  t h e  f l u e  g a s  

r e h e a t  b o i l e r  t w o  t e m p e r a t u r e s  m u s t  b e  c o n t r o l l e d  : 

t h e  s u p e r h e a t e r  o u t l e t  t e m p e r a t u r e  a n d  t h e  

r e h e a t e r  o u t l e t  t e m p e r a t u r e .  T h e  v a n e  o r  d a m p e r  

c o n t r o l  a t  t h e  c o l d  e n d  o f  t h e  b o i l e r  w a s  r e g a r d e d  

a s  b e i n g  i n s u f f i c i e n t  t o  c o n t r o l  t h e  s u p e r h e a t e r  

o u t l e t  t e m p e r a t u r e  a n d  t h e  r e h e a t e r  o u t l e t  

t e m p e r a t u r e  s i m u l t a n e o u s l y ,  a s  t h e  r a t i o  b e t w e e n  

n o r m a l  s t e a m  f l o w  a n d  r e h e a t  s t e a m  f l o w  m i g h t  

c h a n g e  d u e  t o  s e c o n d a r y  l o a d  c h a n g e s .  W i t h  t h e  

VAP s y s t e m  t h e r e  w a s  t h e  a d d i t i o n a l  c o n t r o l  s y s t e m  

f o r  t h e  f l u i d i z e d  b e d  h e a t e r s ,  w h i c h  i n c l u d e d  a n  

a d d i t i o n a l  f a n .

I f  GE d i d  n o t  r e c a l l  a n y  p r o b l e m s  i n  c h a n g i n g  t h e

t e m p e r a t u r e  a t  t h e  i n l e t  o f  t h e  I P - t u r b i n e  b y
o

2 0 0  C a t  t h e  c h a n g e  o v e r  f r o m  n o n  r e h e a t  t o  

r e h e a t ,  t h i s  w a s  o n l y  b e c a u s e  t h e  b o i l e r  c o n t r o l  

s y s t e m  w a s  t a k i n g  c a r e  o f  t h e  t i m e  f a c t o r  a l r e a d y ;  

w h i c h  m e a n t  t h a t  t h e  b o i l e r  n e e d e d  m o r e  t i m e  t o  

a t t a i n  t h e  n e w  s t a t e  r a t h e r  t h a n  t h e  t u r b i n e .

On t h e  " ES S O NORWAY" t h e  s w i t c h  o v e r  t i m e  f o r  t h e  

r e h e a t e r  h a d  t o  b e  c h a n g e d  f r o m  2 0  s e c  a s  p e r  

d e s i g n  t o  3 0 0  s e c  -  t h e  m a x i mu m t i m e  f o r  t h e  

i n s t a l l e d  c o n t r o l l e r .  T K i s  w a s  n e c e s s a r y ,  

b e c a u s e  t h e  p r i m a r y  s u p e r h e a t e r  g o t  o u t  o f  

c o n t r o l .  As  t h e  t e m p e r a t u r e  r i s e  a t  t h e  I P - t u r b i n e  

v / as  1 8 0 °  ( 3 2 3  -  5 0 3 ° C )  t h e  3 0 0  s e c  f o r  a c t i v a t i n g  

t h e  r e h e a t e r  w e r e  s u r e l y  n o  p r o b l e m  f o r  t h e  t u r b i n e .

W i t h  t h e  TT "GOLAR P A T R I C I A ” i t  t o o k  e v e n  3 0  m i n  

t o  g o  f r o m  r e h e a t  t o  n o n  r e h e a t  a n d  v i c e  v e r s a  

w i t h  a  t e m p e r a t u r e  d i f f e r e n c e  o f  1 7 7 ° C  ( 3 4 3  -  5 2 0 ° C )  

( s e e  J a p a n  S h i p b u i l d i n g  a n d  M a r i n e  E n g i n e e r i n g  

V o l .  6 ,  N o .  1 ,  1 9 7 1 ) .  On t h i s  s h i p ,  t h e r e  w e r e  

t w o  d a m p e r s ,  i n  s e r i e s ,  i n s t a l l e d  t o  p r o t e c t  t h e  

r e h e a t e r  p a s s  o f  t h e  b o i l e r .

T h e  d i f f e r e n c e  i n  s t e a m  p r e s s u r e  i n d i c a t e s  o n l y  

t h a t  t h e  r a t i o  o f  t h e  s p a c e  f o r  t h e  s u p e r h e a t e r  

a n d  t h e  e c o n o m i s e r  t o  t h e  v o l u m e  o f  t h e  b o i l e r  

p r o p e r  ( t h e  s p a c e  b e t w e e n  t h e  w a t e r  w a l l s )  w a s  

t h e  s a m e  f o r  a  n o r m a l  b o i l e r  w i t h  1 5 5  b a r  d r u m  

p r e s s u r e  a s  f o r  t h e  f l u e  g a s  r e h e a t  b o i l e r  w i t h  

1 3 5  b a r  d r u m  p r e s s u r e ;  t a k i n g  i n t o  a c c o u n t  t h e  

r a t i o  o f  t h e  s p a c e  f o r  s u p e r h e a t e r ,  e c o n o m i s e r  a n d

r e h e a t e r  w i t h  t h i s  b o i l e r .  Up t o  v e r y  n e a r  t o  

t h e  c r i t i c a l  p o i n t ,  t h e r e  w o u l d  a l w a y s  b e  a  

h i g h e r  b o i l e r  p o s s i b l e  f o r  t h e  " n o r m a l "  b o i l e r  

t h a n  f o r  t h e  r e h e a t  b o i l e r ,  i f  d e s i g n i n g  t h e  

s u p e r h e a t e r  a n d  r e h e a t e r  i n t o  t h e  w a t e r  w a l l s  

w a s  c o n s i d e r e d  a s  o n e  c r i t e r i o n .

F o r  t h e  s t e a m  c o n d i t i o n s  o f  t h e  b l e d  s t e a m  s y s t e m  

a n d  a  f l u e  g a s  r e h e a t  s y s t e m  w i t h  e q u a l  s t e a m  

t e m p e r a t u r e s  b u t  1 3 5  b a r  d r u m  p r e s s u r e ,  t h e  g a i n  

o f  3 . 6 %  m e n t i o n e d  b y  M r .  L a r s e n  w a s  r e d u c e d  t o  

1 . 8 - 2 .0%.

C i r c u l a t i o n  T h e  f l o a t i n g  b o i l e r  p r e s s u r e  b r o u g h t  

n o  d a n g e r  o f  " c h o k i n g "  t o  t h e  s t e a m  g e n e r a t i n g  

p i p e s .  As  t h e  s t e a m  m a s s  f l o w  w a s  r e d u c e d  

p r o p o r t i o n a l  t o  t h e  p r e s s u r e ,  t h i s  m e a n t  t h a t  t h e  

s t e a m  v o l u m e  f l o w  s t a y e d  p r a c t i c a l l y  c o n s t a n t  an t i  

t h e  r a t i o  o f  t h e  s t e a m  v o l u m e  i n s i d e  t h e  w a t e r  

w a l l s  t o  t h e  w a t e r  v o l u m e  s t a y e d  m o r e  o r  l e s s  

c o n s t a n t .  ( T h e  s t e a m  v o l u m e  a t  40% l o a d  w a s  

p r a c t i c a l l y  t h e  s a m e  a s  t h a t  a t  1 0 0 % b o i l e r  l o a d ) .

T h e  d i f f e r e n c e  b e t w e e n  t h e  s p e c i f i c  g r a v i t y  o f  

t h e  b o i l e r  w a t e r  a n d  t h a t  o f  t h e  s t e a m  d e c r e a s e d  

w i t h  i n c r e a s i n g  b o i l e r  p r e s s u r e  a n d  s o  d i d  t h e  

" d r i v i n g  f o r c e "  o f  t h e  c i r c u l a t i o n ,  a s  s h o w n  i n  

t h e  f o l l o w i n g  t a b l e ,  c o m p a r e d  w i t h  t h e  6 0  b a r  

b o i l e r .

p  b a r  GO 1 0 0  1 3 0  1 5 0  1 6 5  I CO 1 9 0

-  1 0 . 9 6  0 . 9 2  0 . 8 8  0 . 8 4  0 . 7 9  0 . 7 4
A A6 0

M r .  H o d g k i n s  s h o w e d  t h i s  q u i t e  c l e a r l y  i n  f i g u r e  1 5 .  

D o t h  t h i s  f i g u r e  a n d  t h e  a b o v e  t a b l e  s h o w  t h a t  f o r  

t h e  1 0 0  b a r  p l a n t s  l i k e  " ES SO KGRWAY", t h e r e  s h o u l d  

b e  n o  p r o b l e m s  w i t h  t h e  c i r c u l a t i o n .  B u t  w i t h  

h i g h e r  b o i l e r  p r e s s u r e  a b o v e  1 4 0  -  1 5 0  b a r  a n d  t h e  

l o w e r  e v a p o r a t i o n  r a t e ,  t h e  b o i l e r  d e s i g n e r  

a c h i e v e d  c i r c u l a t i o n  n u m b e r s  o f  1 0  -  1 2  i n s t e a d  o f  

t h e  u s u a l  1 8  -  2 4  f o r  t h e  6 0  b a r  b o i l e r ,  s o  

s p e c i a l  c a r e  h a d  t o  b e  t a k e n  t o  e n s u r e  a  g o o d  a n d  

e a s y  n a t u r a l  f l o w .

P r e s s u r e  f o r  a u x i l i a r y  t u r b i n e s  a n d  a s t e r n  t u r b i n e  

T h e r e  w o u l d  b e  e n o u g h  p r o b l e m s  t o  g e t  t h e  f l a n g e s  

a n d  t h e  v a l v e s  t i g h t  i n  t h e  m a i n  s t e a m  l i n e .  To 

r e d u c e  t h e s e  t r o u b l e  s p o t s  we  w o u l d  s u g g e s t  h a v i n g  

o n l y  t h e  m a i n  s t e a m  l i n e  f r o m  t h e  b o i l e r  ( b o i l e r s )  

t o  t h e  a h e a d  t u r b i n e  d e s i g n e d  f o r  t h e  h i g h  p r e s s u r e  

a n d  t h e  h i g h  t e m p e r a t u r e .  J u s t  b e f o r e  t h e  m a i n
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t u r b i n e ,  a  b r a n c h  l i n e  f o r  t h e  w h o l e  a u x i l i a r y  

s t e a m  s y s t e m  w a s  p r o v i d e d .  T h i s  s t e a m  w a s  r e d u c e d  

t o  6 0  -  6 5  b a r  a n d  s u p p l i e d  t o  t h e  t u r b o g e n e r a t o r  

a n d  t h e  f e e d  p u mp  -  i f  t h e s e  e n g i n e s  w e r e  n o t  

a t t a c h e d  t o  t h e  m a i n  g e a r  -  a n d  t o  t h e  a s t e r n  

t u r b i n e ,  t h e  c a r g o  p ump  t u r b i n e s  e t c .  T h i s  

c e r t a i n l y  w o u l d  m e a n  a  h i g h e r  f u e l  c o n s u m p t i o n  a t  

f u l l  a w a y  c o n d i t i o n s ,  w h e n  f e e d  p u mp  a n d  g e n e r a t o r  

w e r e  s t e a m  d r i v e n ,  b u t  t h e  w h o l e  s t e a m  s y s t e m  

b e c a m e  s a f e r .  T h e r e  w a s  n o  p r o b l e m  w i t h  t h e  

a s t e r n  p o w e r ,  a s  a l l  e x i s t i n g  t u r b i n e s  w e r e  

d e s i g n e d  f o r  j u s t  t h i s  p r e s s u r e .  He d i d  n o t  

b e l i e v e  t h a t  t h e  s i z e  o f  t h e  a s t e r n  t u r b i n e  c o u l d  

b e  r e d u c e d  c o n s i d e r a b l y  b y  g o i n g  t o  a  h i g h e r  s t e a m  

p r e s s u r e ,  s o  we  h a d  t o  l i v e  w i t h  t h e  v e n t i l a t i o n  

l o s s e s .

I n d e p e n d e n t  f e e d  p ump  -  F u e l  c o n s u m p t i o n  

C o m m a n d e r  S h o r t  w a s  c o r r e c t  i n  q u o t i n g  t h e  s t e a m  

c o n s u m p t i o n  o f  t h e  f e e d  p u m p  t o  b e

mDSP = 4 8 3 0  k e / h  

w i t h  a n  i n d e p e n d e n t  f e e d  p u mp  d e s i g n e d  f o r  a n  

o v e r a l l  e f f i c i e n c y  o f  44% a n d  a  v o l u m e  f l o w  o f
3

0 . 0 3 9 5  m / s  

a n d

mnsp = 29S5 kf5/h

a s  a n  a t t a c h e d  p u m p .  U n f o r t u n a t e l y  w i t h  t h e  

a t t a c h e d  p u mp  r o u g h l y  2 9 0 0  k g / h  s t e a m  f r o m  a  b l e d  

p o i n t  w a s  n e e d e d  t o  h e a t  t h e  d e a e r a t o r .  T h i s  

m e a n t  a n  i n c r e a s e  o f  t h e  s t e a m  f l o w  t o  t h e  t u r b i n e  

b y  1 1 6 0  k g / h ,  s o  t h e  r e a l  s a v i n g  w a s  o n l y  7 4 0  k g  

s t e a m / h ,  w h i c h  m e a n t  0 . 7 3 ? ! .

E v e n  w i t h  t h e  a b o v e  m e n t i o n e d  g o o d  e f f i c i e n c y  t h e  

i n d e p e n d e n t  f e e d  p u mp  s y s t e m  d e l i v e r e d  m o r e  e x h a u s t  

s t e a m  t h a n  t h e  d e a e r a t o r  c o u l d  t a k e ,  s o  t h e  c y c l e  

h a d  t o  b e  r e d e s i g n e d  t o  g e t  r i d  o f  t h e  s u r p l u s  

s t e a m .  M r .  L a r s e n  h a d  s h o w n  o n e  w a y  i n  h i s  a r t i c l e  

i n  MER O c t o b e r  1 9 7 7 ,  b y  c a s c a d i n g  t h e  s t e a m  t o  t h e  

e v a p o r a t o r .  To  a v o i d  f u r t h e r  s u r p l u s  s t e a m  t h e  

f e e d  p ump  s y s t e m  m u s t  h a v e  a  w e l l  i m p r o v e d  

e f f i c i e n c y .  I f  t h e  e f f i c i e n c y  w a s  j u s t  w h a t  

n o w a d a y s  w a s  b u i l t  i n t o  s h i p s ,  t h e n  t h e r e  h a d  t o  

b e  m o r e  c a s c a d i n g  o f  t h e  e x h a u s t  s t e a m .  ( P r o f e s s o r  

G r o s s m a n n  s t i l l  h a d  t o  s e e  t h e  f e e d  p u mp  w i t h  a n  

o v e r a l l  e f f i c i e n c y  o f  49% i n  s e r v i c e .  Up t o  now 

s h i p  o w n e r s  a n d  s h i p  y a r d s  o n l y  f o u n d  t h e  

e f f i c i e n c y  t o  b e  b e l o w  t h e  d e s i g n  p o i n t ) .

F l o a t i n g  f r e q u e n c y  -  a t t a c h e d  g e n e r a t o r  

M r .  D r i c k n e l l  a n d  M r .  L a r s e n  h a d  m e n t i o n e d  t h a t  

p a r t  o f  t h e  p u m p s  a s  w e l l  a s  t h e  r a d i o  e q u i p m e n t  

n e e d e d  a  c o n s t a n t  f r e q u e n c y .  T h e  f o l l o w i n g  

d i s t r i b u t i o n  o f  t h e  e l e c t r i c  p o w e r  h a d  b e e n  

a s s u m e d  :

E q u i p m e n t ,  w h i c h  c o u l d  s t a n d  a

f l o a t i n g  f r e q u e n c y  5 0 0  kW

A i r - c o n d i t i o n i n g  1 5 0  k\7

( a l s o  f l o a t i n g )  f o r  h a l f  t h e

v o y a g e  o n l y  7 5  kW

E q u i p m e n t  w i t h  c o n s t a n t  f r e q u e n c y

1 4 8  k \‘J. F r e q u e n c y  a n d  v o l t a g e

c o n v e r t i n g  e f f i c i e n c y  f a c t o r  0 . 8 5  1 7 5  k T.‘,r

E l e c t r i c  l o a d  o n  m a i n  g e n e r a t o r  7 5 0  kV'

K e a l  e l e c t r i c  l o a d  7 2 3  kV.

E v e n  i f  t h e  l o a d  w i t h  c o n s t a n t  f r e q u e n c y  w a s  

c h a n g e d  t o  3 4 8  1:7/ w h i c h  w o u l d  b r i n g  d ow n  t h e  

f r e q u e n c y  i n d e p e n d e n t  l o a d  t o  3 7 5  kW,  t h e  m a i n  

g e n e r a t o r  l o a d  w o u l d  i n c r e a s e  b y  3 0  kVT a n d  t h e  

f u e l  c o n s u m p t i o n  b y  0 . 3  g / k V ’h .

T h e  f l o a t i n g  v o l t a g e  a n d  f r e q u e n c y  g a v e  a n  

a u t o m a t i c  p o w e r  r e d u c t i o n  f o r  a l l  m o t o r s  d i r e c t l y  

c o n n e c t e d  t o  t h e  g e n e r a t o r .  T h e s e  m o t o r s  w o u l d  

r u n  w i t h  c o n s t a n t  s p e e d  o t h e r w i s e ,  s o  t h a t  a  l o t  

o f  t h e  p o w e r  w o u l d  b e  d e s t r o y e d  i n  t h e  t h r o t t l e  

v a l v e s .  T h e  r e d u c t i o n  o f  t h e  e l e c t r i c  l o a d  a t  

l o w  l o a d s  l o w e r s  t h e  f u e l  c o n s u m p t i o n  a c c o r d i n g l y .  

P r o f e s s o r  G r o s s m a n n  w o u l d  d r a w  a t t e n t i o n  t o  

t h e  p o i n t  t h a t  t h e  c o m p a r a b l e  e l e c t r i c  l o a d  o f  

t h e  VAP p l a n t  s h o u l d  b e  7 8 3  kW d u e  t o  t h e  

a d d i t i o n a l  r e q u i r e m e n t s  o f  t h e  F . B .  h e a t e r  b o o s t e r  

fan.

G e n e r a l  W i t h  r e s p e c t  t o  M r .  M u r t h i ' s  e x p e r i e n c e  

w i t h  c l u t c h e s  a t  m a i n  g e a r  d r i v e n  a u x i l i a r i e s ,  we  

w o u l d  r e v i s e  t h e  s y s t e m :  t h e  a t t a c h e d  a u x i l i a r i e s  

w o u l d  h a v e  n o  b a c k  u p  t u r b i n e s ;  t w o  s t e a m  d r i v e n  

f e e d  p u m p s ,  o n e  s t e a m  d r i v e n  g e n e r a t o r  a n d  o n e  

d i e s e l  g e n e x ’a t o r  w o u l d  b e  p r o v i d e d  a s  s t a n d  b y  

e n g i n e s .

A l s o  v/e w o u l d  n o  l o n g e r  s u g g e s t  t h e  c o n d e n s a t e  

c o o l e d  l u b r i c a t i n g  o i l  c o o l e r  a s ,  i n  a g r e e m e n t  

w i t h  M r .  E r i c k n e l l ,  t h i s  w a s  t h o u g h t  t o  b e  a  

r a t h e r  d a n g e r o u s  a r r a n g e m e n t .
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F e e d  w a t e r  t r e a t m e n t  w a s  m e n t i o n e d  b y  M r .  K u r t h i . 

As P r o f e s s o r  G r o s s m a n n  c o u l d  n o t  g i v e  a n y  d i r e c t  

c o m m e n t s  o n  t h e  f e e d  w a t e r  t r e a t m e n t  h e  t h o u g h t  

t h a t  w i t h  t h i s  h i g h  p r e s s u r e  t h e  b e s t  p o s s i b l e  

f e e d  w a t e r  t r e a t m e n t  v / h i c h  i n c l u d e d  o n - l i n e  

f i l t e r i n g  a n d  i o n  e x c h a n g i n g  s h o u l d  b e  t a k e n .

T h e  n u c l e a r  m e r c h a n t  s h i p s  h a d  s h o w n  t h a t  w i t h  a  

g o o d  d e s i g n ,  v e r y  e x a c t  a n d  c l e a n  f a b r i c a t i o n  

a n d  o n - l i n e  i o n  e x c h a n g e ,  b o i l e r s  c o u l d  b e  

o p e r a t e d  w i t h o u t  a n y  t r o u b l e  f o r  m o r e  t h a n  e i g h t  

y e a r s .

S l o w  s p e e d  d i e s e l  v e r s u s  s t e a m  t u r b i n e  s y s t e m  

T h e  f i g u r e s  o f  C o m m a n d e r  S h o r t  f o r  t h e  f u e l  

c o n s u m p t i o n  o f  t h e  s l o w  s p e e d  d i e s e l  e n g i n e  w e r e  

i m p r e s s i v e l y  h i g h e r  t h a n  t h e i r  o w n .  I n  t h e i r  

o p i n i o n ,  t h e  p o o r  c o m b u s t i o n  a n d  t h e  g u a r a n t e e  

m a r g i n  s h o u l d  n o t  b e  i n c l u d e d  i n  t h e  c o m p a r i s o n ,  

b e c a u s e  t h e  c o m b u s t i o n  c o u l d  b e  v e r y  b a d  i n  a  

b o i l e r  t o o  a n d  t h e r e  e x i s t e d  e x p e r i e n c e  w i t h  

t u r b i n e  a n d  b o i l e r  m a n u f a c t u r e r s ,  w h e r e  t h e  s t e a r .  

o r  f u e l  c o n s u m p t i o n  w a s  a b o v e  t h e  d e s i g n  f i g u r e  

w i t h i n  t h e  g u a r a n t e e  m a r g i n .

I f  we  w e r e  t o  i n c l u d e  t h e  c e n t r i f u g a l  l o s s e s  i n t o  

o u r  f i g u r e  a n d  r a i s e d  t h e  i n f l u e n c e  o f  t h e  

l u b r i c a t i n g  o i l  t o  6 . 5  g / k V T i , we  w o u l d  h a v e  a  

t o t a l  o f  2 4 4  g / k W h ,  w h i c h  s e e m e d  t o  b e  a  r e a l i s t i c  

f i g u r e  f o r  c o m p a r i s o n s .

I f  t h e  l u b r i c a t i n g  o i l  c o o l e r  w a s  c o o l e d  b y  s e a

w a t e r ,  i f  t h e  e x h a u s t  g a s  t e m p e r a t u r e  w a s  r a i s e d
o

t o  1 1 0  C a g a i n  a n d  e v e n  i f  t h e  t u r b o - g e n e r a t o r  

w a s  d r i v e n  f r o m  t h e  6 0  b a r  l i n e ,  t h e n  t h e  b l e d  

s t e a m  r e h e a t  c y c l e  h a d  a  f u e l  c o n s u m p t i o n  o f

n B SP E Z  =  2 4 2 •2 e /kWh

w h i c h  m e a n t  t h a t  t h e  " f u e l  c o n s u m p t i o n ” p e r  m i l e  

w a s  l o w e r  t h a n  t h a t  o f  t h e  e q u i v a l e n t  s l o w  s p e e d  

d i e s e l  d r i v e n  s h i p .  T h i s  w a s  a c h i e v e d  w i t h  a  

v e r y  s i m p l e  a n d  m o s t  r e l i a b l e  c y c l e ,  c o m p r i s i n g  

a  c o m p l e t e l y  n o r m a l  b o i l e r  s y s t e m .

C o n t r o l  s y s t e m  T h e  c o n t r o l  s y s t e m  f o r  t h e  

p r o p o s e d  s t e a m  c y c l e  b e c a m e  m u c h  m o r e  s i m p l e  t h a n  

a  c o n t r o l  s y s t e m  f o r  a  n o r m a l  n o n - r e h e a t  s t e a m  

c y c l e .

Due  t o  t h e  f l o a t i n g  w a t e r  l e v e l ,  t h e  f e e d  w a t e r  

c o n t r o l  s y s t e m  o e c a m e  a  s i m p l e  t w o  p o i n t  -  w a t e r  

l e v e l  a n d  s t e a m  v e l o c i t y  -  c o n t r o l  s y s t e m ,  w h i c h

w o u l d  w o r k  i n  l i n e  w i t h  t h e  o t h e r  c o n t r o l  s y s t e m s  

a n d  n o t  a g a i n s t  t h e m .

When  t h e  d r u m  p r e s s u r e  w a s  t a k e n  a s  c o n t r o l  p o i n t  

i n s t e a d  o f  t h e  s u p e r h e a t e r  o u t l e t  p r e s s u r e ,  t h e  

r a n g e  o f  t h e  f u e l  c o n t r o l  s y s t e m  b e c a m e  t h e  s a m e  

a s  t h e  o n e  o f  t h e  s t e a m  s y s t e m ,  b e c a u s e  t h e  l a t e n t  

h e a t  o f  t h e  b o i l e r  w a t e r  s t a y e d  c o n s t a n t  d u r i n g  

m a n o e u v r e s  -  d u e  t o  t h e  c o n s t a n t  d r u m  p r e s s u r e .  

U s u a l l y  t h e r e  w a s  a  t u r n  d o w n  r a t i o  o f  1 : 15  f o r  

t h e  b o i l e r ,  w h e n  t h e  r e a l  s t e a m  c h a n g e  r a t e  w a s

1 : 1 0 .  W i t h  h i g h e r  s t e a m  c h a n g e  r a t e s  a  b u r n e r  

h a d  t o  b e  c l o s e d .  W i t h  d r u m  p r e s s u r e  c o n t r o l ,  

s t e a m  t u r n  d ow n  o f  1 : 1 5  c o u l d  b e  a c c e p t e d  w i t h o u t  

c l o s i n g  o f  a  b u r n e r .  A t  t h e  s a m e  t i m e ,  t h e  

t h e r m a l  s t a t e  o f  t h e  b o i l e r  s t a y e d  c o n s t a n t  -  w i t h  

o u r  p r o p o s e d  s y s t e m  d u r i n g  m a n o e u v r i n g  c o n d i t i o n s  -  

w h i c h  d e f i n i t e l y  i n c r e a s e d  t h e  s a f e t y .

B o t h  t h e  a b o v e  f e a t u r e s  w e r e  i n d e p e n d e n t  o f  t h e  

k i n d  o f  t h e  r e h e a t  s y s t e m ,  s o  h e  v / o u l d  s t r o n g l y  

r e c o m m e n d  t h e m  f o r  a d o p t i o n .

T h e  s t e a m  t e m p e r a t u r e  c o n t r o l  w a s  t h e  s a n e  a s  f o r  

a n y  n o r m a l  b o i l e r ,  w h i c h  m e a n t  t h a t  i t  w a s  s i m p l e r  

t h a n  t h e  t e m p e r a t u r e  c o n t r o l  o f  a n y  f l u e  g a s  

r e h e a t  b o i l e r .

I t  s h o u l d  a l w a y s  b e  c o n s i d e r e d  t h a t  p a r t  o f  t h e  

a u t o m a t i c  c o n t r o l  c o u l d  g o  o u t  o f  a c t i o n  b y  

f a i l u r e ,  s o  t h a t  a  p a r t  o f  t h e  p l a n t  -  f o r  i n s t a n c e  

t h e  b o i l e r  -  w o u l d  h a v e  t o  b e  o p e r a t e d  m a n u a l l y .  

W i t h  t w o  t e m p e r a t u r e s  t o  c o n t r o l  t h i s  w o u l d  b e  

r a t h e r  d i f f i c u l t .

T h e r e  w a s  a l s o  n o  n e e d  f o r  s t e a m  o r  c o n d e n s a t e  

c a s c a d i n g  f o r  t h e  p o w e r  r a n g e  f r o m  40% t o  1 0 0 % ,  

s o  t h e  b l e d  p o i n t s  c o n t r o l  s y s t e m  a l s o  b e c a m e  m o r e  

s i m p l e .  T h e  o n l y  a d d i t i o n a l  t h i n g  w a s  t h e  v a r i a b l e  

d e a e r a t o r  p r e s s u r e  s e t  p o i n t  d u r i n g  f u l l  a w a y  m o d e .  

( M r .  B r a d l e y ’ s  q u e s t i o n  a s  t o  t h e  b a n d w i d t h  o f  t h e  

" S e l f  r e g u l a t i n g " ) .

E x i s t i n g  p l a n t s  M r .  B r a d l e y  q u e s t i o n e d ,  w h e t h e r  

t h e r e  w o u l d  b e  a  s u b s t a n t i a l  s a v i n g ,  w h e n  e x i s t i n g  

p l a n t  c h a n g e d  t o  f l o a t i n g  b o i l e r  p r e s s u r e .  T h e  

a n s w e r  w a s  q u i t e  p l a i n l y  " N o " .  T h e  t u r b o - g e n e r a t o r  

l o a d  w a s  m o r e  o r  l e s s  c o n s t a n t  r e g a r d l e s s  o f  t h e  

m a i n  t u r b i n e  l o a d .  I f  t h e  b o i l e r  p r e s s u r e  w e n t  

d o w n ,  i t s  s t e a m  c o n s u m p t i o n  w o u l d  g o  u p  s o  t h e  

s a v i n g s  a t  t h e  f e e d  p u mp  w e r e  n e g a t e d  b y  t h e  t u r b o 

g e n e r a t o r .
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P r o f e s s o r  G r o s s m a n n  c o u l d  s e e  o n l y  o n e  p o s s i b i l i t y  

t o  b e t t e r  e x i s t i n g  s t e a m  p l a n t s ;  t h a t  w a s  t o  

r e p l a c e  t h e  w h o l e  h i g h  p r e s s u r e  s t e a m  a n d  f e e d  

w a t e r  s y s t e m  b y  a  n e w  o n e  w i t h  a b o u t  1 3 0  b a r  a n d  

w i t h  a  b l e d  s t e a m  r e h e a t e r .  W i t h  t h e  n e w  p r e s s u r e  

t h e  n e w  I l P - t u r b i n e  w o u l d  d e l i v e r  t o o  m u c h  p o w e r ,  

b u t  t h i s  s u r p l u s  p o w e r  c o u l d  b e  t a k e n  c a r e  o f  b y  

a  d i r e c t l y  a t t a c h e d  g e n e r a t o r .  T h e  n e w  h i g h  

p r e s s u r e  f e e d  p ump  w o u l d  b e  e l e c t r i c a l l y  d r i v e n .  

W i t h  t h i s  r e f i t t i n g ,  t h e  f u e l  c o n s u m p t i o n  o f  a  

n o r m a l  e c o n o m i s e r  p l a n t  c o u l d  b e  l o w e r e d  f r o m  

2 8 5  g/kV. l i  t o  a b o u t  2 5 6  g / k V h .  T h e  y e a r l y  s a v i n g s  

a t  t o d a y s  o i l  p r i c e s  w o u l d  b e  a b o u t  DM 7 5 0 , 0 0 0 .

As t h e  . r e f i t t i n g  a t  t o d a y s  m a n  h o u r  a n d  m a t e r i a l  

p r i c e s  w o u l d  b e  a r o u n d  8 - 1 0  M i o  D!.;, h e  w a s

a f r a i d  t h a t  t h e  g a i n  w o u l d  b e  n o t  g o o d  e n o u g h  tc.  

j u s t i f y  t h e  r e f i t t i n g  c o s t .  O n l y  a p p r e c i a b l e  

g o v e r n m e n t  i n v e s t m e n t  g r a n t s  c o u l d  h e l p  t h e r e .

C o n c l u s i o n s

P r o f e s s o r  G r o s s m a n n  a g a i n  e x p r e s s e d  s p e c i a l  t h a n k s  

t o  M r .  D r i c k n e l l ,  M r .  B r a d l e y ,  M r .  C u l l e n ,

J ' r .  I o d g k i n ,  M r .  M u r t h i  a n d  C o m m a n d e r  S h o r t .

Du e  t o  t h e i r  c o n t r i b u t i o n s ,  i t  w a s  p o s s i b l e  t o  

c l a r i f y  s o m e  i d e a s  a n d  a l s o  t o  w e e d  o u t  s o m e  we a l ;  

p o i n t s .  I t  w a s  h o p e d  t h a t  t h i s  p a p e r  h a d  

p r o v o k e d  s o m e  i d e a s  o r  p o i n t s  o f  v i e w ,  w h i c h  w o u l d  

h e l p  t o  p u t  t h e  s t e a m  t u r b i n e  p l a n t  i n t o  s h i p s  

a g a i n .
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C.P. PROPELLER DESIGN CONSIDERATIONS 
IN RESPECT OF VIBRATORY LOADS

Dr.-lng. VV. WLihrer, 
Escher Wyss, G.M.B.H.

I N T R O D U C T I O N

T h e  c o n t r o l l a b l e  p i t c h  p r o p e l l e r  has 

a c q u i r e d  i m p o r t a n c e  in t h e  f i e l d  o f  m a r i n e  

p r o p u l s i o n  w h e r e  h i g h  m a n o e u v r a b i l i t y  and 

a d a p t a b i l i t y  to c h a n g i n g  c o n d i t i o n s  in t h e  

s h i p  or t h e  s h i p ' s  p o w e r  p l a n t  (eg. 

m u l t i p l e  e n g i n e  p l a n t  o p e r a t i o n  Fig. 1) 

a r e  c a l l e d  for. C e r t a i n  c l a s s e s  o f  s h i p  

a re, t h e r e f o r e ,  e q u i p p e d  w i t h  C P P  s u c h  as 

f e r r i e s ,  R o / U o s ,  r e e f e r s ,  t u g s ,  t r a w l e r s  

a n d  m a n y  n a v a l  v e s s e l s .  T h e  l a t t e r  u s e  

c o m b i n e d  g a s  t u r b i n e  a n d  d i e s e l  p r o p u l s i o n  

m a c h i n e r y  and, w i t h o u t  CPP ,  c o u l d  n o t  

r e v e r s e  o r  o p e r a t e  o n  a s i n g l e  en g i n e .  In 

s o m e  c a s e s ,  p o w e r  p l a n t  c o n f i g u r a t i o n s  w i t h  

s h a f t  g e n e r a t o r s ,  w h i c h  c a l l  for c o n s t a n t  

s p e e d  o p e r a t i o n ,  n e c e s s i t a t e  t h e  a d a p t i o n  

o f  a c o n t r o l l a b l e  p i t c h  p r o p e l l e r .

It is a l s o  w o r t h  n o t i n g  t h a t  t h e r e  is s o m e  

e c o n o m i c  a d v a n t a g e  in t h e  a p p l i c a t i o n  o f  

C P P  t o  v e s s e l s  o p e r a t i n g  o v e r  l o n g  d i s t a n c e s  

u n d e r  c h a n g i n g  l o a d  o r  w e a t h e r  c o n d i t i o n s .

In s u c h  c a s e s ,  it is a d v a n t a g e o u s  to a d j u s t  

t h e  p o w e r  a b s o r p t i o n  o f  t h e  p r o p e l l e r  in

o r d e r  to o p e r a t e  t h e  e n g i n e ( s )  c o n t i n u o u s l y  

in t h e  o p t i m u m  c o n d i t i o n ,  ie. at r a t e d  

s p e e d  a n d  o u t p u t .  T h i s  c a n  b e  e f f e c t e d  

a u t o m a t i c a l l y  b y  m e a n s  o f  a l o a d  c o n t r o l  

s y s t e m .  S u c h  s y s t e m s  a r e  s u c c e s s f u l l y  

a p p l i e d  b y  a l l  t h e  m a j o r  m a k e r s  a n d  

r e n d e r  C P P  a t t r a c t i v e  f r o m  b o t h  t h e  

e n g i n e  m a k e r s '  a n d  o p e r a t o r s '  p o i n t s  o f  

view.

F o r  t h e  d e s i g n  e n g i n e e r ,  t h e  C P P  p o s e s  a 

c o n s i d e r a b l e  c h a l l e n g e  as it i n c l u d e s  a l s o  

a c o m p l e x  m e c h a n i c a l  e n g i n e e r i n g  task.

It is c h a r a c t e r i s e d  b y  t h e  f a c t  t h a t  in 

a n  a d v e r s e  e n v i r o n m e n t  a m e c h a n i s m  m u s t  be 

p r o v i d e d  w i t h i n  t h e  c o n f i n e d  d i a m e t e r  o f  a 

h u b  c a p a b l e  o f  c h a n g i n g  t h e  c o n f i g u r a t i o n  

o f  t h e  b l a d e s  w h i c h  t r a n s f o r m  l a r g e  a m o u n t s  

o f  e n e r g y  in t h e  p r o c e s s .  F u r t h e r  it 

s h o u l d  b e  a p p r e c i a t e d  t h a t  t h e  i n f l o w  t o  

t h e  p r o p e l l e r  is i n h e r e n t l y  n o n - u n i f o r m ,  

s u b j e c t i n g  t h e  C P P  t o  m a j o r  v i b r a t o r y  

l o a d s ,  a n d  t h e s e  w a k e  f i e l d  i n d u c e d  

f l u c t u a t i n g  f o r c e s  r e q u i r e  s p e c i a l  

a t t e n t i o n  a n d  m u s t  b e  k e p t  in m i n d  w h e n
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e v a l u a t i n g  d e s i g n  c o n c e p t s .  T h e i r  

m a g n i t u d e  m u s t  b e  k n o w n  to e n a b l e  a 

d y n a m i c  s t r e s s  a n a l y s i s  to be  c a r r i e d  o u t  

to c h e c k  t h e  s a f e t y  f a c t o r  o f  c o m p o n e n t s  

s u b j e c t  to v i b r a t o r y  b l a d e  l o a d s ,  f o r  

f a t i g u e  f a i l u r e .  N a t u r a l l y  t h e s e  

c o m p o n e n t s  a r e  m a i n l y  t h e  b l a d e  a t t a c h m e n t  

s e c t i o n s  o f  t h e  d e s i g n .  T a b l e  1 g i v e s  

s o m e  e x a m p l e s  o f  t h e  k i n d  o f  b e n d i n g  

m o m e n t  f l u c t u a t i o n s  (at t h e  r a d i u s  o f  t h e  

b l a d e  p a l m  face) t h e  d e s i g n  h a s  to c o p e  

w i t h .  W h i l e  d e p e n d e n t  o n  t h e  w a k e  f i e l d  

p a t t e r n  t h e  n a v a l  a r c h i t e c t  s u c c e e d s  in 

a c h i e v i n g ,  t h e r e  is a l s o  a s t r o n g  

c o r r e l a t i o n  b e t w e e n  t h e  t y p e  o f  s h i p  a n d  

t h e  m a g n i t u d e  o f  t h e  v i b r a t o r y  loads.

T h e  n u m b e r s  g i v e n  a r e  r e l a t e d  t o t a l  

f l u c t u a t i o n s ,  ie. t h e  d i f f e r e n c e  b e t w e e n  

m a x i m u m  a n d  m i n i m u m  b e n d i n g  m o m e n t  v a l u e s  

r e f e r r e d  t o  i t s  m e a n  v a l u e .  T h e  

a m p l i t u d e  o f  t h e  f i r s t  o r d e r  h a r m o n i c  is 

s o m e w h a t  l e s s  t h a n  h a l f  t h e  v a l u e s  

i n d i c a t e d .  T h e  q u a l i t y  o f  t h e  w a k e - f i e l d  

w i t h  r e g a r d  to u n i f o r m i t y  o f  i n f l o w  to t h e  

p r o p e l l e r  d i s c  is c l e a r l y  r e f l e c t e d  in t h e  

t a b l e  w i t h  n a v a l  v e s s e l s  s h o w i n g  t h e  

s m a l l e s t  f l u c t u a t i o n  i n  b e n d i n g  m o m e n t .

T h e  m a x i m u m  v a l u e s ,  w h i c h  a r e  u n e x p e c t e d l y  

high, s h o u l d  a c t  a s  a n  i n c e n t i v e  to t h e  

n a v a l  a r c h i t e c t  to i m p r o v e  w a k e  f i e l d  

u n i f o r m i t y  w h e r e v e r  p o s s i b l e .  (The 

o t h e r  m a i n  a r e a s  o f  c o n c e r n  a r e  c a v i t a t i o n  

a n d  p r o p e l l e r  i n d u c e d  v i b r a t i o n s  in t h e  

ship) .

1. C P P  D E S I G N  C O N C E P T S

T h e  e f f e c t  o f  d y n a m i c  l o a d s  o n  a p r o p e l l e r  

h u b  d e p e n d s  o n  t h e  d e s i g n  p h i l o s o p h y  

a p p l i e d .  T w o  e s s e n t i a l l y  d i f f e r e n t  

c o n c e p t s  a r e  a v a i l a b l e ,  t h e  m a i n  d i f f e r e n c e  

b e i n g  t h e  b l a d e  b e a r i n g  s y s t e m  c h o s e n  

w h i c h  h a s  a m a r k e d  e f f e c t  o n  t h e  t y p e  o f  

a c t u a t i n g  m e c h a n i s m .  F i g u r e  2 s h o w s  t h e  

two b a s i c  p r i n c i p l e s ;  o n e  t h e  c o l l a r  t y p e  

(left) a n d  t h e  o t h e r  a t r u n n i o n  o r  j o u r n a l  

t y p e  b e a r i n g .  E s c h e r  W y s s  u s e  t h e  l a t t e r  

d e s i g n  t h r o u g h o u t  its r a n g e  o f  C P P  as 

w e l l  as in w a t e r  t u r b i n e  w h e e l s  w h i c h  

d e l i v e r  u p  to 110 MW. T h e  a d v a n t a g e s  o f  

t h e  d e s i g n  are

i) S u p p o r t  o f  b l a d e  f o r c e  in h u b  b o d y  

T h e  c h a r a c t e r i s t i c  l o n g  i n t e r n a l  p a r t  

in t h e  t r u n n i o n  d e s i g n  r e l i e v e s  t h e  o u t e r  

h u b  b o d y  f r o m  s u p p o r t i n g  o n e  f o r c e  o f  t h e  

c o u p l e  t h a t  is in e q u i l i b r i u m  w i t h  t h e  

b l a d e  f o r c e  (b l a d e  u p s e t t i n g  m o m e n t ) . T h e  

b 1 r ^ e  b e a r i n g  f o r c e s  a r e  c h a r a c t e r i s t i c a l l y

. ”- _ t e d  a x i a l l y  x n  t h i s  d e s i g n ,  w i t h  t h e  

l a r g e r  i. l u x c t  s u p p o r t e d  at t h e  f o r w a r d  end 

w h e r e  t h e  h u b  b o d y  - a d d i t i o n a l l y  

s t i f f e n e d  b y  t h e  s h a f t  f l a n g e ;  t h e  s u p p o r t  

o f  t h e  l a r g e s t  b l a d e - c a r r y i n g  f o r c e  m a y  b e  

t e r m e d  o p t i m a l .  T h e  c y c l i c  " v i b r a t o r y "  

l o a d i n g  d o e s  n o t  e f f e c t  t h e  o u t e r  h u b  

s t r u c t u r e .  In c o n t r a s t  t h e  c o l l a r  b e a r i n g  

c o n c e p t  i n t r o d u c e s  t h e  l a r g e s t  r a d i a l  

f o r c e  at t h e  o p e n  a f t  e n d  o f  t h e  h u b  b o d y  

w h e r e  i t  is s u b j e c t  to c o n s t a n t  a n d  c y c l i c

T a b l e  I: B l a d e  b e n d i n g  m o m e n t  f l u c t u a t i o n s  at b l a d e  r o o t  (hub r a d i u s )

V e s s e l P o w e r ,  h.p. r e v / m i n Dia.
No.
o f

b l a d e s

B e n d i n g  m o m e n t  f l u c t u a t i o n s

A S M x / S M x A S M a / S M a

r e s u l t a n t
A S M / S M

C a r g o 1 X 1 7 , 5 0 0 120 6. 1 4 0. 49 0 . 6 5 0. 63

R e e f e r 1 X 2 3 , 2 0 0 120 6.1 4 0. 42 0. 59 O. 56

L a s h 2 X 2 1 , 6 0 0 134 5. 5 4 0. 79 1.0 6 1 . 0 1

R o - R o 1 X 1 0 , 4 0 0 187 4.2 4 0 . 6 6 0. 90 0 . 8 7

F r i g a t e 2 X 2 6 , 0 0 0 2 60 3. 9 5 0. 26 0. 37 0 . 3 4
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e l a s t i c  d e f o r m a t i o n .  T h i s  in t u r n  m a y  

h a v e  a n  a d v e r s e  e f f e c t  o n  t h e  l i n e a r i t y  

o f  t h e  b e a r i n g  p r e s s u r e  d i s t r i b u t i o n .

T h e r e  is a l s o  t h e  d a n g e r  o f  f r e t t i n g  if 

c y c l i c  d e f o r m a t i o n  s u b j e c t s  t h e  b e a r i n g  

s u r f a c e  to a s m a l l  a m p l i t u d e / h i g h  

f r e q u e n c y  m o v e m e n t s .

T h e  t r u n n i o n  b e a r i n g  c o n c e p t  

f u r t h e r m o r e  a l l o w s  t h e  o p e n i n g s  i n  t h e  h u b  

b o d y  to b e  k e p t  r e l a t i v e l y  s m a l l  c o m p a r e d  

t o  t h e  c o l l a r  t y p e  b e a r i n g  w h e r e  t h e  

"w i d t h "  is  n e e d e d  to s u p p o r t  t h e  f o r c e  

c o u p l e ;  t h e  s m a l l e r  o p e n i n g  i m p r o v i n g  

t h e  h u b  r i g i d i t y .

i i ) D y n a m i c  l o a d s  c a u s e  b e n d i n g  s t r e s s
in t h e  t r u n n i o n

W h i l e  t h e  o u t e r  h u b  s t r u c t u r e  r e m a i n s  

l i t t l e  a f f e c t e d  b y  t h e  l a r g e  d y n a m i c  

f o r c e s  d e s c r i b e d ,t h e  d y n a m i c  l o a d i n g  is 

a b s o r b e d  i n  a n  o b v i o u s  a n d  w e l l  d e f i n e d  

w a y  in t h e  t r u n n i o n .  S u c h  a f e a t u r e  is 

w e l c o m e d  as t h e  n e c e s s a r y  m a r g i n  o f  s a f e t y  

is e a s y  to d e m o n s t r a t e .  It h a s  b e e n  

n o t e d  t h a t  t h i s  p o r t i o n  o f  t h e  d e s i g n  

d u p l i c a t e s  t h e  s i t u a t i o n  o f  t h e  

h u b  - p r o p e l l e r  f l a n g e  c o n n e c t i o n ,  w h i c h  

is a l s o  s u b j e c t e d  t o  a l t e r n a t i n g  l o a d i n g  

d u e  to p r o p e l l e r  w e i g h t  a n d  b l a d e  t h r u s t  

v a r i a t i o n s  i n d u c e d  b y  t h e  w a k e - f i e l d .

T h e  t r u n n i o n  w h i c h  is s u b j e c t e d  to 

t e n s i o n  ( c e n t r i f u g a l - f o r c e )  a n d  b e n d i n g  

can, w i t h  a d v a n t a g e ,  b e  d e s i g n e d  o r  

s h a p e d  to y i e l d  l o w  s t r e s s  c o n c e n t r a t i o n  

f a c t o r s ,  and c o m p o u n d  r a d i i  a r e  m o s t  

f a v o u r a b l e .  F i g u r e  3 s h o w s  a l e s s  t h a n  

o p t i m a l  f i l l e t  c o n t o u r  p r o d u c i n g  a 

m e a s u r e d  S C F  o f  1.6, w h i l e  v a l u e s  o f  

a p p r o x i m a t e l y  1 . 3 5  c a n  b e  a c h i e v e d  w i t h i n  

t h e  c o n f i n e s  o f  t h e  s t r u c t u r e  o f  a hub.

T h i s  s t a n d a r d  c a s e  w a s  t a k e n  f r o m  

P E T E R S O N - T a b l e s .

W i t h  t h e  s t r e s s  c o n c e n t r a t i o n  f a c t o r  a n d  

t h e  l o a d i n g  ( s tatic a n d  d y n a m i c )  known, 

the s a f e t y  f a c t o r  a g a i n s t  y i e l d i n g  a n d
g

f a t i g u e  f a i l u r e  at u s u a l l y  1 0 c y c l e s  c a n  

b e  c a l c u l a t e d  e i t h e r  f r o m  t h e  S m i t h

d i a g r a m  o f  t h e  m a t e r i a l  u s e d ,  o r  b y  

c o m p a r i n g  an e q u i v a l e n t  s t r e s s

a  -  „  .
E Q U  A L T  — 5— ------

U  M

w i t h  t h e  f a t i g u e  l i m i t  s t r e s s

w h e r e  °a l t  is
t h e  a l t e r n a t i n g  a n d  t h e  m e a n  s t r e s s

in t h e  f i l l e t  area. B o t h  v a l u e s  a r e  

c o m p u t e d  as n o m i n a l  s t r e s s  t i m e s  t h e  

r e s p e c t i v e  ( s t a t i c  a n d  d y n a m i c )  s t r e s s  

c o n c e n t r a t i o n  f a c t o r s .  S a f e t y  f a c t o r  in 

e x c e s s  o f  3 is a d v i s a b l e ,  a n d  r e l a t i v e l y  

e a s y  to a c h i e v e .

In c o n t r a s t ,  the c o l l a r  t y p e  b e a r i n g  

s y s t e m  h a s  m u c h  h i g h e r  S C - f a c t o r s  

u s u a l l y  r e f l e c t i n g  t h e  l i m i t e d  s p a c e  i n  t h e  

f i l l e t  a r e a  o f  t h e  b l a d e  c a r r y i n g  d i s c ,  

w h e r e  a n  e n l a r g e d  r a d i u s  i m m e d i a t e l y  

d e c r e a s e s  t h e  b e a r i n g  a r e a  a n d  i n c r e a s e s  

b e n d i n g  in t h e  c o l l a r .  F a v o u r a b l e  c o n t o u r s  

y i e l d  S C - f a c t o r s  o f  e q u a l  t o  o r  s m a l l e r  

t h a n  = 2 . 5 .

T h e  s a m e  a p p r o a c h  to a d y n a m i c  s t r e s s  

a n a l y s i s  m u s t  g o v e r n  t h e  c a l c u l a t i o n s  o n  

t h e  b l a d e  b o l t s  a n d  an e l a s t i c  b o l t  

d i a g r a m  s h o u l d  b e  d e r i v e d  to d e t e r m i n e  

a c t u a l  s t r e s s  v a r i a t i o n  a t  a g i v e n  

p r e s t r e s s i n g  le v e l .  A g a i n  a g o o d  b o l t  

d e s i g n  in r e s p e c t  o f  d y n a m i c  l o a d i n g  w i l l  

i n c l u d e  :

(a) A  r e d u c e d  s h a n k  d i a m e t e r  (0.8 o f  

t h r e a d  c o r e  d i a m e t e r )  o f  as m u c h  

l e n g t h  as p o s s i b l e ,  a l l o w i n g  a 

r e l a t i v e l y  l a r g e  c o m p o u n d  r a d i u s  a t  

t h e  b o l t  h e a d  for S C - f a c t o r s  n o t  

e x c e e d i n g  t h e  v a l u e  o f  2 ; f u r t h e r m o r e  

t h e  b o l t  h e a d  s h o u l d  b e  k e p t  r i g i d

to a v o i d  i n c r e a s i n g  t h e  h e a d  f i l l e t  

s t r e s s  t h r o u g h  t i l t i n g .  (Th e s e  

p o i n t s  a r e  l e s s  r e a d i l y  a c h i e v e d  w i t h  

t h e  o t h e r w i s e  e l e g a n t  h o l l o w  M o r e  

G r i p  b o l t ) ;

(b) R o l l i n g  o f  t h r e a d s  to r e d u c e  t h e  SC- 

f a c t o r  b y  2 in t h e  t h r e a d e d  p o r t i o n ;
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Fig, 1 — Two engine operation  (medium speed) with fixed pitch 
and  C P -p r o p e lle r s

Single  engine operation  

M ax. power
Sha ft  Engine  Speed  

Fixed pitch 12 5 5 0  5 0  °/o
C P P  5 0  lO O  lO O  °/o
a. Prope lle r curves b. Engine load limit curves blade support designs fo r  C P P

Fig. 3 —Stress in fillet area of blade trunnion 
according to strain gauge measurement

20 40 60 
Pitch angle(°)

Astern

20 40  60 

Ahead

Fig. 4 — Servof orce F needed at the same blade spindle torque Ts 
for a turning mechanism with positioning lever (top) and 

sliding block (below)
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180 ° 1 8 0 °

2 = S M T|

F ig .6 — W ake field induced blade bending moments at hub rad iu s (blade root section); 
s ing le -screw  reefer v e s s e l, 2 3kn , 122 rev/min, 2 3 , 2 0 0  hp, 
propeller diam eter 6-1 m

2 7 0 °

Notation

F ig .7  -  Am plitudes and pha se  a n g le *  of f irst  e ight a x ia l b lade moment harm on ics 
of the 1TTC  specified  model propeller; resu lts of E sc h e r  W yss program m e 
(po in ts) in re lation  to  range  of 3 -d im ensiona l com putation  resu lts.

k p x —  a x ia l b lade  fo rce/  (p  D 4 )
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(c) c l o s e  t o l e r a n c e s  o n  t h e  p a r a l l e l i t y  

o f  t h e  b o l t  h e a d  a n d  t h e  

c o n c e n t r i c i t y  o f  t h e  t h r e a d  b o r e  to 

a v o i d  d i s t o r t i n g  t h e  bolt.

T h e  c o l l a r  b e a r i n g  s y s t e m  w i t h  its 

n o r m a l l y  l a r g e r  d i s k s  (and h u b  

o p e n i n g s )  a l l o w s  a l a r g e r  b o l t  

c i r c l e  d i a m e t e r  t h a n  in t h e  t r u n n i o n  

d e s i g n ,  t h u s  e a s i n g  t h e  t a s k  o f  t h e  

b o l t  d e s i g n e r .  O n  t h e  o t h e r  han d ,  

t h e  t r u n n i o n  s y s t e m  o f f e r s  the 

o p t i o n  o f  u s i n g  b l a d e s  w i t h  c a s t  

t r u n n i o n s  f o r  h i g h l y  l o a d e d  

a p p l i c a t i o n s .  In s u c h  a c a s e  the 

b l a d e  is s e c u r e d  w i t h  a l a r g e  n u t  

l e a v i n g  t h e  p a l m  u n d i s t u r b e d  

s t r u c t u r a l l y  a n d  h y d r o d y n a m i c a l l y .

i i i ) T h e  i n f l u e n c e  o f  b l a d e  b e a r i n g
c o n c e p t  o n  t h e  t y p e  o f  a c t u a t i n g  
m e c h a n i s m

F o r  g e o m e t r i c  r e a s o n s ,  t h e  t r u n n i o n  

d e s i g n  w i t h  its s m a l l e r  h u b  o p e n i n g  a l l o w s  

a l a r g e r  r a d i u s ( a b o u t  1.4) for t h e  

a c t u a t i n g  m e c h a n i s m ,  c o m p a r e d  to the 

s t a n d a r d  c o l l a r  b e a r i n g  d e s i g n  w i t h  t h e  

a d d e d  a d v a n t a g e  o f  a r e d u c e d  a c t u a t i n g  

fo r c e .  A l s o  in t h e  c o l l a r  b e a r i n g  

d e s i g n ,  s l i d i n g  b l o c k s  a n d  a s i n g l e  s h e a r  

b o l t  is e m p l o y e d  c o n t r i b u t i n g  to t h i s  

p r o b l e m  a s  t h e  s i n g l e  s h e a r  p i n  h a s  to be 

m a d e  c o n s i d e r a b l y  b i g g e r .  T h e  s i n g l e  

s h e a r  p i n  n e e d s  c a r e f u l  d e s i g n  in t h e  

f i l l e t  a r e a  to k e e p  t h e  s t r e s s  

c o n c e n t r a t i o n  w i t h i n  t o l e r a n c e  in v i e w  o f  

th e  d y n a m i c  l o a d  r e s i s t a n c e .  A l s o  t h e r e  

m a y  be a c o m p l e x  r e a c t i o n  o f  s t r e s s e s  

f r o m  t h e  b o l t ,  the b l a d e  d i s c  c o l l a r  and 

e v e n  t h e  b l a d e  b o l t  t h r e a d .  In t h e  

t r u n n i o n  c o n c e p t ,  t h e  a c t u a t i n g  m e c h a n i s m  

s t r e s s e s  a r e  n o t  p a s s e d  o n  to t h e  b l a d e  

t r u n n i o n .

F i g u r e  4 s h o w s  t h e  a c t u a t i n g  f o r c e s
(1)

i n  b o t h  d e s i g n s .  F i g u r e  5 s h o w s  a 

c r o s s  s e c t i o n  o f  a t r u n n i o n  t y p e  hub.

2. C O M P U T A T I O N  O F  W A K E - F I E L D  I N D U C E D  
B L A D E  F O R C E S

T h e  e f f e c t i v e  d y n a m i c  l o a d i n g  o f  t h e

s y s t e m  is n e e d e d  for t h e  h u b  s t r e s s

a n a l y s i s .  T h e  a u t h o r ' s  c o m p a n y  ha s
(2)

d e v e l o p e d  its o w n  c o m p u t e r  p r o g r a m  u s i n g  

t h e  f o l l o w i n g  d a t a :

i) t h e  w a k e  f i e l d  d a t a ,  a x i a l l y  a n d  

p e r i p h e r a l l y ;

ii) a n y  s h a f t  i n c l i n a t i o n  o r  t u r n i n g  

e f f e c t ;

iii) t h e  b l a d e  g e o m e t r y .

T h e  s t a t i o n a r y  a n d  f l u c t u a t i n g  l o a d s  o n  

t h e  b l a d e s  c a n  t h e n  b e  c a l c u l a t e d  as w e l l  

as o n  t h e  p r o p e l l e r  i n  a l l  a x e s  (3 f o r c e s  

a n d  3 m o m e n t s ) . T h e  p r o g r a m  h a s  

s u f f i c i e n t  c a p a c i t y  to a l l o w  i t  to b e  

u s e d  f o r  r o u t i n e  a p p l i c a t i o n s  ( c o m p u t i n g  

t i m e  o n  a n  I B M  3 7 0 - 1 2 5  a p p r o x i m a t e l y

3 m i n u t e s ) .

F i g u r e  6 s h o w s  t h e  c o m p u t e r  g r a p h s  o f  t h e  

b e n d i n g  m o m e n t  at t h e  h u b  r a d i u s  i n  t h e  

f o r m  o f  a p o l a r  p l o t ,  ie. t h e  m o m e n t a r y  

v a l u e s  o f  t h e  b e n d i n g  m o m e n t  a s  a f u n c t i o n  

o f  t h e  t u r n i n g  a n g l e  t h r o u g h  o n e  r e v o l u t i o n  

o f  t h e  s h a f t .  N o t a t i o n  x r e f e r s  to 

t h e  s h a f t  axi s ,  n o t a t i o n  7) to t h e  a x i s  

p e r p e n d i c u l a r  to t h e  s h a f t  ( r e v o l v i n g  

w i t h  i t  o r  t h e  b l a d e  r e s p e c t i v e l y ) .

T h e  r e s u l t a n t  m o m e n t s  a r e  d e r i v e d  b y  

r e t u r n i n g  to t h e  a b s o l u t e  v a l u e s  in b o t h  

a x e s ,  v e c t o r i a l l y  a d d i n g  a n d  r e l a t i n g  

a g a i n  to t h e  m e a n  r e s u l t a n t  fo r c e .  A  

F o u r i e r  s p e c t r u m  o f  t h e  o u t p u t  is a l s o  

a v a i l a b l e .

2 . 1  S o m e  R e m a r k s  o n  t h e  P r o g r a m

T h e  n o n - u n i f o r m  w a k e  d a t a ,  a x i a l  a n d  

p e r i p h e r a l ,  is f i r s t  h a r m o n i c a l l y  

a n a l y s e d .  P l o t t e r  o p t i o n s  a r e  a r r a n g e d  

to p r o d u c e  t h e  i n f l o w  to t h e  p r o p e l l e r  

in v a r i o u s  f o r m s  as d e s i r e d .

T h e  c o m p u t a t i o n  o f  t h e  t r a n s i e n t  

e f f o r t s  is t h e n  b a s e d  o n  t h e  K a r m a n - S e a r s  

t y p e  t w o - d i m e n s i o n a l  i n s t a t i o n a r y  f l o w  

t r e a t m e n t  a t  c y l i n d r i c a l  b l a d e  s e c t i o n s ,
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w h e r e b y  n o t  o n l y  the t r a n s v e r s e ,  b u t  a l s o  

th e  l o n g i t u d i n a l  d i s t u r b a n c e  f l o w  

a c c o r d i n g  to H o r l o c k ' s  s t a t i o n a r y  t w o -  

d i m e n s i o n a l  f l o w  t h e o r y  is c o n s i d e r e d  at 

e a c h  b l a d e  p r o f i l e .  T h e  l a t t e r  is n o t  

u s u a l l y  i n c l u d e d  in t h i s  t y p e  o f  

a p p r o x i m a t e  p r o g r a m .  T h e  c o r r e c t i o n ,  

ie. r e d u c t i o n  o f  l i f t  e f f e c t i v e n e s s  a s  the 

m a j o r  e f f e c t  in t h e  r e a l  t h r e e - d i m e n s i o n a l  

f l o w  v e r s u s  t h e  t w o - d i m e n s i o n a l  t h e o r y  is 

e f f e c t e d  t h r o u g h  f a c t o r s  g i v e n  b y  B r e s l i n  

(1970).

2.2 C o m p a r i s o n  B e t w e e n  D e s i g n  a n d

T e s t  F i g u r e s

A  w e l c o m e  p r o o f  o f  t h e  r e l i a b i l i t y  

o f  a n y  c o m p u t a t i o n  is a s a t i s f a c t o r y  

c o r r e l a t i o n  w i t h  t e s t  r e s u l t s .

T h e  p r o p e l l e r  c o m m i t t e e  o f  t h e  I T T C  

h a s  r e p o r t e d  o n  t h e  r e s u l t s  o f  d e t a i l e d  

m e a s u r e m e n t s  o n  a m o d e l  p r o p e l l e r  o f  

p u b l i s h e d  g e o m e t r y  in a k n o w n  w a k e  field. 

Fig. 7 s h o w s  t h e  a m p l i t u d e s  a n d  p h a s e  

a n g l e s  o f  t h e  f i r s t  to e i g h t  a x i a l  b l a d e  

f o r c e  h a r m o n i c s  o b t a i n e d  f r o m  t h r e e  

d i m e n s i o n a l  a n d  c o n s e q u e n t l y  m o r e  

d e t a i l e d  c a l c u l a t i o n s  w h i c h  d e f i n e  t h e  

l i m i t s  o f  t h e  h a t c h e d  are a .

A  s e t  o f  f u l l  s c a l e  t e s t  r e s u l t s  

w e r e  c a r r i e d  o u t  in J a p a n  o n  a C P P  s h i p  

w i t h  s t r a i n  g a u g e s  l o c a t e d  o n  t h e  b l a d e  

r o o t  s e c t i o n  w i t h  t h e  c a b l e s  l e d  i n t o

t h e  s h i p  v i a  a t e r m i n a l  b o x  at t h e  a f t
, . O*
f a i r w a t e r  c a p  a n d  t h e  r u d d e r  stem. The

w a k e  f i e l d  o f  t h i s  p r o p e l l e r  w a s  k n o w n

a n d  a c o m p a r i s o n  o f  r e s u l t s  is as

f o l l o w s  :

i ) T h e o r e t i c a l  r e s u l t s  u s i n g  a c o m p u t e r

B e n d i n g  m o m e n t  f l u c t u a t i o n s  a t  t h e  

h u b  r a d i u s  w a s  A S M / S M ” = 1 . 2 7

w h i c h  w a s  a l s o  t h e  d e s i g n e d  s t r e s s  

l e v e l  a s  t h e  b e n d i n g  m o m e n t  a n d  

s t r e s s  w e r e  p r o p o r t i o n a l .

i i ) M e a s u r e m e n t s  t a k e n  in a s h i p  

T h e  r e s u l t  w a s  : 1.32

T h e  t h e o r e t i c a l  a n d  p r a c t i c a l  r e s u l t s  

are, f o r  a l l  p r a c t i c a l  p u r p o s e s ,  t h e  s a m e  

a n d  q u i t e  s a t i s f a c t o r y  f o r  t h e  f a t i g u e  

s t r e n g t h  a n a l y s i s  o f  t h e  h u b  b l a d e s  a n d  

h u b  c o m p o n e n t s ,  b e a r i n g  in m i n d  t h a t  a 

h i g h  s a f e t y  f a c t o r  is u s e d  i n  t h e  d y n a m i c  

a n a l y s i s  to a l l o w  for o t h e r  u n c e r t a i n t i e s .
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MB P H GEE B E n g  F I M a r E  c o n g r a t u l a t e d  Dr  W u h r e r  

o n  h i s  p a p e r  a n d  i n  p a r t i c u l a r  o n  t h e  p r e s e n t a t i o n .

M a n u f a c t u r e r s  i n v a r i a b l y  c o n s i d e r e d  t h a t  t h e i r  

d e s i g n s  w e r e  s u p e r i o r  y e t  t h i s  c o u l d  o n l y  b e  

p r o v e d  b y  t h e i r  l o n g  t e r m  r e l i a b i l i t y  i n  o p e r a t i o n .

He w o u l d  l i k e  t o  o u t l i n e  b r i e f l y  o n e  o r  t w o  

f a i l u r e s ,  w h i c h  h a d  r e c e n t l y  b e e n  i n v e s t i g a t e d  b y  

L l o y d ' s  R e g i s t e r  T e c h n i c a l  I n v e s t i g a t i o n  D e p a r t m e n t .

T h e  f i r s t  i n v o l v e d  a  c o n t r o l l a b l e  p i t c h  p r o p e l l e r  

u n i t  i n c o r p o r a t i n g  t h e  t r u n n i o n  o r  j o u r n a l  t y p e  

b e a r i n g .  F a i l u r e  w a s  f o u n d  t o  h a v e  o c c u r r e d  i n  

a l l  f o u r  t r u n n i o n s  a n d  o n  e a c h  i t  w a s  f o u n d  t h a t  

a  b e n d i n g  f a t i g u e  c r a c k  h a d  p r o p a g a t e d  f r o m  d e e p  

c o r r o s i o n  p i t s ,  p r e s e n t  i n  t h e  r e c e s s e d  f i l l e t ,  

b e t w e e n  f l a n g e  a n d  b o s s  o n  t h e  p r e s s u r e  s i d e .  

M e t a l l u r g i c a l  e x a m i n a t i o n  o f  t h e  t r u n n i o n s  s h o w e d  

t h a t  b o t h  c h e m i c a l  c o n p o s i t i o n  a n d  m e c h a n i c a l  

p r o p e r t i e s  c o n f o r m e d  t o  t h e  c l a s s i f i c a t i o n  r u l e s  

f o r  c a r b o n  s t e e l  f o r g i n g s .  T h e  c a u s e  o f  t h e  

d a m a g e  w a s  a t t r i b u t e d  t o  s a l t  w a t e r  i n g r e s s  i n t o  

t h e  p r o p e l l e r  h u b .

A n o t h e r  i n v e s t i g a t i o n  i n v o l v e d  t h e  a l t e r n a t i v e  

c o l l a r  t y p e  b l a d e  b e a r i n g .  I t  w a s  f o u n d  t h a t  a  

s e r i e s  o f  c r a n k  p i n  r i n g s  h a d  f a i l e d  a g a i n  d u e  

t o  c o r r o s i o n  f a t i g u e ,  o r i g i n a t i n g  i n  t h e  f i l l e t  

b e t w e e n  t h e  f l a n g e  a n d  t h e  b o s s  a n d  a t t r i b u t e d  t o  

s a l t  w a t e r  i n g r e s s .

I t  w a s  a p p r e c i a t e d  t h a t  s i n c e  t h e s e  p a r t i c u l a r  

f a i l u r e s ,  m a n u f a c t u r e r s  h a d  m a d e  s o m e  i m p r o v e m e n t s  

i n  a l t e r i n g  t h e  m a t e r i a l  o f  t h e  c r a n k p i n s  a n d  

m o d i f y i n g  t h e  s e a l i n g  r i n g s .

As t h e  r e s u l t  o f  a  c o m p u t e r  a n a l y s i s  o f  f a i l u r e s  

t o  c . p . p .  u n i t s  w h i c h  h a v e  b e e n  i n  s e r v i c e  f o r  

f i v e  y e a r s  i t  w a s  c o n c l u d e d  t h a t  t h e  i n c i d e n c e  

o f  f a i l u r e  f o r  b o t h  s y s t e m s  w a s  a p p r o x i m a t e l y  

t h e  s a m e ,  t h a t  i s ,  i n  t h e  r e g i o n  o f  86% f a u l t  

f r e e  o p e r a t i o n .  To  b e  f a i r  t o  t h e  t r u n n i o n  t y p e  

p r o p e l l e r  m a n u f a c t u r e r  i t  m u s t  b e  s t a t e d  t h a t  o u t  

o f  s o m e  6 3 7  u n i t s  c l a s s e d  w i t h  L l o y d ' s  R e g i s t e r  

o n l y  7 2  w e r e  o f  t h i s  t y p e ,  t h e r e f o r e  o n l y  a  v e r y  

s m a l l  i n c r e a s e  i n  n u m b e r s  w i t h  l o w  f a u l t  c o n d i t i o n s  

c o u l d  h a v e  g i v e n  a  v e r y  d i f f e r e n t  p i c t u r e .

On e  o t h e r  t y p e  o f  f a i l u r e ,  o c c a s i o n a l l y  e n c o u n t e r e d ,  

w a s  t h a t  o f  c r e v i c e  c o r r o s i o n  i n  t h e  b l a d e  f l a n g e  

p o c k e t s  a b o v e  t h e  s e a l i n g  r i n g .  W o u l d  t h e  a u t h o r  

p l e a s e  c o m m e n t  i f  h i s  c o m p a n y  h a d  a n y  k n o w l e d g e  o f  

t h i s ,  a n d  i f  s o ,  w h a t  w e r e  t h e  r e c o m m e n d e d  r e p a i r  

p r o c e d u r e s  ?

I t  w o u l d  a p p e a r  f r o m  b o t h  Mr G e e ' s  s u r v e y  

e x p e r i e n c e  a n d  t h e  s t a t i s t i c a l  e v i d e n c e  t h a t  t h e  

m a i n  f a i l u r e s  l i e  i n  t h e  f o l l o w i n g  a r e a s :

1 )  p o o r  m a t e r i a l  c a s t i n g s ;

2 )  d a m a g e  d u e  t o  i m p a c t ;

3 )  f a i l u r e  o f  b l a d e  s e c u r i n g  b o l t s  

a n d  o f  t h e  b l a d e  f l a n g e  i n  wa y  

o f  t h e  b o l t  h e a d  r e c e s s ;

4 )  f a i l u r e s  d u e  t o  s a l t  w a t e r  

i n g r e s s  i n t o  t h e  h u b .

He u n d e r s t o o d  t h a t  1 )  h a d  now v i r t u a l l y  d i s a p p e a r e d  

d u e  t o  i m p r o v e d  c a s t i n g  a n d  i n s p e c t i o n  t e c h n i q u e s .

W i t h  r e g a r d  t o  i m p a c t  d a m a g e ,  t h i s  c o u l d  n o t  

a l w a y s  b e  a v o i d e d  b u t  b y  h a r m o n i z a t i o n  i n  d e s i g n  

b e t w e e n  t h e  v a r i o u s  c o m p o n e n t s  i t  s h o u l d  b e  

p o s s i b l e  t o  c o n t a i n  i t s  e f f e c t .

F o r  a  c . p . p .  t h e  r e p l a c e m e n t  o f  a  s i n g l e  b l a d e  

w a s  a  r e l a t i v e l y  s i m p l e  o p e r a t i o n  i n  t h a t  t h e  

n u m b e r  o f  c o m p o n e n t s  i n v o l v e d  w a s  m i n i m i z e d ;  

c o n s e q u e n t l y  t h e  s t r e n g t h e n i n g  o f  o t h e r  

c o m p o n e n t s  t o  w i t h s t a n d  t h e  m a x i mu m l o a d  o f  a  

c o l l a p s i n g  b l a d e  w o u l d  a p p e a r  r e a s o n a b l e .

W o u l d  i t  b e  c o r r e c t  t o  a s s u m e  t h a t  t h e  b l a d e  

s e c u r i n g  b o l t s  w e r e  i n t e n t i o n a l l y  d e s i g n e d  a s  

u l t i m a t e l y  t h e  w e a k e s t  c o m p o n e n t  a n d  c o u l d  t h i s  

h a v e  a n  e f f e c t  u p o n  t h e i r  r e l a t i v e  f a t i g u e  l i f e ,  

s o  c o n t r i b u t i n g  t o  t h e  q u i t e  h i g h  i n c i d e n c e  o f  

b r o k e n  b o l t s  w h i c h  h a d  s o m e t i m e s  l e d  t o  m o r e  

s e r i o u s  f a i l u r e s .

I t  w a s  u n d e r s t o o d  t h a t  f o r  i c e  c o n d i t i o n s  t h e  

a u t h o r ’ s  c o m p a n y  f i t t e d  b l a d e s  w i t h  a n  i n t e g r a l l y  

c a s t  t r u n n i o n .  W h a t  t h e n  w a s  t h e  l i k e l y  e f f e c t  o f  

i c e  o n  a  b l a d e  a n d  w a s  t h e  o p e r a t i n g  m e c h a n i s m  

d e s i g n e d  t o  w i t h s t a n d  s u c h  a  c o n d i t i o n .

Mr  G e e  s u g g e s t e d  t h a t  b a s e d  u p o n  t h e  f a c t  t h a t  

n e i t h e r  t y p e  o f  b l a d e  b e a r i n g  w o u l d  a p p e a r  t o  h a v e  

a  c l e a r  a d v a n t a g e ,  t h e  m a n u f a c t u r e r s  s h o u l d  m a k e
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e f f o r t s  t o  i m p r o v e  b l a d e  s e a l i n g  a n d  t o  p o s s i b l y  

m o d i f y  t h e  b l a d e  s e c u r i n g  a r r a n g e m e n t s ,  t h e r e b y  

e l i m i n a t i n g  t h e  p o s s i b i l i t y  o f  s e a  w a t e r  i n g r e s s  

i n t o  t h e  h u b ,  w h i c h  c o u l d  e n h a n c e  t h e  c o n d i t i o n s  

f o r  f a t i g u e  f a i l u r e  r e g a r d l e s s  o f  h o w c a r e f u l l y  

t h e  c o m p o n e n t s  w e r e  d e s i g n e d .

MR C A LINDAHL MSc s a i d  t h a t  i n  h i s  p a p e r  

Dr  W u h r e r  h a d  m e n t i o n e d  t h e  t w o  m a i n  d e s i g n  

c o n c e p t s  f o r  c . p .  p r o p e l l e r  h u b s  u s e d  t o d a y :  

t h e  " c o l l a r "  t y p e  d e s i g n  a n d  t h e  " t r u n n i o n "  t y p e  

d e s i g n .  O f  t h e s e  t w o  d e s i g n s ,  t h e  " c o l l a r "  t y p e  

w a s  u s e d  w i t h  s u c c e s s  b y  t h e  m a j o r i t y  o f  t h e  

l e a d i n g  c . p .  p r o p e l l e r  m a n u f a c t u r e r s .  I t  w a s  

b e l i e v e d  t h a t  t h e  c o m p a n y  D r  W u h r e r  r e p r e s e n t e d  

w a s  t h e  o n l y  o n e  u s i n g  t h e  " t r u n n i o n "  t y p e  d e s i g n .  

L i p s  h a d  u s e d  b o t h  d e s i g n s  b u t  h a d  no w s e t t l e d  

o n  t h e  " c o l l a r "  d e s i g n  a c c o r d i n g  t o  a  p a p e r  b y  

Mr W i n d  o f  L i p s . *

A l t h o u g h  t h e  " t r u n n i o n "  c o n c e p t  w a s  u s e d  b y  a  

n u m b e r  o f  w a t e r  t u r b i n e  m a n u f a c t u r e r s ,  t h i s  d e s i g n  

w a s  n o t  g e n e r a l l y  c o n s i d e r e d  o p t i m a l  f o r  c . p .  

p r o p e l l e r s .

I n  D r  W u h r e r ' s  p a p e r ,  s u s p i c i o n s  w e r e  c a s t  o n  t h e  

" c o l l a r "  t y p e  d e s i g n  w i t h  r e g a r d  t o  l a c k  o f  

s t r e n g t h  a n d  r i g i d i t y  o f  t h e  h u b  s t r u c t u r e .  T h e  

b l a d e  p o r t s  a n d  t h e  o p e n  a f t  e n d  o f  t h e  h u b  w e r e  

m e n t i o n e d  e s p e c i a l l y .  H u b s  w i t h  o p e n e d  a s  w e l l  

a s  c l o s e d  a f t  e n d s  h a d  b e e n  u s e d  b y  t h e  w r i t e r ' s  

c o m p a n y .  E x p e r i e n c e  s h o w e d  t h a t  n e i t h e r  o f  t h e s e  

h u b  t y p e s  w e r e  e x p o s e d  t o  a n y  a d v e r s e  d e f o r m a t i o n ,  

w h i c h  p o s s i b l y  c o u l d  r i s k  t h e  p e r f o r m a n c e  o f  t h e  

h u b  s t r u c t u r e  o r  t h e  b e a r i n g s .

H o w e v e r ,  w i t h  t h e  d i m e n s i o n i n g  u s e d  t o d a y  f o r  

t h e  " c o l l a r "  t y p e  d e s i g n s ,  t h e  s t r e s s e s  i n  t h e  

o u t e r  h u b  s t r u c t u r e  w e r e  o f  s u c h  a  l o w  m a g n i t u d e  

t h a t  n o t h i n g  u s e f u l  c o u l d  b e  a c h i e v e d  b y  f u r t h e r  

r e d u c i n g  t h e  s t r e s s e s  a t  t h e  b l a d e  p o r t s  o r  a t  

t h e  a f t  e n d  o f  t h e  h u b .

T h e r e  w a s  t h e r e f o r e  n o t h i n g  t o  g a i n  b y  r e d u c i n g  

t h e  d i a m e t e r  o f  t h e  b l a d e  p o r t s  i n  t h e  h u b .

I n s t e a d  t h e  l a r g e r  t h e  b l a d e  f l a n g e s  c o u l d  b e  m a d e  

t h e  b e t t e r  t h e  b l a d e  r o o t  c o n f i g u r a t i o n  w o u l d  b e .

A l a r g e  b l a d e  f l a n g e  a l s o  p r o v i d e d  a  b e t t e r  b o l t  

c o n n e c t i o n .  T h e  d e s i g n  w i t h  b o l t e d  o n  p r o p e l l e r  

b l a d e s  a l w a y s  h a d  a n  a d v a n t a g e  w i t h  r e g a r d  t o  e a s y  

r e p l a c e m e n t  o f  b l a d e s .

F i g u r e  8  s h o w e d  a n  e x a m p l e  o f  t h e  i n f l u e n c e  o f  t h e  

b l a d e  f i g u r e  d i a m e t e r  o n  t h e  c a v i t a t i o n  m a r g i n  a t  

i n n e r  b l a d e  s e c t i o n s .  F r o m  t h i s  c o m p a r i s o n  i t  w a s  

c l e a r  t h a t  t h e  s a f e t y  a g a i n s t  c a v i t a t i o n  w a s  

a p p r e c i a b l y  l o w e r  f o r  t h e  b l a d e  w i t h  t h e  s m a l l  

f l a n g e ,  a n d  c o n s e q u e n t l y  t h i c k  r o o t  s e c t i o n s .

T h e  s t a n d a r d  d e s i g n  i n  t h e  " c o l l a r ”  c o n c e p t  f o r  

t h e  a c t u a t i n g  m e c h a n i s m  w a s  " s l i d i n g  b l o c k  -  

c r a n k  p i n " .  T h o r o u g h  s t u d i e s  h a d  i n d i c a t e d  t h a t  

t h i s  d e s i g n  u t i l i z e d  t h e  c o n f i n e d  s p a c e  i n  t h e  

h u b  i n  a n  o p t i m a l  w a y .  T h e  c r a n k  p i n  r a d i u s  w a s  

s m a l l e r .  T h i s  r e s u l t e d  i n  t h e  a c t u a t i n g  f o r c e  

b e i n g  l a r g e r  f o r  a  c e r t a i n  s p i n d l e  t o r q u e .  H o w e v e r ,  

t h e  r e s u l t i n g  s t r e s s e s  a n d  b e a r i n g  p r e s s u r e s  w e r e  

l o w e r  t h a n  i n  t h e  d e s i g n  w i t h  l e v e r s  a n d  l i n k s  a s  

u s e d  i n  t h e  " t r u n n i o n "  c o n c e p t .

I n  F i g u r e  9  t h e  c o m p l e t e d  d i a g r a m  o f  D r  W u h r e r ' s  

F i g u r e  4 s h o w e d  t h e  s p e c i f i c  s e r v o  f o r c e  i n  t h e  

t w o  d i f f e r e n t  h u b  c o n c e p t s  w i t h  t w o  d i a g r a m s  

s h o w i n g  t h e  c o r r e s p o n d i n g  s t r e s s e s  a n d  b e a r i n g  

p r e s s u r e s  .

T h e  c o m p a r i s o n  w a s  b a s e d  u p o n  t h e  d i a g r a m  f o r  

s p e c i f i c  s e r v o  f o r c e  g i v e n ,  a n d  t h e  a c t u a l  

d i m e n s i o n s  o f  t h e  a c t u a t i n g  m e c h a n i s m  i n  h u b s  o f  

t h e  t w o  d i f f e r e n t  c o n c e p t s  b o t h  w i t h  t h e  s a m e  

o u t s i d e  d i a m e t e r s .

I t  w a s  n o t e d  t h a t  t h e  a u t h o r ' s  c o m p a n y  h a d  t h e i r  

own  c o m p u t e r  p r o g r a m m e  f o r  e s t i m a t i n g  d y n a m i c  

f o r c e s  o n  t h e  p r o p e l l e r  b l a d e .  C o m p a r i s o n  w i t h  

g o o d  c o n f o r m i t y  h a d  a l s o  b e e n  m a d e  w i t h  m e a s u r e 

m e n t s  o n  o n e  f u l l  s c a l e  p r o p e l l e r .

I t  w o u l d  b e  v a l u a b l e  t o  o b t a i n  m o r e  d e t a i l s  o f  t h e  

s h i p s  m e n t i o n e d  i n  T a b l e  I  a n d  e x p l a n a t i o n s  f o r  

t h e  d i f f e r e n t  d e s i g n a t i o n s  c o u l d  b e  g i v e n .  He  

a s s u m e d  A -S M x / S M x  r e f e r r e d  t o  t h e  p r o p e l l e r  t h r u s t  

a n d  t h a t ,  t h e r e f o r e ,  t h e  r e s u l t a n t  A  SM/SM s h o u l d  

b e  c l o s e r  t o  A .  SMx/ SMx t h a n  t o  A S M > | ^ / S M T ^

A t  KMW t h e  d y n a m i c  f o r c e s  o n  a  p r o p e l l e r  w e r e  a s  a  

r o u t i n e  c a l c u l a t e d  b y  m e a n s  o f  a  c o m p u t e r  p r o g r a m m e  

H o w e v e r ,  f o r  s e v e r a l  p r o j e c t s  t h e s e  c a l c u l a t i o n s  

w e r e  f o l l o w e d  u p  w i t h  m o d e l  t e s t  i n  c h e  c o m p a n y ' s  

c a v i t a t i o n  l a b o r a t o r y .  S p e c i a l  5 - c o m p o n e n t  

d y n a m o m e t e r s  w e r e  u s e d  f o r  m e a s u r i n g  t h e  d y n a m i c  

f o r c e s  o n  p r o p e l l e r  b l a d e s .  T h e  f i v e  d y n a m i c  

c o m p o n e n t s  m e a s u r e d  b y  t h e  d y n a m o m e t e r  w e r e :
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a )  b l a d e  t h r u s t ;

b )  b e n d i n g  m o m e n t  o f  b l a d e  t h r u s t ;

c )  t r a n s v e r s a l  f o r c e  i n  t o r q u e  

d i r e c t i o n ;

d )  b e n d i n g  m o m e n t  o f  t r a n s v e r s a l  

f o r c e ;

e )  s p i n d l e  t o r q u e

T h e  t e s t s  w e r e  m a d e  i n  b e h i n d  c o n d i t i o n s  w i t h  

s i m u l a t e d  f u l l  s c a l e  w a k e .  T h e  c l o s e  c o n t a c t  

b e t w e e n  t e s t i n g  a n d  c a l c u l a t i o n  w a s  e s s e n t i a l  f o r  

s a f e  d e s i g n i n g .  F i g u r e  1 0  s h o w e d  a  c o m p a r i s o n  

b e t w e e n  m e a s u r e d  a n d  c a l c u l a t e d  t h r u s t  o n  a  

p r o p e l l e r  b l a d e .

I t  w a s ,  h o w e v e r ,  n o t  o n l y  t h e  w a k e  f i e l d  w h i c h  

e x p o s e d  a  c . p .  p r o p e l l e r  t o  f a t i g u e  a n d  v i b r a t o r y  

l o a d s ,  b u t  i c e  c o n d i t i o n s  c o u l d  b e  m u c h  m o r e  

s e v e r e  w i t h  r e g a r d  t o  f a t i g u e .

I t  w a s  w e l l - k n o w n  t h a t ,  f o r  t h e  US C o a s t  G u a r d ,  

E s c h e r  W y s s  h a d  b u i l t  t h e  b i g g e s t  c . p .  i c e  b r e a k e r  

p r o p e l l e r s  i n  t h e  w o r l d  s o  f a r .  I t  w o u l d  b e  

i n t e r e s t i n g  t o  h e a r  s o m e t h i n g  a b o u t  t h e  m e t h o d s  

u s e d  f o r  d e t e r m i n i n g  t h e  d y n a m i c  f o r c e s  f o r  t h e s e  

b i g  p r o p e l l e r s .

*  " I n t e r n a t i o n a l  S h i p b u i l d i n g  P r o g r e s s "

F e b r u a r y  1 9 7 1  n u m b e r  1 9 8

MR M S BRADLEY MI Ma r E  w i s h e d  t o  r e f e r  t o  t h r e e  

p o i n t s  i n  D r  W u h r e r ' s  p a p e r :

T h e  a u t h o r  h a d  q u o t e d  a n  e x p r e s s i o n  f o r  e q u i v a l e n t  

s t r e s s  w h i c h  h e  h a d  c o m p a r e d  t o  t h e  m a t e r i a l  y i e l d  

s t r e s s  t o  g i v e  f a c t o r s  o f  s a f e t y  i n  t h e  o r d e r  o f  

t h r e e .

T h i s  e x p r e s s i o n  a p p e a r e d  t o  d e r i v e  f r o m  t h e  

Go o dma n  c r i t e r i o n ,  b u t  w i t h  t h e  u s e  o f  y i e l d  

s t r e s s  i n s t e a d  o f  e n d u r a n c e  s t r e s s .  Mr  B r a d l e y  

w o n d e r e d  i f  t h e  a u t h o r  w o u l d  n o t  c o n s i d e r  i t  m o r e  

a p p r o p r i a t e  i n  h i s  c o m p a r i s o n s  i f  t h e  e n d u r a n c e  

l i m i t  o f  t h e  m a t e r i a l  w e r e  t o  b e  a p p l i e d  s i n c e  t h e  

r e s u l t s  w o u l d  b e  m o r e  a p p l i c a b l e  t o  t h e  u s e  o f  

a l t e r n a t i v e  m a t e r i a l s  i n  c o n s t r u c t i o n .  T h e  

a p p a r e n t  f a c t o r  o f  s a f e t y  p r e s e n t l y  d e r i v e d  

i n c o r p o r a t e s  a n  a l l o w a n c e  f o r  t h e  r a t i o  o f  y i e l d  

t o  e n d u r a n c e  s t r e s s ,  a n d  t h i s  w a s  n o t  n e c e s s a r i l y  

t h e  s a m e  b e t w e e n  d i f f e r i n g  m a t e r i a l s .

He w o u l d  b e  g r a t e f u l  i f  t h e  a u t h o r  w o u l d  p r o v i d e  

f u r t h e r  d e t a i l s  r e g a r d i n g  t h e  p r e - s t r e s s i n g  o f  

t h e  b l a d e  b o l t s  a n d  t h e i r  e l a s t i c  d i a g r a m .  T h i s  

w a s  m e n t i o n e d  i n  p a s s i n g  i n  t h e  p a p e r  a n d  i t  w a s  

a  p i t y  t h a t  s u c h  a n  i m p o r t a n t  t o p i c  h a d  n o t  b e e n  

m o r e  f u l l y  d e a l t  w i t h  i n  v i e w  o f  t h e  h i g h  v i b r a t o r y  

l o a d s  d e s c r i b e d .  M i g h t  h e  s u g g e s t  t h a t  t h e  a u t h o r  

s h o u l d  i n c o r p o r a t e  h i s  v e r b a l  p r e s e n t a t i o n  o n  

b o l t i n g  i n t o  h i s  r e p l y  t o  t h e  d i s c u s s i o n ,  t h u s  

e n h a n c i n g  a n  a l r e a d y  i n t e r e s t i n g  p a p e r .

F i n a l l y ,  a  p o i n t  o f  i n t e r e s t :  t h e  r a t i o  o f  

f l u c t u a t i n g  b e n d i n g  m o m e n t  t o  m e a n  b e n d i n g  m o m e n t  

a t  t h e  b l a d e  r o o t  i n  t h e  X d i r e c t i o n  g i v e n ,  

e x a m p l e ,  f o r  t h e  LASH v e s s e l  i n  T a b l e  I  a s  0 . 7 9  

w o u l d  s e e m  t o  i m p l y  a  s h i f t  i n  t h e  c e n t r e  o f  

t h r u s t  o f  a p p r o x i m a t e l y  13% o f  t h e  p r o p e l l e r  

r a d i u s ,  a n d  Mr B r a d l e y  w o n d e r e d  i f  t h i s  w a s  a  

c o r r e c t  i n t e r p r e t a t i o n .

CORRESPONDENCE

MR J  S CARLTON M I Ma rE  w r o t e  t h a t  t h e  a u t h o r  h a d  

p r o d u c e d  a n  i n t e r e s t i n g  p a p e r  d e a l i n g  w i t h  t h e  

p h i l o s o p h y  b e h i n d  h i s  c o m p a n y ' s  p a r t i c u l a r  d e s i g n  

o f  c o n t r o l l a b l e  p i t c h  p r o p e l l e r ,  w h i c h ,  n o  d o u b t ,  

w o u l d  p r o v i d e  s o m e  l i v e l y  d i s c u s s i o n  t h r o u g h o u t  

t h e  p r o p e l l e r  i n d u s t r y .

T h e  d e s i g n  o f  a  c o n t r o l l a b l e  p i t c h  p r o p e l l e r  

b r o u g h t  t o g e t h e r  t h e  t w o  d i s c i p l i n e s  o f  m e c h a n i c a l  

e n g i n e e r i n g  a n d  s h i p  h y d r o d y n a m i c s  o f t e n  w i t h  a  

c e r t a i n  d e g r e e  o f  c o n f l i c t  a r i s i n g  i n  t h e  a r e a  

o f  t h e  b l a d e  p a l m .  As  t h e  a u t h o r  h a d  c o r r e c t l y  

p o i n t e d  o u t ,  f r o m  a  m e c h a n i c a l  e n g i n e e r i n g  

v i e w p o i n t ,  t h e  h u b  d e s i g n  w i t h  t h e  s m a l l e s t  o p e n i n g  

f o r  t h e  b l a d e  p a l m s  w a s  t h e  m o s t  d e s i r a b l e  i n  

o r d e r  t o  a c h i e v e  t h e  g r e a t e s t  s t r e n g t h  i n  t h e  

o u t e r  r e g i o n s  o f  t h e  h u b  b o d y .  H o w e v e r ,  o n  t h e  

o t h e r  h a n d ,  t h e  h y d r o d y n a m i c i s t  a l w a y s  l o o k e d  f o r  

t h e  g r e a t e s t  p a l m  d i a m e t e r  i n  w h i c h  t o  s i t e  h i s  

b l a d e ,  t h i s  h a v i n g  a l r e a d y  b e e n  c o n s t r a i n e d  i n  

i t s  f o r m  d u e  t o  t h e  b l a d e  t o  b l a d e  i n t e r f e r e n c e  

c o n s i d e r a t i o n s . Some  a d v a n t a g e  c o u l d  b e  g a i n e d  

b y  a l l o w i n g  t h e  r o o t  s e c t i o n s  t o  " o v e r h a n g "  i n  

t e r m s  o f  b l a d e  s t r e n g t h ;  t h i s  e f f e c t  b e i n g  s h o w n  

i n  F i g u r e  11  b y  m e a n s  o f  a n  i n c r e a s e  i n  t h e  

s e c t i o n  m o d u l u s  c o e f f i c i e n t  o f  a  p a r t i c u l a r  

N . A . C . A .  s e r i e s  s e c t i o n  f o r  v a r i o u s  a m o u n t s  o f
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o v e r h a n g  o f  t h e  l e a d i n g  a n d  t r a i l i n g  e d g e s .  T h i s  

p r o c e s s  m u s t  n o t  b e  c a r r i e d  t o o  f a r  f o r  o b v i o u s  

r e a s o n s .  F u r t h e r m o r e ,  a n o t h e r  p r o b l e m  a s s o c i a t e d  

w i t h  t h e  d e s i g n  o f  b l a d e s  w h i c h  w e r e  t o  b e  s i t e d  

o n  r e l a t i v e l y  s m a l l  p a l m s  w e r e  t h e  s t r e s s  

c o n c e n t r a t i o n s  a r i s i n g  f r o m  t h e  p e n e t r a t i o n  o f  t h e  

a c t u a l  r o o t  a e r o f o i l  s e c t i o n  p r o f i l e  b y  t h e  b l a d e  

b o l t  h o l e s .  T h i s  l a t t e r  p r o b l e m  c o u l d ,  a s  

m e n t i o n e d  i n  t h e  p a p e r ,  b e  v e r y  s a t i s f a c t o r i l y  

o v e r c o m e  b y  t h e  u s e  o f  c a s t  t r u n n i o n s ,  h o w e v e r ,  

t h i s  d i d  n o t  a p p e a r  t o  b e  t h e  n o r m a l  p r a c t i c e  f o r  

t h e  h i g h e r  p o w e r  c . p . p .  a p p l i c a t i o n s  i n  w h i c h  t h e  

b l a d e  b o l t  s y s t e m  s e e m e d  t o  p r e d o m i n a t e .  W o u l d  

t h e  a u t h o r  c a r e  t o  c o m m e n t  f u r t h e r  o n  t h e s e  

p a r t i c u l a r  a s p e c t s  o f  t h e  d e s i g n  o f  c . p .  p r o p e l l e r s  

i n  r e l a t i o n  t o  t h e  c o n s t r a i n t s  u s e d  i n  h i s  

p a r t i c u l a r  d e s i g n  ?

B l a d e  b e n d i n g  m o m e n t  f l u c t u a t i o n s  w e r e  f r e q u e n t l y  

l e s s  f o r  t w i n  s c r e w  s h i p s  t h a n  f o r  t h e i r  s i n g l e  

s c r e w  c o u n t e r p a r t s  d u e  t o  t h e  g r e a t e r  u n i f o r m i t y  

o f  t h e  i n d u c e d  w a k e  f i e l d .  T h i s  g e n e r a l ,  a l t h o u g h  

b y  n o  m e a n s  i n f a l l i b l e ,  r u l e  w a s  a d e q u a t e l y  b o r n e  

o u t  b y  t h e  F r i g a t e  r e s u l t s  i n  T a b l e  I ,  s i n c e  

t h e s e  t y p e s  o f  p r o p e l l e r s  n o r m a l l y  o p e r a t e d  i n  

w h a t  c o u l d  e f f e c t i v e l y  b e  c o n s i d e r e d  t o  b e  o p e n  

w a t e r .  I t  w a s  i n t e r e s t i n g  t o  n o t e  t h e r e f o r e  

t h a t  i n  t h e  c a s e  o f  t h e  o t h e r  t w i n  s c r e w  v e s s e l  

m e n t i o n e d  i n  t h e  T a b l e  w e  o b s e r v e d  t h e  g r e a t e s t  

b e n d i n g  m o m e n t  f l u c t u a t i o n  o f  a l l  o f  t h e  e x a m p l e s  

c i t e d .  C o n s e q u e n t l y ,  i t  w o u l d  b e  i n t e r e s t i n g  t o  

l e a r n  o f  a n y  p a r t i c u l a r  a n o m a l i e s  i n  t h e  w a k e  f i e l d  

o f  t h i s  s h i p  w h i c h  m i g h t  h a v e  b e e n  r e s p o n s i b l e  f o r  

t h i s  a p p a r e n t l y  l a r g e  i n c r e a s e  i n  b e n d i n g  m o m e n t  

f l u c t u a t i o n .

Some  c o n t r o l l a b l e  p i t c h  p r o p e l l e r  d e s i g n s  a n d  

p r o p o s a l s  e m a n a t i n g  f r o m  t h e  a u t h o r ' s  c o m p a n y  h a d  

o v e r  t h e  y e a r s  b e e n  n o t a b l e  f o r  t h e  c o m p o s i t i o n  

o f  t h e  t o t a l  p r o p e l l e r  r a k e  b y  m e a n s  o f  b o t h  r a k e  

o f  t h e  b l a d e  r e l a t i v e  t o  t h e  p a l m  a n d  a l s o  o f  t h e  

p a l m  r e l a t i v e  t o  t h e  p l a n e  o f  t h e  s h a f t  c e n t r e l i n e ,  

i n d e e d ,  F i g u r e  5  o f  t h e  p a p e r  d e m o n s t r a t e d  t h i s  

l a t t e r  c o m p o n e n t  o f  r a k e .  Now,  i n  t h e  c a s e  o f  

u n r a k e d  p r o p e l l e r s  i t  h a d  b e e n  s h o w n  t h a t  t h e  

c y l i n d r i c a l  b l a d e  s e c t i o n s  u n d e r w e n t  c o n s i d e r a b l e  

d e f o r m a t i o n s  o f  p r o f i l e  w h e n  t h e  p i t c h  w a s  c h a n g e d ,  

c o n s e q u e n t l y ,  h a v i n g  a  s i m i l a r  e f f e c t  o n  t h e  

h y d r o d y n a m i c  p r o p e r t i e s  o f  z e r o  l i f t  a n g l e ,  l i f t  

s l o p e  a n d  p i t c h i n g  m o m e n t .  I t ,  t h e r e f o r e ,  w o u l d

b e  o f  i n t e r e s t  t o  l e a r n  w h a t  a d d i t i o n a l  e f f e c t s  

t h e  t w o  a b o v e  m e n t i o n e d  c o m p o n e n t s  o f  r a k e  h a v e  

u p o n  t h e s e  h y d r o d y n a m i c  p r o p e r t i e s  a n d  ho w s u c h  

c h a n g e s  a r e  a c c o u n t e d  f o r  i n  t h e  a u t h o r ' s  p r o g r a m ,  

s i n c e  t h i s ,  a s  i n d i c a t e d  i n  t h e  p a p e r ,  w a s  b a s e d  

u p o n  a  c y l i n d r i c a l  b l a d e  s e c t i o n  a n a l y s i s  r a t h e r  

t h a n  a  H e s s  t y p e  a p p r o a c h .  T h e  a u t h o r  a l s o  g a v e  

e x a m p l e s  o f  t h e  e x c e l l e n t  c o r r e l a t i o n  o b t a i n e d  

b e t w e e n  h i s  c o m p u t e d  r e s u l t s  a n d  t h e  r e s u l t s  o f  

h i s  f u l l  s c a l e  t r i a l  a n a l y s i s ,  b o t h  o f  w h i c h  a r e  

p r e s u m a b l y  a t  t h e  d e s i g n  c o n d i t i o n .  C o u l d  t h e  

a u t h o r  p e r h a p s  g i v e  s o m e  e x a m p l e s  o f  t h e  e x t e n s i o n  

o f  t h i s  c o r r e l a t i o n  i n t o  s o m e  o f  t h e  i m p o r t a n t  

o f f - d e s i g n  c o n d i t i o n s  n o r m a l l y  m e t  w i t h  i n  

c o n t r o l l a b l e  p i t c h  p r o p e l l e r  o p e r a t i o n .

I n  t h e  p a p e r  m u c h  c o m m e n t  h a d  b e e n  m a d e  o f  t h e  

a d v a n t a g e s  i n  t e r m s  o f  t h e  s t e a d y  s t a t e  a n d  

d y n a m i c  s t r e s s  d i s t r i b u t i o n s  a c h i e v e d  b y  u s e  o f  

t h e  t r u n n i o n  c . p .  p r o p e l l e r  m e c h a n i s m  o v e r  t h e  

c o l l a r  t y p e .  C o n s e q u e n t l y ,  i t  w o u l d  b e  o f  

i n t e r e s t  t o  k n o w  m o r e  o f  t h e  d e v e l o p m e n t  s t a g e s  

t h a t  h a d  t a k e n  p l a c e  d u r i n g  t h e  a v o l u t i o n  o f  

t h i s  d e s i g n  a n d  a l s o  t o  l e a r n  s o m e t h i n g  o f  t h e  

a u t h o r ' s  e x p e r i e n c e  w i t h  t h e  w e a r  r a t e s  o f  t h e  

v a r i o u s  m e m b e r s  i n  t h e  t r u n n i o n  l i n k a g e  a s  

o p p o s e d  t o  t h o s e  o f  t h e  c o l l a r  t y p e .

AUTHOR' s  REPLY

Dr  I n g  W u h r e r  r e p l i e d  t h a t  Mr  G e e  h a d  u n d e r s t a n d 

a b l y  s u g g e s t e d  t h a t  t h e  m e r i t s  o f  a n y  d e s i g n  

s h o u l d  b e  r e f l e c t e d  i n  a  l o w e r  f a i l u r e  r a t e  a s  

c o m p a r e d  t o  o t h e r s .  T h e  a u t h o r  c o u l d  o n l y  a g r e e  

t h a t  I t  w a s  o f  s u p r e m e  i m p o r t a n c e  t o  t h e  

o p e r a t i o n a l  s u c c e s s  o f  t h e  c . p . p .  t h a t  t h e  

m a k e r s  s h o u l d  c o n s c i e n t i o u s l y  o b s e r v e  t h e  r u l e s  o f  

r e l i a b l e  d e t a i l  d e s i g n  a n d  q u a l i t y  c o n t r o l  i n  

s u c h  i t e m s  a s  s e a l s ,  b e c a u s e  t h e s e  e l e m e n t s  -  i f  

t h e y  s h o u l d  f a i l  -  c o u l d  o b s c u r e  t h e  f u n d a m e n t a l  

s o u n d n e s s  a n d / o r  t h e  p r i n c i p a l  a d v a n t a g e s  o f  a  

g i v e n  c o n c e p t .

I n  t h e  a u t h o r ' s  c o m p a n y ' s  c a s e  a n d  i n  r e l a t i o n  t o  

t h e  c a s e s  o f  s e a  w a t e r  i n t r u s i o n  m e n t i o n e d  b y  

Mr G e e ,  t h e  s e a l  d e s i g n  d i d  n o t  n e e d  t o  b e  

c h a n g e d  b u t  a  s t r i n g e n t  q u a l i t y  c o n t r o l  w a s  

i n t r o d u c e d .  T h i s  i n c l u d e d  t h e  m e a s u r e m e n t  o f  t h e  

c o m p r e s s i o n  s e t  m o d u l e  o f  t h e  e n d l e s s ,  m o l d e d  

r u b b e r  r i n g ,  w h i c h  f o r  g o o d ,  l a s t i n g  e l a s t i c i t y  

s h o u l d  n o t  e x c e e d  1 0  t o  15%.
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F u r t h e r m o r e ,  t h e  n a t u r a l  a s p i r a t i o n  ( u n c h a r g e d )  

c l o s e d  l o o p  h y d r a u l i c  s y s t e m  w h i c h  a l l o w e d  p r e s s u r e s  

b e l o w  t h e  h e a d  t a n k  l e v e l  t o  o c c u r  u n d e r  c e r t a i n  

o p e r a t i n g  c o n d i t i o n s  h a d  b e e n  c h a n g e d  o r  ( f o r  o t h e r  

r e a s o n s )  a b a n d o n e d .

Some  e x p e r i e n c e  h a d  b e e n  a c q u i r e d  w i t h  c r e v i c e  

c o r r o s i o n  i n  t h e  h u b  a b o v e  a n d  o u t s i d e  t h e  s e a l  

r i n g s  i n  o l d e r  d e s i g n s ,  p a r t i c u l a r l y  i n  s t a i n l e s s  

s t e e l .  T h e  o b v i o u s  r e p a i r  w a s  t o  i n s e r t  a  s e p a r a t e  

r i n g  t o  " r e p l a c e "  t h e  c o r r o d e d  s u r f a c e .  C r e v i c e  

c o r r o s i o n  w a s  n o t  f o u n d  i n  c a r e f u l l y  e l e c t r o l y t i c a l l y  

p r o t e c t e d  p r o p e l l e r s  a n d  w h e n  t h e  c l e a r a n c e  b e t w e e n  

h u b  a n d  b l a d e  w a s  n e i t h e r  t o o  s m a l l  n o r  t o o  l o n g .

A l s o  o c c o r d i n g  t o  e x p e r i e n c e  a  s e c o n d  " o u t s i d e "

O - r i n g  c o u l d  p r o t e c t  t h e  l a r g e  d i a m e t e r  s e a l  r i n g  

f r o m  t h i s  k i n d  o f  c o r r o s i o n  o r  o t h e r  a d v e r s e  

e n v i r o n m e n t a l  i n f l u e n c e s .  T h e  a u t h o r ' s  c o m p a n y ' s  

p r o p e l l e r s  s h o w e d  t h e s e  f e a t u r e s .

S u b s e q u e n t l y ,  Mr G e e  h a d  a s k e d  w h e t h e r  t h e  b l a d e  

b o l t s  w e r e ,  o r  s h o u l d  b e ,  m a d e  t o  f a i l  n e x t  a f t e r  

t h e  b l a d e  w a s  d a m a g e d  i n  b e n d i n g  u p o n  i m p a c t .  T h i s  

w a s  i n  f a c t  a t t e m p t e d  a c c o r d i n g  t o  w h a t  h a d  b e c o m e  

k n o w n  a s  t h e  p y r a m i d  o f  s t r e n g t h .  C e r t a i n l y  t h e r e  

t h e n  w a s  t h e  d a n g e r  o f  h a v i n g  b o l t s  w h i c h  w e r e  n o t  

s t r o n g  e n o u g h  i n  r e s p e c t  t o  t h e  n e c e s s a r y  f a t i g u e  

l i f e ,  h e n c e  t h e  e m p h a s i s  o n  t h e  k n o w l e d g e  o f  t h e  

d y n a m i c  f o r c e s  a n d  t h e  c a r e f u l  d e t a i l  d e s i g n  o f  

t h e  b o l t s  i n  r e s p e c t  o f  t h e  s t r e s s  c o n c e n t r a t i o n  

e f f e c t s  m e n t i o n e d  i n  t h e  p a p e r .  As c o m p l y i n g  w i t h  

t h e  p y r a m i d  o f  s t r e n g t h  w a s  p r u d e n t ,  a  d e t a i l e d  

d y n a m i c  a n a l y s i s  o f  b o l t  s t r e n g t h  w a s  r e q u i r e d .

A l s o  t h e  t h r e a d s  m u s t  b e  o f  s u p e r i o r  s t r e n g t h  b y  

a  s u f f i c i e n t l y  l a r g e  f a c t o r  i n  c o m p a r i s o n  w i t h  

s h a n k  a n d  b o l t  h e a d .  T h e r e  w a s  n o  d o u b t  t h a t  b o t h  

t h e  p y r a m i d  o f  s t r e n g t h  r e q u i r e m e n t  a n d  s u f f i c i e n t  

s a f e t y  w i t h  r e s p e c t  t o  f a t i g u e  l i f e  c o u l d  b e  

a c h i e v e d .

On t h e  s u b j e c t  o f  t h e  h u b  f o r  a n  i c e b r e a k e r  

p r o p e l l e r ,  f o r  w h i c h  t h e  a u t h o r ' s  c o m p a n y  w o u l d  

r e c o m m e n d  f i t t i n g  o f  i n t e g r a l  t r u n n i o n s ,  c o u l d  i t  

b e  s a i d  t h a t  t h e  s t r u c t u r e  w a s  d e s i g n e d  t o  

w i t h s t a n d  f o r c e s  t h a t  b e n d  t h e  b l a d e  i n  t h e  w e a k e s t  

d i r e c t i o n .  As t h e  s e c t i o n  m o d u l u s  o f  t h e  b l a d e  -  

w h i c h  a p p l i e d  w h e n  i t  w a s  s u b j e c t e d  t o  s p i n d l e  

t o r q u e s  -  w a s  e x c e s s i v e l y  l a r g e ,  t h e  a b o v e  r e a s o n 

i n g  c o u l d  n o t  b e  f u l l y  f o l l o w e d  u p  i n  r e s p e c t  o f  

t h e  m e c h a n i s m .  T h e  m e c h a n i s m  m u s t  i n s t e a d  b e  

d e s i g n e d  t o  w i t h s t a n d  t h e  o p e r a t i o n a l  i c e f o r c e s

w i t h  a n  a s  l a r g e  a  s a f e t y  m a r g i n  a s  a t t a i n a b l e  ( s e e  

s o m e  f u r t h e r  c o m m e n t s  i n  t h e  a n s w e r  t o  Mr L i n d a h l ' s  

c o m m e n t ) .

MR LINDAHL s u g g e s t e d  t h a t  e x c e p t  f o r  t h e  a u t h o r ' s  

c o m p a n y  a l l  m a j o r  c . p . p .  m a k e r s  a p p l i e d  t h e  c o l l a r  

t y p e  d e s i g n ,  i m p l y i n g  t h a t  t h i s  s i t u a t i o n  h a d  

d e v e l o p e d  t h r o u g h  a  b a s i c  p r o c e s s  o f  e v a l u a t i o n  a n d  

l o n g  t e r m  d e v e l o p m e n t .  W h e r e a s  t h e  a u t h o r  w a s  o f  

t h e  o p i n i o n  t h a t  t h e  b a c k g r o u n d  o f  t h i s  s i t u a t i o n  

w a s ,  i n  t h e  a u t h o r ' s  o p i n i o n ,  m a i n l y  h i s t o r i c a l .

T h e  a u t h o r ' s  c o m p a n y ,  a  l e a d i n g  w a t e r  t u r b i n e  

m a k e r ,  h a d  d e s i g n e d  a n d  p r o d u c e d  t h e  f i r s t  

h y d r a u l i c a l l y  o p e r a t e d  c . p . p .  b a c k  i n  1 9 3 4 ,  a l o n g  

t h e  l i n e s  o f  i t s  K a p l a n  t u r b i n e  d e s i g n  w h i c h  w a s  

t h e n ,  a n d  i s  t o d a y ,  b a s e d  o n  t h e  t r u n n i o n  b e a r i n g  

c o n c e p t  a l s o  a n d ,  a f t e r  h a v i n g  c a r e f u l l y  c h e c k e d  

t h e  m e r i t s  o f  b o t h  s y s t e m s  p e r i o d i c a l l y ,  t h e y  w e r e  

s t i l l  c o n v i n c e d  o f  i t s  s p e c i a l  s u i t a b i l i t y  i n  

c . p . p .  d e s i g n .

KMW, o n  t h e  o t h e r  h a n d ,  h a d  ( t o  t h e  a u t h o r ' s  

k n o w l e d g e )  b e e n  t h e  o n l y  w a t e r  t u r b i n e  m a k e r  who  

a p p l i e d  t h e  c o l l a r  t y p e  b e a r i n g .  T h i s  b e i n g  

a d o p t e d  f o r  KMW' s  m a r i n e  p r o p e l l e r ,  w h i c h  -  d u e  t o  

t h e  l e a d i n g  p o s i t i o n  o f  KMW i n  t h e  f i r s t  p o s t  w a r  

y e a r s  -  h a d  i n f l u e n c e d  t h e  t h e n  n e w c o m e r s  i n  t h e  

c . p . p .  m a r k e t ,  g e n e r a l l y  f i x e d  p i t c h  p r o p e l l e r  

f o u n d r i e s ,  t o  o p t  f o r  t h e  c o l l a r  t y p e  d e s i g n .  T h e  

w i d e  s p r e a d  u s e  o f  t h e  c o l l a r  b e a r i n g  t h e r e f o r e  

d i d  n o t  h o l d  t e c h n i c a l  p r o o f  o f  " o p t i m a l "  f e a t u r e s  

f o r  a  c . p . p .  a p p l i c a t i o n .  M o r e  s p e c i f i c a l l y  

Mr L i n d a h l  r e f e r r e d  t o  t h e  l a r g e r  b l a d e  p a l m s  a s  

o n e  a d v a n t a g e  o f  t h e  c o l l a r  c o n c e p t  s t r e s s i n g  t h e  

c a v i t a t i o n  a s p e c t .

T h e  a u t h o r  c o m m e n t e d  t h a t  t h i s  d r a w b a c k  d i d  n o t  

a p p l y  i n  t h e  m a j o r i t y  o f  p r o p e l l e r s ,  b u t  w a s  m e t ,  

w h e r e  n e c e s s a r y ,  b y  p r o v i d i n g  l a r g e r  b l a d e  p a l m s  

( s e e  F i g u r e  1 2 )  w i t h  o n l y  m a r g i n a l  i n f r i n g e m e n t  

o f  t h e  f a v o u r a b l e  w i d t h  b e t w e e n  p o r t s  w h i c h  t h e  

t r u n n i o n  c o n c e p t  a l l o w e d .

Mr L i n d a h l ' s  d e n i a l  o f  a n y  a d v e r s e  e f f e c t  o f  t h e  

v e r y  m u c h  l a r g e r  h u b  p o r t s  o n  t h e  r i g i d i t y  o f  t h e  

h u b  s t r u c t u r e  w a s  c o n t r a r y  t o  b o t h  t h e  r e a s o n i n g  i n  

t h i s  p a p e r  a n d  s o m e  s t r u c t u r a l  h u b  f a i l u r e s  ( c r a c k s )  

b e t w e e n  l a r g < ;  p o r t s  w h i c h  h a d  b e c o m e  k n o w n .  Some  

p u b l i c a t i o n s ^ 1  ̂ d e s c r i b e d

2 5 5



Fig.12 -H u b  for fast naval craft. Power 2 x 8 5 0 0  k W ( l1 5 0 0  P S  
a t 6 4 0 m in ” 1. Hub diameter 66 5 m i*

Blade upsetting moment Palm geometry

Specific
combined stress

( BEND IN G/  S H E A R  

a v / f s  (C3 * N/m2/Nm)

Astern  c = = o  Ahead 

Pitch angle

Astern  <X-n_c> Ahead 

Pitch angle

Fig.13 — Comparison of stress in pin of 
actuating mechanisms (influence of 
frictional forces in the blade bearings 
not included)

Safety factor 
against fatigue 
failure

Fig.14— Dynamic bolt stress analysis
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B O LT  B L A D E  A N D  T R U N N IO N

Fig. 16 — Blade bolt diagram (Exam ple : M 4 2  )

S t re sse s  above pre-load  due to 

upsetting moment

Approx. 10°/o max 
5°/o mean

P ressure  side

Fig. 17 — Blade bolt (shank) s tre sse s  (stra in gauge measurements)

R O  3

RO-7
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T h e  q u e s t i o n  o f  r i g i d i t y  m i g h t  b e  l e s s  i m p o r t a n t  

I n  a  s t a i n l e s s  s t e e l  h u b  o f  a  t h r e e  o r  f o u r  b l a d e  

c o n f i g u r a t i o n  a t  n o r m a l  s p e c i f i c  l o a d i n g ,  b u t  i t  

w a s  d e f i n i t e l y  a c c e n t u a t e d  i n  f i v e  b l a d e d  b r o n z e  

h u b s  a n d  a l s o  i n  h u b s  o f  l a r g e  l o a d i n g s ,  g e n e r a l l y ,  

s u c h  a s  i n  s p e c i a l  i c e b r e a k e r  a p p l i c a t i o n s .

S u b s e q u e n t l y  Mr  L i n d a h l  h a d  c o m m e n t e d  o n  t h e  

m e c h a n i s m  f o r c e s  i n  b o t h  d e s i g n s ,  c o n f i r m i n g  t h e  

f o r c e s  i n  t h e  t r u n n i o n  c o n c e p t  t o  b e  l o w e r .  I n  a n  

a c c o m p a n y i n g  d i a g r a m ,  h o w e v e r ,  t h e  p i n  s h e a r  

s t r e s s e s  w e r e  s h o w n  t o  b e  h i g h e r  i n  s p i t e  o f  t h e  

l o w e r  f o r c e s .  T h i s  c o m p a r i s o n  h o w e v e r  o m i t t e d  t h e  

b e n d i n g  s t r e s s  o f  t h e  s i n g l e  s h e a r  p i n  i n  t h e  

s l i d i n g  b l o c k  a r r a n g e m e n t  w h i c h  a l s o  s e e s  a  s t r e s s  

c o n c e n t r a t i o n  f a c t o r  o f  c o n s i d e r a b l e  m a g n i t u d e  

( p r o b a b l y  a b o u t  2 . 0  d e p e n d i n g  o n  t h e  d e t a i l  d e s i g n ) .  

T h i s  r e v e r s e d  t h e  c o m p a r i s o n  o f  Mr L i n d a h l ' s  

F i g u r e  9 a g a i n  i n  f a v o u r  o f  t h e  l i n k  c o n f i g u r a t i o n .  

T h e  a u t h o r ' s  F i g u r e  1 3  e x h i b i t e d  t h e  c o m p a r i s o n  o f  

t h e  e f f e c t i v e  ( c o m b i n e d )  s t r e s s  i n  b o t h  d e s i g n s  o n  

t h e  b a s i s  o f  t h e  f o r c e s  a s  s h o w n  i n  F i g u r e  4 o f  t h e  

p a p e r .  I n  r e a l i t y  t h e  f o r c e s  i n  t h e  s l i d i n g  b l o c k  

m e c h a n i s m  w e r e  e v e n  r e l a t i v e l y  h i g h e r  t h a n  i n d i c a t 

e d  d u e  t o  t h e  l a r g e r  f r i c t i o n  r a d i u s .  T h u s  t h e  

c o m p a r i s o n  o f  f o r c e s  a n d  s t r e s s e s  w a s  r e n d e r e d  e r e n  

m o r e  f a v o u r a b l e .

On t h e  b e a r i n g  p r e s s u r e  t h e  a c t u a l  ( s p e c i a l )  b e a r i n g  

s u r f a c e  w a s  l a r g e r  t h a n  t h e  p i n  a r e a  s o  t h e  a c t i v e  

b e a r i n g  p r e s s u r e s  w e r e  s o m e w h a t  l o w e r  t h a n  i n  

Mr L i n d a h l ' s  d i a g r a m .  F u r t h e r m o r e ,  t h e  c a l c u l a t i o n  

o f  t h e  b e a r i n g  p r e s s u r e  i n  t h e  s l i d i n g  b l o c k  

a r r a n g e m e n t  n e g l e c t e d  a  p o s s i b l e ,  u n f a v o u r a b l e  

d e f o r m a t i o n ,  w h i l e  t h e  l i n k s  m e c h a n i s m ' s  s p h e r i c a l  

b e a r i n g  w a s  s e l f - a d j u s t i n g  w i t h  m a t c h e d  h a r d e n e d  

s u r f a c e s .  M o r e o v e r ,  t h e  b e a r i n g  p r e s s u r e s  w e r e  

c o n s e r v a t i v e  i n  r e l a t i o n  t o  t h e  r a t i n g s  i n  t h e  

m a n u f a c t u r e r ' s  c a t a l o g u e s .

T a b l e  I  i n  t h e  p a p e r  w a s  o n l y  m e a n t  t o  i l l u s t r a t e  

t h e  c o r r e l a t i o n  w h i c h  e x i s t e d  b e t w e e n  t h e  t y p e  o f  

v e s s e l  a n d  t h e  v i b r a t o r y  l o a a s  t o  b e  e x p e c t e d ,  a nd  

t o  e m p h a s i z e  t h e  i m p o r t a n c e  o f  t h e  d e s i g n e r s  t a s k  

t o  c o p e  w i t h  t h o s e  f o r c e s .  T h e  o n l y  a d d i t i o n a l  

i n f o r m a t i o n  w h i c h  c o u l d  b e  g i v e n  w a s  o b v i o u s l y  t h e  

w a k e  f i e l d  -  w h i c h  w o u l d  a g a i n  b e  t y p i c a l  o f  t h e  

t y p e  o f  v e s s e l  c o n c e r n e d .  T h e r e f o r e  i t  h a d  n o t  

b e e n  s e p a r a t e l y  g i v e n .

T h e  r e l a t e d  b e n d i n g  m o m e n t  A .  SMt£ /  SMk̂  w a s  c a u s e d  

b y  f o r c e s  i n  s h a f t  l i n e  d i r e c t i o n ,  i . e .  i t  

c o r r e s p o n d e d  t o  t h e  t h r u s t  c o m p o n e n t  s o  t h a t  t h e  

T a b l e ' s  d e s i g n a t i o n  w a s  c o r r e c t ,  a n d  s t i l l  i n  l i n e  

w i t h  Mr L i n d a h l ' s  n o t i n g  t h a t  t h e  t h r u s t  r e l a t e d  

m o m e n t  s h o u l d  b e  t h e  h i g h e r  o n e .

F i n a l l y  Mr L i n d a h l  h a d  r e f e r r e d  t o  t h e  w o r l d ' s

f i r s t  l a r g e  p o l a r  i c e b r e a k e r s  w i t h  c . p . p .

( 3  x  1 4 0 0 0  kW A l l i s  C h a l m e r s  -  E s c h e r  W y ss

p r o p e l l e r s ) .  T h e  m e t h o d  o f  c a l c u l a t i n g  t h e  b l a d e

f o r c e s  i n c l u d i n g  t h e  s p i n d l e  t o r q u e  g e n e r a l l y
(2 )

f o l l o w e d  J a g o d k i n ' s  p a p e r  , w h i c h  d i s t i n g u i s h e d  

c r u s h i n g  a n d  c l e a v i n g  f o r c e s  w h e n  m i l l i n g  i c e ,  

a n d  r e f l e c t e d  t h e  o b v i o u s  f a c t  t h a t  t h e  f o r c e s  i n  

i n c r e a s e  w i t h  a n  i n c r e a s i n g  r a t i o  o f  t h e  s p e e d  o f  

a d v a n c e / s p e e d  o f  t h e  s h a f t  -  a s  i n  t h e  t o o l  f o r c e s  

o n  a  l a t h e .  A l s o  a  c o m p u t e r  p r o g r a m  w a s  d e v e l o p e d  

d e f i n i n g  t h e  b l a d e  i n  f i n i t e  e l e m e n t s  w h i c h  s a w  

v a r y i n g  f o r c e s  d u e  t o  t h e  l o c a l  " a n g l e s  o f  a t t a c k " .  

T h e  f o r c e s  w e r e  i n t e g r a t e d  t o  g i v e  t h e  w h o l e  

s p e c t r u m  o f  b l a d e  f o r c e s  a s  a  f u n c t i o n  o f  t h e  

s l i p  s p e e d / s h a f t  s p e e d  r a t i o ,  p i t c h  a n d  t h e  

r o t a t i o n a l  b l a d e  p o s i t i o n .

I n  v i e w  o f  t h e  g e n e r a l  i m p o r t a n c e  o f  t h e  e x p e r i e n c e  

w i t h  t h e s e  p r o p e l l e r s  u n d e r  e x t r e m e  o p e r a t i o n a l  

c o n d i t i o n s  s o m e  a d d i t i o n a l  c o m m e n t s  m i g h t  b e  o f  

i n t e r e s t :

T h e  " P o l a r  S t a r "  p r o p e l l e r s  h a d  o r i g i n a l l y  b e e n  

d e s i g n e d  t o  m i l l  i c e  a t  a  s p e e d  o f  a d v a n c e  o f  

3 k n  i n  t h e  g a s  t u r b i n e  m o d e  ( 1 7 5  r e v / m i n ) . T h e  

o p e r a t i o n a l  a d v a n t a g e s  o f  t h e  c . p . p .  s y s t e m  b e c a m e  

f u l l y  a p p a r e n t  o n  t h e  f i r s t  t e s t s  b u t  d u e  t o  

o p e r a t i n g  t h e  s h i p  " b e y o n d "  t h e  design c o n d i t i o n s , 

n a m e l y  a t  6 - 7  k n o t s  a n d  o n  d i e s e l  power w i t h  

1 1 0  r e v / m i n ,  w h i c h  d r o p p e d  t o  a b o u \  60 rev/min 

w h e n  h i t t i n g  i c e  b l o c k s ,  t h e  o r i g i n a l  l i n k s  w e r e  

d a m a g e d .  U n d e r  a  US C o a s t  G u a r d  c o n t r a c t  t o  

s t r e n g t h e n  t h e  m e c h a n i s m  i n  o r d e r  t o  w i t h s t a n d  

t h e  f u l l  s c o p e  o f  p o s s i b l e  o p e r a t i n g  m o d e s ,  t h e  

l i n k s  w e r e  s u b s e q u e n t l y  r e d e s i g n e d  a n d  s t o o d  u p  

i n  a n  A n t a r c t i c  m i s s i o n  t o  b r e a k  c h a n n e l s  i n t o  

2 . 4  m t h i c k  i c e  i n  r e c o r d  t i m e .  T h e  o p e r a t i o n a l  

r e s u l t s  w e r e  r e p o r t e d  t o  h a v e  b e e n  v e r y  f a v o u r 

a b l e  w i t h  n o  b l a d e  d a m a g e  e n c o u n t e r e d  d u e  t o  t h e  

c o n t i n u o u s l y  h i g h  s h a f t  s p e e d .  A c h e c k  u p  o f  

t h e  h u b  m e c h a n i s m  h a d  now r e v e a l e d  o n l y  m i n o r  

r e m a i n i n g  i t e m s  s u c h  a s  t h e  t u r n i n g  o f  s o m e  

b e a r i n g  b u s h i n g s  d u e  t o  i n s u f f i c i e n t  s e c u r i n g .
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MR CARLTON h a d  c o m p r e h e n s i v e l y  s u m m a r i z e d  t h e  

c o n f l i c t  b e t w e e n  t h e  m e c h a n i c a l  a n d  h y d r o d y n a m i c  

d e s i g n  o f  t h e  c . p . p .  w h i c h  s h o u l d  n o t  b e  s e e n  a s  

a  s i m p l e  a l t e r n a t i v e  o f  e i t h e r  a  s m a l l  p a l m  i n  o n e  

d e s i g n  a n d  a  l a r g e  o n e  i n  t h e  o t h e r .

I n s t e a d  a  l a r g e  p a l m  c o u l d  b e  m a d e ,  i f  n e c e s s a r y ,  

w i t h  t h e  t r u n n i o n  d e s i g n  a s  w e l l , a s  w a s  s u g g e s t e d  

t o  Mr L i n d a h l  ( s e e  F i g u r e  1 2 ) .  T h i s  c o u l d  b e  

a c h i e v e d  w i t h o u t  n o t a b l y  i n f r i n g i n g  o n  t h e  o r i g i n a l  

h u b  r i g i d i t y  a s  t h e  o v e r h a n g i n g  p a l m  d i s c  a r e a  

o n l y  s u p p o r t e d  t h e  s e a l  a n d  w a s  k e p t  c o m p a r a t i v e l y  

t h i n .

As  t o  t h e  b o l t  c i r c l e  t h e r e  w a s  a l s o  n o t h i n g  i n  

t h e  t r u n n i o n  c o n c e p t  i t s e l f  t o  p r e v e n t  t h e  r e a l i z 

a t i o n  o f  a  g i v e n  o r  s e l e c t e d  ( i . e .  e q u a l l y )  l a r g e  

b o l t  c i r c l e .  T h e  i n n e r  p a r t  o f  t h e  t r u n n i o n  h u b  

w o u l d  s t i l l  u n l o a d  t h e  o u t e r  a f t  h u b  s e c t i o n  a s  

d e s c r i b e d  i n  t h e  p a p e r  a n d  t h e r e f o r e  r e n d e r  s u c h  a  

h u b  ( w i t h  t h e  s a m e  p a r t s )  f a v o u r a b l e  i n  t h e  s e n s e  

d e s c r i b e d  i n  t h e  p a p e r .  F u r t h e r m o r e ,  a  g i v e n  b o l t  

c i r c l e  r e q u i r e d  s o m e w h a t  l a r g e r  p o r t s  i n  t h e  c o l l a r  

d e s i g n  d u e  t o  t h e  r e q u i r e d  c o l l a r  r a d i i  a n d  t h e  

u n f a v o u r a b l e  s u p e r p o s i t i o n  o f  b o l t  t h r e a d  a n d  

c o l l a r  s t r e s s e s .  A d d i t i o n a l l y ,  Mr  L i n d a h l ' s  

c o m p a n y  u s e d  a  t h r e a d e d - i n - b e a r i n g  r i n g  r e q u i r i n g  

a  s t i l l  l a r g e r  p o r t ,  r e l a t i v e  t o  a  g i v e n  b o l t  

c i r c l e .

I n  s u m m a r y  i t  c o u l d  b e  s t a t e d  t h a t  i t  w a s  n o t  a n  

i n h e r e n t  d r a w b a c k  o f  t h e  t r u n n i o n  d e s i g n  t o  h a v e  

s m a l l e r  p a l m s  a n d / o r  b o l t  c i r c l e s .

Mr  C a r l t o n  h a d  i n q u i r e d  o n  t h e  i m p l i c a t i o n s  o f  t h e  

c a s t - o n  t r u n n i o n  i n  c . p . p .  a p p l i c a t i o n s .  O b v i o u s l y  

t h e  c a s t - o n  t r u n n i o n  a v o i d e d  t h e  b l a d e  a t t a c h m e n t  

p r o b l e m  a s s o c i a t e d  w i t h  b o l t i n g  a l t o g e t h e r  b u t  

i n t r o d u c e d  s o m e  i n c o n v e n i e n c e  i n  c h a n g i n g  b l a d e s ,  

a s  t h e  h u b  c y l i n d e r  h a d  t o  b e  r e m o v e d  t o  r e l e a s e  

t h e  t r u n n i o n  n u t .  T h i s  p r o c e d u r e  w o u l d  t e n d  t o  

b e c o m e  m o r e  i n c o n v e n i e n t  a s  t h e  u n i t s  b e c a m e  l a r g e .  

W i t h  l a r g e  p r o p e l l e r s  t h e  a u t h o r ' s  c o m p a n y  a p p l i e d  

a n d  p r e f e r r e d  t h e  b o l t e d - o n  b l a d e .  I n  g e n e r a l ,  

h o w e v e r ,  e x p e r i e n c e  w i t h  t h e  i n t e g r a t e d  t r u n n i o n  

t y p e  p r o p e l l e r  i n d i c a t e d  t h a t  a  b l a d e  c h a n g e  h a d  

b e e n  r e g a r d e d  b y  o w n e r s  a s  l e s s  t r o u b l e s o m e  a s  t h e  

m a j o r  e f f o r t  w a s  i n  p r e p a r i n g  t h e  s t a g i n g ,  r i g g i n g  

e t c .  I n  l a r g e r  n a v a l  a p p l i c a t i o n s  a l s o ,  c o m p l e t e  

h u b s  c o u l d  b e  a n d  w e r e  r e m o v e d  a n d / o r  e x c h a n g e d  i f  

n e c e s s a r y  a s ,  i n  p r a c t i c a l  c a s e s  o f  i m p a c t  f a i l u r e s  

( g r o u n d i n g ) ,  m o r e  t h a n  o n e  b l a d e  w a s  u s u a l l y

d a m a g e d ,  a n d  t h e  h u b  m i g h t  n e e d  t o  b e  i n s p e c t e d .  

W i t h  t h e  l a r g e  P o l a r  i c e b r e a k e r  h u b  p r e v i o u s l y  

m e n t i o n e d  t h e  s a m e  p r o c e d u r e  w a s  a d o p t e d .

T h e  a n o m a l y  i n  t h e  L a s h  s h i p  s h o w n  i n  t h e  T a b l e  

w a s  a  w a k e  f i e l d  w i t h  a  l a r g e  p e r i p h e r a l  c o m p o n e n t  

a n d  m i g h t  n o t  b e  q u i t e  t y p i c a l .

C o n c e r n i n g  t h e  r a k e  i n  s o m e  p r o p e l l e r  h u b s  p r o d u c e d  

b y  t h e  a u t h o r ' s  c o m p a n y  i t  m i g h t  b e  s a i d  t h a t  t h i s  

h a d  b e e n  t h e  i n t r o d u c t i o n  o f  a  g e n e r a l , p r o v e n  

f i x e d  p r o p e l l e r  p r a c t i c e  t o  t h e  c . p . p .  O n l y  t h e  

a u t h o r ' s  c o m p a n y  w a s  i n  p o s i t i o n  t o  d o  t h i s  a s  t h e  

l i n k  m e c h a n i s m  a l o n e  a l l o w e d  s u c h  a  r a k e  i n  t h e  

p a l m / s h a f t .  T h e  a d v a n t a g e s  o f  r a k e  ( i n c r e a s e d  

t i p  c l e a r a n c e s )  c o u l d  t h u s  b e  r e a l i z e d .

A d i s a d v a n t a g e  w a s  a  m o d e r a t e  a d d e d  b l a d e  a n d  b o l t  

l o a d i n g ,  a n d  a  ( m a r g i n a l )  i n c o n v e n i e n c e  i n  

m a n u f a c t u r e  a n d  b l a d e  m o u n t i n g .  O f  c o u r s e  t h e  

o f f - d e s i g n  p e r f o r m a n c e  w a s  a l s o  e f f e c t e d ,  i . e .  t h e r e  

w e r e  n o t a b l e  d e v i a t i o n s  f r o m  t h e  c a l c u l a t e d  

v a l u e s .  H o w e v e r ,  t h e  a u t h o r ' s  c o m p a n y  h a d  n o t  

n o t e d  a n y  d e t r i m e n t a l  c o n s e q u e n c e s .

T h e  c o m p u t e r  p r o g r a m  m e n t i o n e d  d i d  n o t  i n c l u d e  

a  r a k e  e f f e c t  a n d  m i g h t  n o t  c o r r e c t l y  r e p r e s e n t  

t h e  o f f - d e s i g n  c o n d i t i o n s ,  a l t h o u g h  t h e  b l a d e  

g e o m e t r y ,  i . e .  a l s o  t h e  r e s u l t a n t  g e o m e t r y  o f  t h e  

o f f - d e s i g n  p o s i t i o n ,  w a s  a n  e l e m e n t  o f  t h e  i n p u t .

C o n c e r n i n g  a n y  d e v e l o p m e n t a l  s t a g e s  l e a d i n g  t o  t h e  

p r e s e n t  d e s i g n  o f  t h e  l i n k a g e  m e c h a n i s m  i t  s h o u l d  

b e  m e n t i o n e d  t h a t  t h e  l i n k a g e  m e c h a n i s m  w a s  t h e  

o n l y  n a t u r a l  a c t u a t i n g  s y s t e m  a v a i l a b l e  f o r  t h e  

t r u n n i o n  t y p e  b e a r i n g  a r r a n g e m e n t .  T h e  l i n k a g e  

c o u l d  b e  a r r a n g e d  i n  d i f f e r e n t  w a y s  h o w e v e r :

i )  e i t h e r  c o a x i a l l y  w i t h  t h e  s h a f t ,  a s  i n  

t h e  o l d e r  E s c h e r  W y ss  d e s i g n s ,  r e q u i r i n g  

h e a v i e r  g u i d e s  t o  a b s o r b  t h e  r e s u l t i n g  

t o r q u e  i n  o f f - d e s i g n  p o s i t i o n s ;

i i )  o r  w i t h  l i n k s  p o i n t i n g  t o w a r d s  t h e  

p r o p e l l e r  a x i s  a s  i n  t h e  n e w e r  d e s i g n ,  

t h u s  m i n i m i z i n g  t h e  s a i d  t o r q u e  a n d  

s i m p l i f y i n g  t h e  g u i d e  d e s i g n .

I n  t h e  n e w e r  f o r m  t h e  a u t h o r ' s  c o m p a n y  h a d  n o t  

e x p e r i e n c e d  a n y  w e a r  i n  t h e  l i n k s  a f t e r  e l i m i n a t i n g  

T e f l o n  c o a t e d  s p h e r i c a l  b e a r i n g s  a s  u s e d  i n  t h e  

v e r y  f i r s t  s m a l l  s c a l e  a p p l i c a t i o n .
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i i i )  Mr B r a d l e y  h a d  r e m a r k e d  t h a t  t h e  e q u i v a l e n t  

s t r e s s  a s  d e f i n e d  i n  t h e  p a p e r  s h o u l d  b e  

c o m p a r e d  t o  t h e  e n d u r a n c e  l i m i t  o f  t h e  

m a t e r i a l .  T h i s  w a s  i n d e e d  t h e  a u t h o r ' s  

i n t e n t i o n  a n d  a  c o r r e c t i o n  t o  t h e  

p r e p r i n t e d  t e x t  h a d  b e e n  m a d e  a c c o r d i n g l y .

F u r t h e r  t o  Mr  B r a d l e y ' s  c o m m e n t s  o n  b o l t  d e s i g n  

a n d  p r e s t r e s s i n g  a  d y n a m i c  b o l t  s t r e n g t h  a n a l y s i s  

f o l l o w e d  i n  p r i n c i p l e  t h e  p a t t e r n  g i v e n  i n  

F i g u r e  14  s t a r t i n g  o u t  f r o m  t h e  b l a d e  f o r c e  

c o n f i g u r a t i o n  ( b o t h  s t a t i o n a r y  a n d  d y n a m i c )  a n d  

t h e  p a l m  a n d  b o l t  g e o m e t r y .  A f t e r  h a v i n g  

d e t e r m i n e d  t h e  n o m i n a l  b o l t  f o r c e  ( b y  d i v i d i n g  

t h e  s e c t i o n  m o d u l u s  o f  t h e  a t t a c h m e n t  b y  t h e  

d i s t a n c e  o f  t h e  b o l t  f a r t h e s t  a w a y  f r o m  t h e  

b e n d i n g  a x i s  a n d  m u l t i p l y i n g  b y  t h e  s h a n k  a r e a )  

t h e  p r e s t r e s s  l e v e l  m u s t  b e  s e l e c t e d .  T h i s  s h o u l d  

b e  o n l y  a s  h i g h  a s  n e e d e d  t o  m i n i m i z e  t h e  a l t e r n 

a t i n g  f o r c e ,  a s  u n n e c e s s a r i l y  h i g h  p r e s t r e s s  

l e v e l s  c a u s e d  u n f a v o u r a b l e  h i g h  l o c a l  s t r e s s e s  i n  

t h e  r a d i i  o f  t h e  b l a d e  p a l m  r e c e s s e s .

F i g u r e  15  s h o w e d  t h e  m e a s u r e d  a d d i t i o n a l  m e a n

s t r e s s  s e e n  b y  t h e  b o l t  d u e  t o  t h e  a p p l i e d  b l a d e

f o r c e  a s  a  f u n c t i o n  o f  t h e  p r e s t r e s s  l e v e l .  I t

c o u l d  b e  s e e n  t h a t ,  i n  t h e  e x a m p l e  s h o w n ,  t h e

m e a n  a d d i t i o n a l  s t r e s s  c o u l d  n o t  b e  s u b s t a n t i a l l y

r e d u c e d  f u r t h e r  b y  i n c r e a s i n g  t h e  p r e s t r e s s  l e v e l  
2

b e y o n d  2 0 0  N/mm . A p r e s t r e s s  f a c t o r  o f  1 . 5  t o  

2 . 0  w a s  r e c o m m e n d e d  a s  a  g e n e r a l  g u i d e  l i n e .

W i t h  t h e  p r e s t r e s s  l e v e l  s e l e c t e d  t h e  b o l t  

d i a g r a m  c o u l d  b e  d e r i v e d .  F i g u r e  16  s h o w e d  a n  

e x a m p l e  a n d  d e f i n e d  t h e  v a r i o u s  f o r c e s .  I t  c o u l d  

b e  s e e n  t h a t  t h e  a l t e r n a t i n g  f o r c e  w a s  f o u n d  

a f t e r  i n t r o d u c i n g  t h e  ma x i m u m  b o l t  f o r c e  a n d  t h e  

c o n s t a n t  b o l t  f o r c e  i n t o  t h e  d i a g r a m .  W i t h  t h e  

b o l t  f o r c e s  a n d  t h e  v a r i o u s  s t r e s s  c o n c e n t r a t i o n  

f a c t o r s  k n o w n ,  t h e  s t r e s s ,  a n d  f i n a l l y  a n  

e q u i v a l e n t  s t r e s s ,  c o u l d  b e  d e t e r m i n e d .

F i g u r e  14  i n c l u d e d  a  f o r m u l a  f o r  t h e  e q u i v a l e n t  

s t r e s s  w h i c h  w a s  r e c o m m e n d e d  f o r  h i g h  s t r e n g t h  

b o l t s  i n  l i e u  o f  t h e  f o r m u l a  g i v e n  i n  t h e  p a p e r  

( w h i c h  h a d  b e e n  m e n t i o n e d  i n  c o n n e c t i o n  w i t h  

t r u n n i o n  d e s i g n  c o n s i d e r a t i o n s )  .

. - i f t e r  t h e s e  r e m a r k s  o n  t h e  a n a l y s i s  o f  a  g i v e n  

d e s i g n  s o m e  g e n e r a l  d e s i g n  c o n s i d e r a t i o n s  r e l a t i v e  

t o  b o l t e d  b l a d e  a t t a c h m e n t s  m i g h t  b e  o f  i n t e r e s t :

I n  t h e  a b o v e  a n a l y s i s ,  i n  d e t e r m i n i n g  a  s e c t i o n  

m o d u l u s  o f  t h e  a t t a c h m e n t , a  u n i f o r m  a p p l i c a t i o n  

o f  t h e  l o a d  b y  t h e  p a l m  w a s  n o r m a l l y  a s s u m e d .

T h i s  w a s  a n  a c c e p t a b l e  s i m p l i f i c a t i o n  o n l y  i n  

" s t i f f "  p a l m s  s u p p o r t e d  b y  a  c o m p a r a t i v e l y  s t i f f  

t r u n n i o n  f l a n g e .  F i g u r e  17  s h o w e d  m e a s u r e m e n t s  

o f  b o l t  s t r e s s e s  ( p r e s t r e s s  l e v e l  a n d  a d d i t i o n a l  

s t r e s s )  i n  s u c h  a  p a l m .  W h i l e  h e r e ,  a l s o ,  p a l m  

d e f l e c t i o n  c a u s e d  b e n d i n g  i n  t h e  b o l t  ( a n d  

e m p h a s i z e d  t h e  i m p o r t a n c e  o f  p a r a l l e l i t y  i n  t h e  

c o u n t e r s i n k )  l a r g e l y  u n e v e n  p a l m  t h i c k n e s s  

d i s t r i b u t i o n s  c o u l d  c a u s e  a  m o s t  u n f a v o u r a b l e

c o n c e n t r a t i o n  o f  a l m o s t  t h e  w h o l e  b l a d e  l o a d  i n
, 1 t ( l )  o n e  b o l t

C o n c l u d i n g ,  t h e  a u t h o r  w i s h e d  t o  t h a n k  t h e  

I n s t i t u t e  f o r  t h e  o p p o r t u n i t y  t o  p r e s e n t  t h i s  

p a p e r  a n d  f o r  t h e  a t t e n t i o n  i t  h a d  b e e n  g i v e n  i n  

t h e  d i s c u s s i o n .  Ke  w a s  t h a n k f u l  f o r  t h e  p r o f o u n d  

a n d  d e m a n d i n g  q u e s t i o n s  a n d  t h e  o p p o r t u n i t y  t o  

a n s w e r  i n  d e t a i l .
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