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of 9,000 b.hp. 1n 18 cylinders

V. Major engine .1s beea 10 &icm

Jow ms.ot—ance and high svailability, sre
1s Wlustrated.

£ INTRODUCTION
b In general, *he requiremen’ of a marine propulsion engine
; are
&  rehabudity;
} t Jow fuel consumption,
& the abibmr 1o burn heavy fuels obtained in any pan
) ‘ of the world;
r d): low lubmcaung oil consumpdon,;
. l ¢ ¢ Mainienrice reguirements
i

munimurs space and weight in keeping with 8) and ¢).

These requirements are obvious but can only be achieved

if certain basic principies in design are followed. The paper 1s

| divided imo secmions. each dealing with one asy~cr of design
which afiects these overall qualies

However, before demiling these definite sections, some

observations must be made on the application for which the

engine is 1o be used and its suitabiliry for that apphcanon. An

be idea) for medium-speed marine propulsion since the power
moge available would be from 3,000 h.p, in a mogle sx-
"3 eylinder engine, to 18,000 hp. with twin 18-cylinder engines.
mrnngewmallmmno!themﬁnemrkﬂ.
: llustrated in Fig. 1, s0 that if conditions a) to f) can be
e schieved s worthwhile market should exist for such an engine.

~ The initial design srudy showed that the dimensions of the
Mirrlees-National K engine (15-in. bore x 18-in. stroke) would
Bt this power range very well, if the new design embodied the
modern features resulnng from research and development which
would enable high specific ourputs to be obtained whilst retain-
ing economy and reliability. At 500 r.p.m., and 200 Ib./sq. in.,
Lll;t p., this size of engine would give 402 h.p./cylinder, while

* Research and Technical Director, Mirriees National Ltd.
t Quuef Development Engineer, Mirrices National Ltd.

engine developing 7,000 to 9,000 bh.p. in 18 c, undens would °

The Development of a Highly-rated Medium-speed Diese]l Engine
of 7.000—9.000 Horseprower for Marine Propulsion

J. A PUPE, D.Sc.. Ph.D., Wh.Sc., M.I.Mech.E.* and W. LOWE, B.Sc., M.I.LMech.E. 1

The design considerations and development ©3is are deseribed which have resulied in
the producuon of the Mirrlees-Nationa] K Maior tagine, which bas a current C© :
raung of 3,000 1o 7.500 by in 6 ro l18-cylinder ums, &840 & projected future ranag

The Murrices K engine has been well establised for over 12 years, some 9L0 engines
now being in service for powe™ REDEration and marine propulsion. Of these engines, 250 are
operating on heavy fuels with iscosiues ranying from 200 10 4,600 seconds Redivod I,
repr=seniing over 650,000 horsep™ Th- abyetive in the de g~ m.d development of the
_ g~ st acific powes ourp * by 50 per cent and & the
same Time 1o Maintain or 10 ncrea.: . saety ¢ ctors posse sed Uy the original K engine
These faciors, whic. oet..nine the ability »*

the engine to operate on residuz] fuels with
ussec and the sclnevement of the obyective

Component parts of the e me .ve described in rumn, with details of the methods of
meas rement of pressure and temper ture Jevels, air flow and wear rates in test rigs and in
° a prototype three<cviinder engine xhach, was equipped with special features, such as a cam-
shaft with variable timing. to facilisn = dn siopment work.
The rest results obtained on the furst . 2-cvhinder KV Maior er.~ne are
the performance expected from the nig and prolorype engine . sts.
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at 525 rp.m., and .20 lb./sq. in., b.m.e.p., 465 h.p./cviinder
would be developed. The design of the K Major :ngine wa; based
on a continuous rating of 230 1b./sq. in., bm.e.p., at 525 r.p.m.,
giving 528 h.p./cvlinder, and the development prograrme was
planned to achieve this rating, usiog heavy fuel, in the three
stages menuoned.

At the present time, the K Major is reicased for the com-
mercial market at 8 rating of 200 lb./sq. in, bmep., ar 500
r.paxn., and development testing for the second stage of 220 Ib./
8q. in., b.n.e.p., at 525 r.p.m. is well advanced. -

A cross-section of the engine, showing its general construc-
tion, is shown in Fig. 2 and the details of the design will be dealt
with in the foliowing sections of the paper under the headings
a) to f) 1 lready given.
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Fic. 2—KVD Major engine—Cross-section




The Development of a Highly-rated Medium-speed Diesel Engine

8) RELIABILITY

General Consideraiions

Experience in engineering has shown that one of the surest
methods of producing intrinsic reliability in a complex piece of
machwnery, such as a Diesel engine, is to proceed by = process of
logica! c.olution from one successful design to th= next, taking
care that the critical parameters, proved 1n the original design,
are maintained in the new design. From the authors’ ex. crience
of continuous-dury Diesel engines, the critical paracueters to

be ggal.\y watched are:
Tasee 1

Mirriees
KVi2
engine

Mirtiees KV12 Major engine

220 250
Ib./sq. in.|1b./sq. 1.
b.m.ep. | b.mep.
450 500 528 525
r.p.m. r.p.m. r.p.m, r.p.m.
Moment of inertia of bed-
plate (in4)
Maximum internal couple,
tons. ft.

Ratio, maximum couple
- moment of incrtia
Relative stress in crank-

shalt
Maximum cylinder pres-
sure, Ib./sq. .
Cylinder head stud stress,
to~s/sq. in.
Fatigue strength  of
threads, tons’sq. in.
Ratio, stress - [fatigue
strength

154
It.Jsq. in.
b.m.c.p.

200
1b./sq. in.
b.m.c.p.

31,430
264

18,650 31,430
250
0-0092
091
1,350
10-1
27 27

0-385*

225,000
1,330

2,500

0-53%

31,430
250

Her stress in fuel
b./sq. in.
Ma aring load, Ib./

5q. in.
Maximum
bearing load, 1b./sq. n.

permissible

Ratio
load

Large end bearing load,
Ib./sq. in.

Maximum permissible
bearing load, 1b./sq. in.

R=2*0 load/permissible
load

N.aximum stress in piston
+ U.T.S. of mat:rial

Top piston ring groove
temperature, deg. C,

Exhaust temperature at
cylinders, deg. F.

Air flow, 1b./b.h.p.-hr.

Exhaust valve seat tcm-
perature, deg. C.

Specific fucl consumption,
1b./b.h.p.-hr.

Lubricating o0il cousump-
tion, Ib./b.h.p.-hr. at
full load

\\;n;h( of engine, Ib)

load/permissibie

3,050
5,000
0-61°
0-36*
205
890°
137
520°
0-340°*

0-0018°

23

) rea of piston,

SO 162
Maximum thrust pressure

on piston, 1b./sq. in.
Depth of eylinger head, in.
Injector nozzle tip temper-

ature (fuclat 200 deg.F.).

deg. C.

valve seat
factor

wear

*Extrapeclatud values

1) exhaust temperature after the valves should not exceed
820 deg. F. (440 deg. C.) with uncocied valve scats and
930 deg. F. (500 deg. C.) with cooled scats;

2) top piston ring groove temperaturc should not exceed
430 deg. F. (230 deg. C.); )

3) injector rozzle up temperature should not exceed 350
deg. F. (180 deg. C.);

4; exhaust valve sear temperature should
1,020 deg. F. (550 deg. C);

5) lubricaung oil consumpt-on should not exceed on: per
cent of fuel consumpuion at full load and if possible
should approach 0-5 per cenr of full load fuci con-
sumption;

6) ! bearings should be well within their load-carrying
capacity;

7) the stressing of all components, both in fatigue and
sta.ic leadiog conditious, should be such that an ade-
quate factor of safety exists.

Some of the more important design and performance
characteristics of the K Major enginc are compared in Table I
with those of the earlier and successful K engine, the comparizon
showing that safe values of the critical parameters have becn
maintained and, in many cases, impr..ed,

not exceed

Piston Design

The control of top piston ring groove temperatures by cool-
ing the underside of the crown of the conventional single-p.ece
cast iron piston, used in the K engine, is acceptable up 10 a rating
of about 180 lb./sa. in., b.m.e.p., using a cast iron having 2
U.T.S. in the ring belt of 17 tons/sq. in., but, nbove this load,
high tensile thermal stresses arc produced on th. inside wa!' of
the pistor: behind the ring grooves''). For the K Major enzine,
a rwo-picce construction has been developed, as illustrar-Z
Fig. 3, woich has a high-tensile ste:] cruwn and a “Meebannl”
skirt, This cesign ihucorporates an inner Joad-carrvings hnss,
so that no pressure load is taken on the outer wall which cirriss
the rings, and the latter may be quite iain, thus reducin: the
heat-flow path to the piston rings and giving efficient oil conling
of the ring belt, as well as ensuring thar the roots of the piston
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The Development of a Highly-rated Medium-specd Dizscl Engine

ring prooves are stress-free. The piston crown is retained by
four high-icnsile studs which have rolled threads to give max)-
mum f[atigue strength, and heat-resisting “Helicoil™ anserts are
usedd to carry tne studs, thus further improving the fatiguc
strength of the assembly and also acting as a huat barrier for the
studs, Disc springs are fitted under the castle nuts to increase the
resilience of the assembly and to provide an accurate method of
checking the correct pre-1oad of the studs, this being achicved by
measurement of the gap betwien the two retaining plates for the
springs, Lubricating oil is fed, via a drilling in the connecting
rod, through the piston pin and to the annulus chamber behind
the ring grooves, through which it circulates at high velocity
before meeting a transfer drilling to the inner chamber below the
piston crown, from where it finally passes down an integral drain
irilling in the piston skirt. The retuming oii is collected 1n a cast
<luminium tray, supported from the engine column, and 1s fed
through a flexible connexion to a sight-flow and temperature
indicator mounted adjacent to the crankcase door.

The thermally-induced and pressure-induced stresses have
been thoroughly investigated in test rigs prior 10 tests in the
prototype engine. Fig. 4 is a diagram of the thermal stress ng
which is used to simulate the heat flow through the piston which
occurs in the engine, heat being supplied by electric immersion
heaters using solder as the.medium for transferring the heat to
the pistcn crown, Heat transfer through the piston rings is
achieved by water-cooling the standard engine liner and oil-cool-
ing of the piston internally is arranged in the same way as in the
engine. Thermal stresses are measured by Budd self-temnperature
compensated strain gauges, having an overall size of {in. x 3in.,
s0 that the effect of the gauges on the heat transfer conditions is

Insuiaton r _~ Stirrer motor
\ ‘ -~
- A =

From power =" =
supo/y |

rA “thermomaler

9x 2§ KW immersion
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=T From power supply

Thermometers
-

'

Sinyie prece

W o i
/|

Thermal stress, tons/sqm
Temperature, deg C

| Two-piece |

| praton

| |

+ : s
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Fic. S—Comparison of temperalurcs and stresses in
single-piece and twe-piece piston designs

extremely small. Fig. 5 shows the variation in thermal stress
the piston wall and also the temperature in the rezion of the 1d
ring groove as a function of brake mean cflective pressure f
both the original single-piece piston and for the K Major tw
piece piston; Fig. 6 illustrates the temperature and stress distrg
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The Development of a Highly-rated Medium-speed Diesel Engine

bution in the crown of the two-picce piston. The reduction in top
ring groove temperature by some 126 deg. F. (70 deg. C.),
achieved by the new design, has made available a wide potential
for increase in raung in the future, before any limitation due to
lubricating oil break-down is reached. ‘The thermal and pressure
stresses are quite modest for the sreel crown, which has a U.T.S.
of 60 tons/sq. in., &t room temperature, SO that the factors of
::ty are much increased over the original single-piece cast iron
ign.

Connecting Rod

1 The connecting rods are one-piece stampings with the large-
i end bearing housing obliquely split at 30 degrees to the rod axis,
| and carry thin-wall tin-aluminium bearings. This construction
|

|

permits a crank pin of maximum diameter, consistent with the
withdrawal of the .onnecting rod through the cylinder bore. The
optimization of e cnnnecting 7ol pmp_ortims ha+ heen a-sisted

. erperature: m two-piece waton oe)

| JComparative tamperatures ; sing'e-prece praton. deg C by rig tests in a full scale static rig, in which gas loads and

[ ) Pressure stress, ton/sgm inertia loads are simulated by hydraulic pressure and the result-

v Thermal atress, ton/sq n ing stresses measured by sirain gauges attached to the connecting

rod. It was thus possible to reduce the weight of the connccting

Fi1G. 6Tz 0-piece piston crown temperalures end stresses rod by 15 per cent from that of the original K rod so that, even at

a) Bore stress (gas Joad) b) DBore stress (inertia load)
¢) Backbonce stress (gas o=} d) Nackbone stress (inertia load)

Fi1G. 7— Cnunccting rod large-cnd stress distribution

329



L
-y

AN AN

AL

3

The Deveiopment of a Highly-rated Medium-speed Dicsei Lnzive

the incrensed speed and Joad, the connecting rod stresses are lower
than in the original design. Fig. 7 s..ows the stresses in the large-
end of the conuecting rod under liring pressure and incriia load-

Tame 1l

|

Gauge No. Position i Factor of safety
; |
!

] Bolt platform radius
19 Supporting rib
k3 ) Supporting rib
Si Basc of shank
55 Shank radrus
59 Bolt platform radius

ing, and, in Table II, the safcty factors at the most highly
stressed points have been listed. In determining these values,
aliowance has been made for factors which would affect the
fatigus strength of the material, such as specimen size effect and
surface decarburization where it exists, so that the resulting
values indicate the worst conditions and show that the rod
design bas a large margin of safery.

Bearings *

Main and large-end bearifigs are thin-wall steel shells lined
with tin-zluminium, the increase in bearing loads from the K
to the K Major being more than compensated by the improve-
ment in fatigue strength of the bearing material. The actual and
permissible bearing loads given in Table I jllustrate the increased
factor of safery in the new engine, the figures given being the
conventional pressures obtained by dividing the maximum bear-
ing load by the projected area of the bearing so that a simple
eomparison can be raade. In the design of the K Major the more
accurate methods of calculation, which have been made possible
by the use of computers, have been used to assess oil film thick-
ness over the range of speeds and loads so that the true factor of
safety is even nigher than the simple comparison suggests

A positive displacement lubricating oil pump 1s driven from
the free end of the engine by a flexible drive end delivers oil
through a 15-micren full-flow filter to the main oil gallery cast
in the bedplate, An oil-pressure regulating valve is fitted at the
engine gallerv to ensure that engine oil pressure remains con-
stant, regardless of the degree of contamination of the filter, and
8 pressure-safery valve at the pump delivery protects the pump in
the event of a complete blockage of the system. In addition to the
full-flow filter, about five per cent of the flow is bypassed and
filtered by small centrifuges mounted at the engine. TFis dual
filtration ensures thar carbon snd water particles are 1emoved
from the lubricating oil and prevents the formation of sludge in
the main filters. Tests have shown that a considerable increase in
filter life is achieved by this system.

The quantity of lubricating oil circulated through ths
engine has been determined after thorough development tests to
investigate the distribution of il to main bearings, large-end
bearings, piston cooling and other requurements, and the oil
quant'ty har heen chosin not only to lubricate 2t 2150 to =00l
the main and large-end bearings, thus ensuring that the fatigue
strength of the bearing material is maintained at its maximum
value,

b) LOW FUEL CONSUMPTION

The importance of adequate air flow in & high-powered
Diesel engine cannot be over-emphasized, the air delivered by the
turbocharger having to perform the duties of scavenging the
cylinder from the products of combustion and of cooling the
components in the combustion space region, as well as providing
a high mass of trapped air for the combustion process. In recent
years the efforts of specialist turbocharger manufacturers to im-
prove turbine and compressor efficiencies have made a substantial
contribution to the success of the highly-rated Diesel engine,
and the engine manufacturer can play his part by ensuring the
maximum utilization of exhaust gas energy and by min.mizing
flow losses in the porting and ducting.

Air Ports
Air flowy tests o,. the K eylinder henod snowed that the pre
surc drop in thz inlct passages was made up as foliows
Iniet passage up 1o valve 11 per cont
Velocity change rouad valve seat 36 per cent
Loss of velocity licad at outler 35 per cent
Interaction between valves and
cyhinder wall 11 per cent
The large percentage loss around the valve seat indicat
that optimization of the valve head profile and inlet passage sha
in this region would be worth while, and th= tests also show
tha: a greater effective flow area could be made available by i %
creasing the valve lift beyond the value of a quaricr of val
diarneter 2t which the minimum geometric area becomes constarg
Fig. 8 shows the increase in coeflicient of discharge beyond
normal L/D rauo of 0-25 and the K Major valve lift was cho

Dvseharge coericrent

o
@

o
a

sentropic area ratie

)
okt
N
e,

o/ 02 oJ re Cs
Ovwensioniess wa/ « Lo

FiG, 8—~Flow characteristics of valves with 30-degree,
d5-degree and 60-degree s-ats

to be 0-3 of the valve diameter, giving an increase in maximu
effective area of just over five per cent, This improvement
qQuite significant when it is remembered that it is efiective over
large vaive opening period.

The effect of varying valve seat angle on flow characteristi
was also examined and Fig. 8 shows the characteristics d
valves of the same throat area with seats at 30, 45 and 60 deg
to the face of the valve, The 60-degree seat valve is clear]
inferior to the other two, and the 30-degree seat is the best a
small valve openings, whereas the 45-degree scat is best at Jarg
valve openings, while the advantage to be gained by increasin L
the vaive lift beyond L/D = 0-25 is vali? for all vdues of cafl®
angle. \

There ere other factors to be considered in choosing seafish
angle which determine the relative merits of 30 and 45-¢ -2 ’
scats, of which the most important is that of useful seat litc i
service, Here, the conditions for inlet and exhaust valve: :
qQuite difierent, and will be considered separately.

The inlet valve operates in a relatvely unlubricated cor ..
tion ot the seat so that seat wear, due to the relative movement o
the vaive seating face against the face in the cylinder head, as &
result of the gas pressure, may be quite appreciable. A *“wes
factor” was derived theoretically and its validity confirmed b
rig and engine tests from which the K Major inlet valve hea
profile was determined to give the minimum practicable relative
movement and hence minimum wear®, The “wear factor” i
defined as:

F & g N
b E.B.t.v".b.cos®




The Development of a Highly-rated Medium-speed Diesel Engine

coefficient of friction;

maximum cylinder pressure;

engine speed;

vzlve disc diameter;

seat angle;

Young's modulus;

wear resistance factor (hardness numnbcer);

seat width;

. distance from valve disc face 1o top of seat;
height of valve disc cone.

It can be seen that a decrease in #, or increase in ¢ and v
have the effect of reducing the *“wear factor” and the K Major in-
let valve head profile was designed from these considerations w ith
a 30-degree scat angle and a stiff valve head. From experience on
other engines a wear factor of above 250 gives unsatisfactory e
in service and a value of 200 is satisfactory, It will be seen from
Table I that the original K engine has a satisfactory value, which
is confirmed by service experence, and the X Major has an even
bigger safety margin.

The criteria for the seat of the exhaust valve are quite
different and will be discussed Jater in the paper under the
heading of “Heavy Fuel Opceration”,

emonmey2Y

Valve Timing

The influence of valve timing on the exhaust, scavenge and
charging processes has been examined experimenially on a three-
¢ylinder engins, which was fitted with a special camshalt, in
which the timing of both opening and closing of t'ic air and ex-
haust valves, anc of fuel injection were widely variabie. Fig. 9
is a pictorial sketch of one of the variable riming cams showing
the method by which the valve period is adjusted. Each cam is
made in two pieces which are able tc rotate relative to each other
when hydraalc pressure is apphed between the cams and the
shaft from a hand pump. Release of the pressure then shrinks the
ca to the shaft te give an interference fit and the two parts
of‘ cam are interlocked to form a bridge over which the cam
foll ¢ roller can run without any disconrinuity of profiie. This
method of hydraulic mounting allows the whole composite cam
to be rotated to any desired position, as well as permitting the
opening and closing flanks tc be rotated relative to cach other.
Engine tests have been carried out over a wide range of valve
timings, re.ording overall engine performance and pressure dia-
grams in the air inlet passages, engine cylinder and exhaust
passages, from which optimum cam timings can be determined
for any engine speed and load condition.

It will be appreciated that the optimizaticn of valve 1i=ing
is @ complex operation and for a given sct of timings it is i ‘es-
sary to match the injection equipment and the turbocharger per-

Fi1G. 9—Construction of variable timing cam

formance for the engine speed and load range being considered.
Some results have been selected from the range of tests carried
out on the three-cylinder engine 10 illustrate the way in which
changes in timing can affect the power range over which mini-
mum fuel consumption s achieved. _

In Fig. 10, the performance of the three-cylinder engine is
shown with all valve timings held constant except the point of
exhaust valve opening, the rurbocharger match being changed
to give the same tota] oir flow. Tre velve tirings veere:

EV.0. EV.C ANV.0,
before after before after
B.D.C T.D.C T.D.C B.D.C.
43 degrees 62 degrees 73 degrees 32 degrees
Timing B 65 degrees 62 degrees 73 degrees 32 degrees
Timing C 75 degrces 62 degrees 73 degrees 32 degrees

The left-hand curves of Fig. 10 show the performance at 450
r.p.m., and since the engine did not have the ir.proved air flow
alrcady described in the previous sub-section, thic optimum fuel
consumption occurs close to the original K rating of 150 1b./
8q. in., b.m.e.p. As d < exhaust valve opening puint is advanced,
the position of minimum consumption move. f{urther up the
b.m.c.p. scale, This point is more strikingly i'iistrated in th-
right-hand curves of Fig. 10 where fuel consu.: :tion is plotte
against exhaust valve opening point. At the lowur rating of 140
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7 in., b.m.e.p., the change in fucl consumpt.on is small but,
') 1b./sq. in., bame.p., there is a maclad reduction in fuel
umption as exhaust valve opening is advanced. It must be
“asweed that thas iliustraton s intended 1o be indicative only
beneficial effects of carly exhaust valve openings. It 15 1m
+wznt that, at high b.m.c.p. ratings, pood therma! efliciency is
v uitarned and in the 12-cvhinder K Majoe engine the minimum
¢ ») vonsumption occurs at about 200 Ib./sq. in, bme.p, as
sitrated Jater in Fig. 14, this result being achieved by improve-
ere oot s air flow and fuel iniection,  Fag. 11 shows a loa-pressure
s Jinder and manifold diazram for the 12-cyvlinder engine at 240
; /%44, in., bm.e.p., aad 500 r.p.m., and demonstrates the good
znpng and adequate charging of the cylinder which has
tren obtained, As the devclopment of the engine continues to
=21 higher ratings it will be necessary to move the specific fuel
r.osvumption loop still further and the indications from the three-
e hinder engine tests are that the advantages of earher exhaust
:Jve opening will be realizec at this stage.

Foam Design

The increase in speed and loading, accompanied by fascer
«.;7ning and closing rates of the air und exhaust valves and the
1. reused lift slready described, would be expected to make much

@) v — —
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116, 11==Cylinder and manifold low pressure diagram; at
240!b./sq. in., bom.e.p., and 500 r.p.m,

preater demunds on the air and exhaust cams and follower gear.
I firvever, the design of cam profile, to optimize on rates of open-
e without exceeding established acceleration levels, has been
considerably facilitated by the use of computer calculation tech-
nrgues. The K Major air and exhaust cams are of polynomial
profile, the mathematical analysis of the profile by computer
cvilvulations making selection of the most desirable curve a rela-
nvely simple procedure, The behaviour of the valve gear
ne: Jenus undes rmaning conditions, *0 Ceterriin: the degree
and hequency of vibration, has also been prograrumed and vibra-

2,000 -

O 20 40 60 degrees

Exhavat push rod

£ve £ve

16, 12=Push-rod strain at 200lb/sq. in., b.m.e p.,
and 500 r.p.m.

tion calculations confirm:d by a sory simple wChnigue
attaching strain gauges to the ensine push rods. Fig, iz
tvpical push-rod stromn rrace v hach clrarly inJicates the natu
frequency of the * give guar system and confirms that there 15
tendency for sepacanon of the valve tram to oscur

Fuel Injection

To obtain a maximum rate of injection, the fucl cams
of a profile which gives a constant plunger velocny during t
injection period, and the correct matrching of the injection equi
ment was facilitated by the use of test rigs whick enabled
injection characteristics to be determined und the design of t
injection equipment 10 be very nearly finalizc.! before engine te
were startzd, only the confirmation of nozzle spray angle and t
number and diamcter of nozzie holes of a predetermined ag
remaining for fingl decision from the performance of the engirgx

These test rigs cnable a large number of permutations of f
cam, pump plunge: diameter, delivery valve design, noi
design, etc., to be tested quickly and cheaply, using conventio,
methods of electronic indication of needle lilt, fuel line press
and nozzie sac pressure. The latier has proved to be of considd
able importance in ensuring long life of inje-tor nozzles by ¢
plaining the reason for over-rapid deterioration of nozzles in
K engine under certain service conditions. This phenomen
was a difficult one to explain until, as a resulr of calculatiof
and rig tests carried out by the fuel injection manufacru
it was realized that a particular combination of loaud and sp
resulted in 2 hydrodynamic system in which there was a sudd
reduction in fuel pressure in the nozzle sac just befose
needle closed, the time interval between the two events be
of the order of & quarter of a millisccond. This resulted inf
penetration of gas from the cylinder into ths nczzle sac dun
the combustion process, the hot gases impinging on the bott:
of the needic and evenrually impairing its performance. In §
13 this condition carn .~ seen at (2) on the ieft, where the pr
sure in the nozzle sac has fallen down to a jow Jevel ar a po:
16} degrees after spiil closure an) there 1. # merix! of o3
degrec during which the needle i+ o'l o ;i seat and gas
blow past it into the sac. The r ; tests now ensure that
scating of the needle occurs before the sa~ pressure falls,
illustrated at (b) on the right of Fig. 13, The value of
preliminary rig work was confirmed by the performance prid
duced in the 12-cylinder engine at a very carly stazs in
development running, many hours of “cur and try” tesis
opiimize injection equipment being saved, Fig
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Fi6. 14—K and K Major performance comparison

performance of the engine as compared with that of
he original K engine, from which it can be seen that the specific
uel consumption of the K Major engine is below 0-34 1b./b.h.p.-

. over a very wide range of power, i.e,, from 140 Ib./sq. in, t0
50 1b./sq. in., bmep. The curve also shows that, in spite
f the increase in speed, from 450 to 514 r.p.m., and an increase
in brake mean eflective pressure, from 150 1b./sq. in. 1o 200
u./8q. in. (i.e., a power increase of SC per cent) the same exhaust
temperature as in the K engine has been maintained.

¢) HEAVY FUEL OPERATION
Q‘(‘ operation of a Diesel engine on heavy fuel, the two
items which normally deteriorate most rapidly are the injector
les and the exhauet valves, and the frequency of servicing of
two items is of 1:cedominating importance. In both cases
e 15 a “threshold" of remperature of the critical parts of the
omponents so that, as raungs increase, the design of ths com-
.":fm must be improved to maintain safe operating temperature
s. "

Exhaust Valves
Exhaust valve life with residual fuels is usually limited
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Fic. 15—Comparison of exhaust valve condition
after operation on heavy fuel

by the formation of deposits on the valve seat, resulting from the
incombustible constituents of the fuel and largely from the com-
bination of the sodium and vanadium salts present. As the seat
deposits build up, they prevent the valve from making full con-
tact on its seat, thus reducing the degree of heat transfer and
eventually 2! wing tracking across the seat betwecn the gaps in
the deposits. The left-hand picture of Fig. 15 shows such a con-
dition for an uncooled valve after 600 hours operation 1t 180
Ib./8q. in., b.m.e.p., on a blended fuel of 330 seconds Redwood
1 viscosity with a three per ceni sulphur content, 85 p.p.m.
sodium and 100 p.p.m. vanadium. The beginning of erosion
across the seat face between the deposits can be clearly seen ¥,
Although the chemistry of the formation of these deposits is
a most complex study, and is beyond the scope of this paper,
field experience and engine tests have shown quite clearly that
the presence of sodium and vanadium is of great significance
ond o practica’ assessment of the temperature range in whi
deg osits are likely to adhere 1o the serung face of the valve can
be made, Table I1I gives the melting point of possible deposit
constituents which are in the temperature range which may
appertain ic the seat region of an exhaust valve, as is shown in -
Fig. 16, where the left-hand valve is of the normal uncooled
design corresponding te the left-hand illustration of Fig. 15.

Tasce HI

e B -iom

Nickel vanadate N;O. V;Og 200
Sodium sulphate Naz SO, 830
Sodium orthovanadate Nay VO4 850
Vanadivm pentoxide V:Os 675
Sodium pyrovanadate 2Na;0.V;05 640
Sodium metavanadate Na VO, 630
Sodium vanady! vanadate (!.1.5)
Nﬂ)O.V:OQ.S\':O’ 625
Sodium vanadyl vanadate (5.1.11)
5N2;0.V;04.11V;305 535

From the Diesel engine designer’s point of view, it is suf-
ficient to accept that if the valve seat temperaturc can be kept
below about 1,020 deg. F. (550 deg. C.), adhesion of any of ti se¢
components will not occur 1o anv appreciable extent so that ra; il
build-up of the deposits wi!. not be possible. The problem: is
thus quite different to that of the gas turbine engineer, who has
*o consider the corrosive effect which occurs atr higher tempera-
tures. However, the achievement of low valve seat temperatures
at high outputs is not easy and calls for carcful attention to
details of desien and patient development engine testing 1o
achieve the de: red result. The three-cylinder prototype engine,
shown in Fig. 17, has been used for continuous testing on heavy
fuel in the research laboratory for the past three years and more
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¥i6. 16—Temperature distribution in exhaust volves
with uncooled and cooied cages
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Fi¢ 17—Prototype three-cylinder development engine

tha'. 60 exhaust valve and caze design combinations have been
tested, of duration Letween 300 and 1,300 hours eacn to determine
the effect of difierent factors in the design. A basic test duration
of 500 hours at 200 1b./sq, in, b.m.e.p., loading was chosen and
valve scat condinon as the main parameter, together with othe
features such as valve guide wear, was compared with a reference
desigr. which was maintained throughout. In many cases the test

was prematurcly stopped at about the haliway stage where e
valve condiuion was not satisfactory and, in the leter stdioo, valve
assemblics were replaced in the enjine wirholi re-grind
sccond sad third runs. Spoce Jous not permit & detaned report
of the indivic ! tests, but the resulting K Major exhaust vahu
and caze design will be deseribed in deta o vinstrate o
which were found 10 be important.

Fig. 18 shows the valve and cage and it can be seey that a
cooling passage is provided in the cage close 10 the valve seat
The seat 1s made of a single piece of Stellite €, grooved 10 form

Fiw il

ng for g

the Jower part of the cooling passage, and the upper portion 15 §

machined in the valve cage which is a three per cent Cr-Ao stecl

casting, the two being welded together by electron beam §

welding, The Stellite portion thus provides the facility for simple
rebuilding of the seat by oxy-gas deposition of Steline after 2
long period of tini. in service, The valve stem is of increased
diameter and the valve of high-conductivity Cr-Ni-Si sieel, to
assist hear transfer from the head of the vaive through the stem,
and the vaive guide is also surrounded by a water-cooled space,
the cooling water passing along a drilled passage from the top of
the cage direct to the annulus around the seat, then throuzh 2
drilling to the space around the guide and via another drilled L.ole
to the outlet a: the top of the cage, The heat transfer from the
valve to the cooled guide is assisted by the close fit berween the
valve stem and guide, the previously mentioned development
tests having shown that a diametral clearance of 0-012in, resulted
in an uncooled guide temperature of 450 deg. F. (232 deg. C))
in its middle position, with rapid deterioration of the Jubricant
and the formation of hard carbon. Halving the clcarance reduce!
the temperature to 380 deg. F. (193 deg. C.) #nd, nalving it czar
together with stem lubrication and guide cooling, brougnr t*
temperature down to 170 deg. F, (77 deg. C.), i.c., about 10 ¢
F. (6 deg. C.) higher than the cooling water temperature, v
no detcrioration of Jubricant and a guide wear rate of Jess i
0-00051n. in the first thousand hours.

The valve is fitted with a rotator in the top svring carricr
which helps meshanically 1o prevent by J-up of sear deposits,
but its mest important funciion is to <. ure an cven 1emperature
distribution around the valve so tha. there is no local high-
temperature region, The f! - = lubrication of the valve guide takes
advantage of this rotatio: using the valvc itself as a tim.ryg
device. Two flats are provi....i on the valve spindle which period:-
cally line up with o1l inle: and outlet drillings on the guids as
the valve rotates. The linear positioning of the slot. anly allows
the oil 10 pass while the valve is open and thus the il space
around the valve is only pressurized when the exhausr pul~
pressure is present in the valve cage gas passage, the ol acing as
a scal against gas penctration up the stem and 1ne exhaust pres-
sure preventing Jeakage of oil from the guide. It was at first
feared that a continuous oil supoly to the guide might result in

&

excessive leakage of oil from the buttom of the guide, but this has §

not proved to be the casc and, in faci, the tendency is for the

leakage to be upwards as the retardation when the valve meets its §

seat is greater than the acceleration during opening and the inertia
of the oil carries it upwsrds. This intermittent picrsire Iabrice-

tion of the valve stem 1makes it possible to use a very small stem/ §

guide bore clearance withcut any risk of valve sticking, and this
helps the heat transfer from the valve to the water-cooled guide
In add.tion, the danger of stem or guide bore corrosion at low
load running conditions is avoided.

Since the stem to guide clearance is important in the heat
transfer process, the reduction o. guide wear helps 1o maintain

low valve seat temperatures over a long period i service, and §

many of the development tasts were concerned wit) valve guide
material and valve rocker lever geometry to this end. The long
guide and tne smali overhang of the valve head beyond the guide
will be noticed in the illustration and were found to be important

factors in reducing guide wear, as was the composition nf the}

¥
e

special “Mechanite” iron which was finally used for the guide E

matcerial.
Sodium-cooled and water-cooled valves were tested among

the many combinations but were found to cffer no advantage E

over the design finally adopted, mainly, it is thought, because ol

the difliculty, with an internally-cooled valve, of providing cool- B




ing passages close enough to the actual seat of the vaive The
usual methods of drilling down the cenire of the valve stem,
although successfully cooling the centre of the head, still icave a
fairly high temperature at the seat, and in the case of the
internally water-cooled valve, the water connexions to the valve
are 2 difficult problem.

e right-hand vaive of Fig. 15 shows the results of this
dev ment, the valve having run for 900 hours at 200 Ib./
$3. n., b.mep., on the same typs of fuel as before. The good
condition of the seating face shows that no re-grinding 1s neces-
sary and the valve can operate for a much longer period without
etiention. The Jorresponding temperature distribution in the
valve head is shown in the right-hand iilustration of Fig. 16, and
the effect of rating on exhaust valve seat temperature 1s g.ven
i Takle I

The valve development tests also included investigations
into the cflect of fuel treatment on exhaust valve life and while
onc fuel additive showed promise, 1n that the nature of the valve
seat deposits was altered, it was not effective enough to justify
its adoption, The principle of this additive was that other chemi-
cals were added 10 the fuel so that the compounds, which were
fermed during combustion, would have higher melting points
than those listed in Tuble III. It secems likely that, with further
davelopment work by the additive manufaciurers, there may be
some advantage to be gained in the future from this type of
additive. Water washing of the fuel, to remove the sodium con-
rent, was found to be quite effective and the sodium could be re-
duced from 90 p.p.m. to about half of this value without
difficulty, engine tests showing that the washing had quite an
appreciable beneficial effect on the exhaust valve seatr condition.
As can be quickly calculated from Table I1I the critical sodium/
vanadium ratios in the importan: temperature zone runge from
1:0:74 10 ':13:3, the lower mclting point compounds being

d with the latter end of the range, so that a reduction

n content may tend 1o proc.uce the compounds with the

\clting points and, with particular fuel compositions, have
an undesirable effect. Thus, with the wide variation in constitu-
ents in fuel from different parts of the world, it is difficult to
make a clear case for water washing of the fuel.

Injectors
Fuel injection nozzles, v hen operated at high teniperatures,
tend 10 form carbon around the holes in the nozzles, kr:own as
"trumpeting”, which may interfere with the injection spray pat-
tern and reduce combustion eflficiency, thus aggravating the tem-
perature problem. For a time, the carbon formation davelops
until the “trumpets” become detached from the nozzle and a
periodic rise and fall of exbhaust temperatures can often be seen
s this occurs. The general trend of temperature, however, 1s up-
wards and conditions eventually Jevel our at the top end of the
exhaust temperature cyclic range. In more extreme cases of high
temperature, the needle seat mav lose 11s hardness and the needle
dly hammers its way into the scat. The temperature at the
e tip can be measured by thermocouple and a temperature
356 deg. F. (180 deg. C) is considered to be the limit
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F16. 19—Injector nozzle tip temperatures with
cooled and uncooled injectors

for satisfactory operation. In Fig. 19, the middle curve shows the
variation of nozzle tip temperaturc with load for the K Major
engine, using an uncooled nozzle and distillate fucl, wherc the
fuel itself has a considerable cooling effect, and there would be ao
difficuity 1n opcrating an uncooled nozzle on this type of fuci up
to a load of about 250 Ib./sq. in., 0! :1¢.0. In the upper curve,
however, blended fuei of 300 secor.”, Redwood ! wiicsity
was used, with a fuel temperature of 160 deg. F. (71 dez. C.)
and it can be scen that the loss in cooling effect from the fuc! has
limited the acceptable load level to about 180 Jb./sq. in., b.m.2 p.,
and with heavier, and hence hotter, fuels the load limit wou!d be
much lower, A water-cooled nozzie is therefore necessary for
high ratings on heavy fuel, and the lower curve shows the tip
temperature for a cooled nozzle using 1,000 seconds fuel at 200
deg. F. (93 deg. C.) with cooling water at 15C deg. F. (66 deg. C.).
It 1s important that the nozzle should not be over-cooled as cold
corrosion can occur at temperatures below 230 deg. F. (110 deg.
C.), but this is controlie' by the water-circulation system which
15 separate from that of 1. - engine-cooling water, Fig, 20 shows
the cooling svstem which is a closed circust serving the injectors
and water-cooled seat exhaust valve cages with a thermostaucally
controlled bypass around the heat exchanger and minimum
volume in the system to ensure that correct operating tempera-
tures are reached quickly.

d) LUBRICATING CIL CONSUMPTION
The consumption of lubricaung oil in a Dicsel engine is
an important factor in rnaintenance costs and it is not always
real.zed that, at a rcasonable consumption rate of one per cent of
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F16. 20—Arrangement of injector and walve cage cooling system
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fuel consumption, 3 4,000 h.p. engine will burn a quantiny ©
lubricating ©il eguivalent to its sump capacity in a period
of the order of 300 hiours, Emphasis 15 often laid on Jong periods
between vil changes which are cxtended by an engine with a high
oil consumption, whereas the relauve importance of oil con
sumption 1o oil change period s around 50 1o 1. The cost of
maodern hizh-duty detergent oils is quite appreciable, so that an
O consumpton of one por cent of the fucl consumption repic-
sents somethiung like wn per cent of the fuel hill. Not alt of this
could be saved, of course, but a reduction of 50 per cent in lubri-
cating oi! consumption 15 equnvalent to a five per cent saving on
the fuel bill, and would be well worth having from the point of
view of running costs

Piston Ring Design

To carry out lubricating oil consumption tests in the rela-
tively short running periods of 500 hours or so in the research
laboratery, it was necessary to develop an sccurate method of
measuning top-up rate and a system was devised, and has proved
very successful, whereby consumption can be measured consis-
tently over successive two hour periods and plotted consecutively
The running-in period and the levelling-out to a steady con-
sumption can now be followed and it has been possible to obtain
steady state results after a total test period of only 300 hours,
which allows much more latitude for resting variations on a ring
pack than was previously the case. There is a large number of
detail points to be considered such as liner finish, roundness,
drainage in the piston, eic., but the basic concept which has been
established is to provide a parallel-faced chrome-plated top com-
pression ring, three taper-faced plain compression rings, a rela-
tively mild scraper ring below the gudgeon pin, and a more
severe scraper ring above the pin. This ensures that adequate
lubrication is available around the body of the piston but that
the munimum of oil is allowed to pass up into the combustion
space. The consistency of oil consumption measurement has
enabled some interesting facts to emerge, and Fig. 21 iliustrates
one of these—the effect of the wall pressure of the scraper ring
above the pin. The left-hand curve is from the three-cylinder
154.. bore protoiype enginz, and the right-hand curve from a
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Fi6. 21—Variation of lubricating oil consumption
with scraper ring wall pressure

completely different high-speed engine of 91-in. bore, the points
marked being the stable lubricating oil consumption achicved
after running periods of about 300 hours in each case. Both
curves show the same trend of reducing oil consumption with
increased ring wall pressure and the tendency for the curves to
level out at higher values of wall pressure. The value of wall
pressure neccessary to achieve a satisfactory consumption can
be scen to be much higher for the smaller high-speed engine
than for the K Major engine, and in the case of the smaller
engine it was necessary 1o usc a spring-loaded conformable
scraper ring 10 achieve the desired consumption. A conventional
type of slotted scraper ring was adequate to provide the 50

prewure needed for the K Major enginz, the resulting
:

less than 0-002 1b./b.hp.-hr,, being confirme.
in the 12-cvlmder engine during, development running.

Ib./sq. in

cContnmnt !

Piston Ring Quality

Consistent 0il consumption and Jow wear rate
dependent on the quabty of the piston rings froon the P
view of metaliurgical structure as well a5 sccuracy of muan
facture. Accuracy and good finish in ~uoufacture can be assure
by conventional inspection methnJs, and such methods can casi 4
be extended to give some indication of material quality, such & K
bv measuring the permanent set of the ring ar a given load \'41- :
above that rr juired to close the gap. A simple samp.c checkun §
m-thod on metallurgicil structurs was devised in which a so
picce of ring is clamped with its working face subjected to
given load and resting on the surface of a ring of lhiner iro
The ring is then rotated at a standard speed for a fixed tio
without lubrication and the weight loss of the piece of nngy
measured. Weigh: loss 1s used as a measure of the relathiy
wear resistance of the material and, although "ro_ugh an
ready”, is found to co-relate well with the differences in micr
structure of the ring material. Some typical results are givep
in Tabie IV, and illustrated in Fig. 22, and show that with ©
same Brinell hardness, increasing amounts of free ferrie =
progressively worse results and these are not improved by :
crease in phosphorus content within the amouants 10 compig
with mechanical strength requirements‘®), ’

Tame 1V

Hardncss, ‘ V/eight
Structure HB loss,
No.

|

A Greatly undercooled graphite,
considerable free ferrite (cer ri- |
cast) 3-15 per cent. T.C., 083
per cent P.

Some undercooled graphite, a

little free ferritz  (centricast) ‘
3:20 per cent T.C., 0°40 per |
cent P,
Random uniform medium flake
graphite, fully pearhiic (sand-
cast) 3-45 per cent T.C., 0'55
per cent P

¢) MAINTENANCE

Engine running times berween overhauls arc depende
upon the Joad, duty and running condition’, and the precedifiy
sections have indicated the attention that has been paid 10 150N
components which operate under the most arduous conditio
By reducing the critical temperatures of injector nozzles and
haust valve seats, so that when operatir , on heavy fuels thg
temperatures are below the “threshold” values at which deteriongis
tion becomes rapid, it has been the aim to achicve periods B
2,000 10 3,000 hours before servicing of injectors or exhaug
valves is necessa-y, kxperience 02 the prototyfe engine has i
dicated tha: this ambition is by no means unreasonable but,
course, true confirmation of success will only cor@
from the accumulation of service experience. Mainienance |
other components would not be different from that establishf
over many years, ¢.g., pisten removal annually, complcte ovg
haul every rwo years, the periods generally being dictared to sg§
the convenience of the operator rather than by the demands
the engine.

f) SPACE AND WEIGHT

In achicving high engine ratings reliably, .ae weight
hor-epower, and space per horscpower, are narur lly reduced
the emphasis on reliability for commercial mar' 1e work nece
tates a different approach from that which would be approprigg
for maval work where light-weight constructions beco
necessary but short life may be permitied. Sight should notj¥
Jost of the importance of low fuel consumption in the consid
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ion of weight. A ship refuelling every 3,000 miles, for example,
y average specd of 15 knots, and having engines weighing
b.h.p., and a specific {uel consumnprion of 0-34 10./b.h.p.-
ker an amwunt of fuel equivalent 1o twice the
nes. Thus a five per cent reduction in fuel
I be equivalent 1o a ten per cent reduction n
Jdition to the saving m fuel cost.

signi of the K Major ¢ngine, cast iron has been used
) structural material and, in the authors’ expericngce,
s I ss over fabricated steel designs. FFew fabricated
1Ictures are able to avoid fillet welds in load-carrying regions

d the latigue strength of such a weld is as low as = 12 1ons

)
LOC GL

‘lnh

s the ma

- . -~
- P —

B BT Vv

T mm——

boarttem e ey

-

Tasre Vi

POWER

e Development of a Highly-rated Medium-speed Diesel Engine

Comparison of piston rings @fter wwear rig tests
! I ¥ 3 &

n
0

sq. ir. Even butt welds must allow for discontinuity so that their
{augue strength is only =- 3-8 tons/sq. in., these values being for
good quality welds, the strength of an imperfect weld being. of
course, very low indeed. A good quality cast won has a fatiyu
strength of over S tons/sq. m., and as well as freedom from the
notch sensitivity, which so drastically reduces the fatigue strength
of a steel structure, cast iron has good internal damping propertics
and also posscsses the useful property of 2 diminishing E valuc
" reased stress so that stress concentrations are consideral’ly
reduced and the material tends to relicve itself of any cxcessive
stresses

I keepin

whar

with the phil..ophy of designing for maximum
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Tase V

15in.

18in.

11.35:1

525

12§

200 Ib./sq. in.

420 b.h.p. (426 cv)

150 deg. P. (65 deg. C.)

165 deg. F. (74 deg. C)

650 gal. (2,960 litres)

5.5 gal./b.h.p.-iir at
30[t. head (25 litres/
cv-hr)

155 deg. I'. (68 deg. C.)

170 deg. F. (77 deg. C.)

800 dez. F. (427 deg. C.)

400 b, /sq. in,

0:335 Ib./b.h.p.-hr.

(le.v. of 18400
B.tu/lb)

42 per cent

Cylinder bore
Stroke
Ccempression ratio
Masimumr 0
Minimum
Continucus . .ed b.me.p

Mavimum continuous b.hop./cylinder
Lubricating oil inlct temperature
Lubricating oil outlet temiperature
Lubnicating o1l drain tank capacity
Fresh and salt water flow rates

ng r.p.m

Engine cooling water inlet temperature

Enzine cooling water outlet temperature
Exhaust temperature after turbocharger
Starting air pressurc

Specihic {uel consumption

Thermal efficiency

RANGE

200
1,500
1.6580
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2.520
3.1
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Bt ¢
B

.: h.p. output a4t 250 r.p.m

”l"‘ (]

tput at 350 rp.m

Bhp output at 450 r.p.m
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RN NN

No. of eylinders

18
3,600
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6,450
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7,560
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1n

16 |

J

| 2 |

| 2400
3,000
1 1,360

| 1,800
0
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150
240
4.0% |
3,780 |

| 4,720
| 26f1, Oin
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Om
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4,480
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85
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-
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1
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F1G. 24—KV Major engine performance characteristics

reliability and easy maintenance, the bedplate rype of construction
has been retained for the K Mzjor engine and a useful facility
has been added by the inclusion of a machined strip on the top
surface of the bed so that alignment of the engine can be quickly
and accurately checked, and crankshaft defiexion measurements
more easily interpreted.

Fig. 23 shows the 12-cylinder KV Major on the test bed,
from which the general construction and appearance of the
engine can be seen, and Tables V and VI give the specification for
the rangs of engines available at the current commercial rating of
200 1b./5q. in., b.an.e.p., and the future rating of 250 1b./sq. in.,
b.m.e.p., under normal temperature and pressure conditions
with sea water up to 75 deg. F. (24 deg. C.) to the charge air
cooler.

CONCLUSIONS

The design and development ¢! a highly-rated medium-
speed Diesel engine, to operate economically and reliably on
heavy fuels, has been described and it has been shown that, for
the K Major engine, the critical parts of the engine, which
determine ns reliability, have adequate safety margins for its
current rating 6f 200 1b./sq. in., b.m.c p., and have potential for
a substantial increase in rating, to 250 Ib./sq. in, b.m.c.p, in
the future. The performance of the 12-cylinder prototype
engine, beyond the current commercial rating, is illustrated in
Fig. 24, curve (a) showing the performance at variable speed
and curve (b) the performance at a constant speed of 514
r.p.m., and these, in conjunction with Fig. 14, show clearly
the enormous strides which are being made in Le Diesel
engine industry towards higher specific outputs without
exceeding the temperature and pressure levels which past ex-

perience has shown to give reliable aad trouble-free ¢per2ti

There is little doubt that in the marine drcpuision ficld there
considerable interest in the use of medium-speed Diescl engr
for higher powers than have hitherto been possible, and that wi
in the next few years engines of this rype will be available
cover almcst the whole range of power demands of Bri

shipping.
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Discussion

Mn. R. Cook, M.Sc. (Member of Council) said that, at the
present time, tne manufacturers of medinme-speed euging; i,
Great Brizaui were toaking very strenuous efforts to extend theis
share of the marine market in propulsion machinery. The paper
\ therefore, timely and few who had read it would have
failed 1o be impressed by the manner in which the authors and
their colleagues were applying the Jatest knowledge and re-
scarch techniques to the solution of the problems which arose
when such machinery was developed to operate at high ratings
on residual fuels. One2 could hardly doubt that success would
attend their efforts, although he suspected that the large direct-
drive Dicsel woul? be about for quite a few years to come.

The histogram shown in }ig. 1 was interesting. It would
be noted that by far the largest horsecpower on order at the
present time was between 9,000 and 21,000 s.h.p. per ship.
With the machinery described in the paper this implied the use
of some 18 to 36 cylinders of 15 in. diameter, each with two
exhaust valves, nwo inlet valves, together with the injection and
starting equipment. He said that he could not help wondering

whether the modern rfecagoing engineer, who was perhaps not
quite so amenadie to long and arduous hard work as his fore-

bearga would take kindly to the never-ending task of top-
o'.c"".;; such a formidable number of cylinders.

other point for thought was the efiect which such main-
tenance requirements would have upon the rec:-ction in
engine-room staff now being achieved with direct-drive
machinery by the application of an increased degree of automatic
control. He hoped that some superintendenis would comment
on these aspects larer in the discussion.

He sail that some years ago Dr. Pope had made a very
thorough theoreticsl and 2xperimental investigation for the Bri-
tish Shipbuilding Research Association into the causes of failure
of pistons, liners and cylinder heads in marine oil engines, with
results which had since been published in the Transactions of
another Instirution. He was not surprised, therefore, to see the
atrention which the authors bad given 1o thermal and pressure-
mduced stresses in the design of the two-picce, oil-cooled piston.
Presumably, the piston temperatures shown in Fig. 6 were
mecasured on the actual engines and the rig used to check the
thermal stresses calculated from these temperature rncasure-
ments. If so, he wondered whether good correlation was
achieved. It would be interesting to know how the temperature
distribution in the stationary-rig piston correlated with that on
the engine.

He said that he was interested to observe the use of rolled

piston crown. Work by B.S.R.A. on the rolling of threads of
larpeagnild-stec] bolts such as those used in the dynamically-
)oa“(o.’mw:xfnn of direct-drive Diesels, had shown very
strikWS improvements in fatigue strength. Reference to a paper®
appeaning in the Transactic.,s of the Institute four years ago
would show that form-rolling increased the fatigue strength of
large forged bolts made from mild steel some 2} to 3 times.
when compared with cut-thread specimens Rolling of threud
* Cook, R, and McClimont, W. 1961. “The Influcree of
Forming Methods on the Fatigue Streagth of Large
IAMar E, Vol. 73, p. 417.

Serew
Bolts",
Yeom,

roots gave almost as great an incrcase. The degree of rolling
had bzen foond to be not very ~ritical, but his Association was
at present inestigating more fully the opumum dJegr.e for
variou: sizes and pitches. He imagined that with the high-
tensile steel material used by the authors, the gain in fatigue
strengt would not be so grear as in the case of mild steel, but
it woull be interesting if the authors would quote some figures
Form-rclling could be a very cheap method of bolt product:on,
particularly in small sizes

The means adopted to ensure correct pre-loading of studs
was to be commended since there was 1.0 doubt that the majonity
of farlure: of dvnamically-loaded bolts were due 1o fatigue
caused by inadeguate tightening. It was not always appreciated
that, with & properly-designed bolted connexion, fatigue failure
was virtually impossible if the bolt was adequately pre-loaded

The seciion in the paper dealing with heavy fuel operation
was, of course, of the greatest possible interest, since a solution
of the difficult problems involved was essential if the medium-
speed engine was to be able 10 compete with the direct-drive
engine, which was so much Jess fastidiouy as to its diet. Here
again, the authors had given evidence of a careful scientific
approach which should -5 a long way to ensure success. The
had commented on the p.osible use of fuel additives. One could
imagine this approach i:ing successful where fuel supplics of
constant composition were available, but this was seldom pos-
sible in marine practice and the chances of obtaining a cheap
additive, which was effective with a wide variety of fuels, seemed
somcwhat remote. The authors’ approaci, by tackling the de-
sign, was certainly tl.- right one. Their remarks on the
drawbacks of water wac:iiag were also worth noting.

No reference had been made in this section to sump-oil
contamination when using heavy fuels. Presumably this must
occur to some degree in this trunk-piston design, and it would
be useful if the authors were to give some information on the
procedure involved in maintaining the lubricating oil in 2
suitable condition

Dr. Pope had, over the years, made many investigations into
the properties of cast iron. Few were, therefore, more familiar
with its strength and frailties. Sir Harry Ricardo had once
referred to cast iron as “the material which served our fore-
fathers so well for lamp posts and kitck:n ranges”, but he was
sure that Sir Harry would be the first to acknowledge the advan-
tages which the authors had enumerated. Its use as the main
structural matenal in the K Major engine had much to com-
mend it, since weight was rarcly of paramount importance in
merchant ships

On the subject of cast iron, he said that it might be inferred
from the data given in Table IV that centri-cast piston rings
were inferior to sand-cast rinps. He felt sure that this would
not be the authors’ intention. Centri-cast rings had been widely
employed with success. He 100k it that the authors’ purpose
had been simply to show that, with this (ype of material, under-
cooling and consequent presence of free ferrite was most
uadesirable.

The paper had touched in an interesting manner on so
many aspects of Diesel design that to point to ommissions
might scem somewhat churlish. He wished, however, that the
authors had found it possible 1o touch on the subject of turbo-




The Development of « Jighl»-rated M. divim-speed Diesel Engine

it possivly
i up o the
third stage

charging. Perhaps they might, at som later date, fir
to give a paper on their expericnces i turbocharg
250 Ib./sg.in, i bomep. whicl

of the development of the engine

was invoived in e

Cossannir E Tywuitl, RN. (Member), in a itnbution
read by Mr. T, P. Everent referred to the successful intro-
duction, by thc author, company, of an engine which he
considered met both industeial and marine needs which so far
had only been filled by Hrita n's foreign compelitors As the
gu.hors had so nightly said rehiability was the main requirement
of a manne propulsion engine, and nobody who had read this
paper could fail to be impressed by the systemanc w ay in which
“irrless Nanonal had carried out tne research and development
work necessary to ensurc that this engine W ould operate saus-
factorily at the ratings envisaged

If the medium-speed geared Diesel engine was compete
wi.a the slow-runing direct-coupled enging, it was essential that
it should operate sausfactorily while burning heavy fuel, and
it was evident that the authors had taien very considerablc
trouble and had expended a comparatively large sum of money
in trving to ensure that this would be the case. There was,
however, one point which he. felt should have been mentioned
in this respect, and that was the effect of various grades and
compositions of lubricating oil on the problems associated with
the burning of heavy fuel There was littls doubt that trunk-
piston engines called for careful selection of the lubncating oil
if satisfactory operation with heavy fuel was to be achicved
New typss of lubricating oil and testing for quélity and make-up
by the addition of detergents, anti-oxidants, and alkals could
have u proiound eflect on the satisfactory operation of trunk-
piston engines while burning this type of fuel. The wrong type
of lubricant, or one which had been allowed 1o deteriorate
unduly, could give rise ring-sticking and crankshaft corro-
sion. Thne opcrating temporature of th= oil v.as also iImportant
if these defects were to be avoided. Perhaps the authors would
Like to remark on the 1vpr of lubricating oil and its optimum
operating temperature for this typs of engind burning heavy
fuel

He thought that the title of this paper was slightly mis-
Jeading. Ile could not rgree that the Mirrlees K Major engine
should be regarded as hizhly rated when operating at the con-
ditions given in the paper In his opinion ther was considerable
scope for further advances in b.m.e.p. These were important as
they should give worthwhile reduciions in the cost per horse-
power Introduction of 2 reliabls engine op<rating Al these
higher brake mean effective pressures would do much 10 Increase
the competitive power of this type of engine age 15t 1ty com
petitors abroad and other tvpes of prime mover. In thy tech-
nically=competit ve world, the main object of any Diescl engine
manufacturer must be consistently 1o uprate his engines in order
tn Ve herter \'.\lu( or mones., }l" must at the sams umce retamn
rehability

Many of those present would be aware that the Ministry
of Technology had recently placed a contract w ith the Yarrow-
Admiralty Research Department 10 investigate the use of
mediv m-specd geared Dicsel engines as propulsion units for
ocean-going merchant ships This survey was now almost
complete. He thought that it was true to sav tha' the results
of this survey would give encouragen en* to those manufacturers
of medium-speed Diesel engines who thought that the medium-
speed Diesel had a future and could compete In many ships
with the slow-running d.rect-coupled engine. The report show-
ed that every type of ship and trade must be treated on s
merits, but that a shipowner who failed to carry out a derailed
economic survey into the possible usc of medium-speed Diese!
engines, as an alternative 10 the slow-running direct-coupled
enging, did so at his peril

Mr. S. H. Hexsuann, B.Se (Nember) said that, as an
engine builder of medium-speed engines, he found that he was
on the side of Dr. Pope in a lot of the things he had said. The
paper, however, had been very stimulating and he would hike
to ask several questions about 1t

With regard 1o Tabie I, the specific air flow for the 250 Yo
drop compared with Jower b.m.e.p., an

sg.in. bmep. soded a
ywild have thoug!

although thes dro p was only a small one, he w
it desirable 1o Lo on increasmng tnc sgV:.:lti; air flow.

Turning to the piston desipn, he said that the fecatures
jt were, inomany ways, those with which he acreed, but 1t w
mentioned that 1t was @ stee] crown and a cast ron junk. TI
steel crown probably had a higher cocflicicnt of lincar expat
sion as compared with the cast 1ron This meant that there wc
some problems in its connexion, for instance, it must mal§
life a linke difficult for the scaling ning. beiween the 1w
portions. Cold clearance between piston Crown and lincr mu
be increased

Figs. 2, 3 and 6 showed & double line round the junk.
wondered what this signified and whether 11 Was some dev
1o overcome the cold clearance problem.

With regard 1o exhaust valves and operation on heavy fucl}
the importance of losing heat via the stems of the valve: w
certainly to be considered. In the paper the clearance w
mentioned as being of importance The we. r rale was obvious
kept down by the ingcnious device of cununuous Jubricativ
and he said that he would be interested to know what was
maximum allowable clearance of the stem to g dc and w! .
sort of life the valve had in this respect. Also, 1t appeared t
the guide could be renew ed, although he was not surc whet
it was intended to be rencwed.

He suggested that therc was an argument for not wa
washing fuel, in that the deposits also occurred on turbocharg
bladzes, and turbochargers could be water washed more casily
the sodium was allowed to remain in the fu<

On the question of cast iron or steel as the main structu
material, he said that stee] had its own acvantages, and str
wures could be desizned with low stresses W nere welds occurts
Modern technigues of manufaciure and in:naction could enst
good quality welds,

He said that surely greater reliability resulted from a des
in which the major Joad did not have 10 Pass through a O
between the crankcase and bedplate, and easy mainienance
not confined to the bedplate type of construction. The princi
of a machined strip used for checking alignment of the engE
quickly was also used on €nginds of fabricated design hav
underslung crankshaits and light sumps inttead of baseplat

1. Yo 1. Groscurt said that he proposed 1o limit his
scrvations and comments to the fucl injection side of the pajg
departing only for a moment in order 1o fully enuorse
authors' statement under *a) Reliability General Considd
tions”, where they said that the surest mathod of produd
intrinsic  rehability was 1o proceed by a Pprocess of log
evolution from one successful design to the next, taking 4
that the critice] parameters proved in the original design v
maintained in ihe New dengu This staterznt  dese
thunderous applause from both engine manufacturers and en
users, particularly marin: ENgING USCrs.

The use of test 1.7 1or fuel-injection eguipment deve
ment was, of course, fuily appreciated ana valuable data reg@
ing performarce and hie of the equipment might be gaify
However, care should be taken, when applying results obta
from injection-cquipment test rigs to enginc conditions, u
injection into a pressurized medium was strictly sir slated
wondered if this was done in the case where nozzic za§
pressure was found o be lower than the prevailing gas pr
with a needle still open which permitied g entrance nt
nozzl: gallery. The curc adonted, he ventu Jd 10 guess, w
lighten the reciprocating mass of the injector

His company, having always designed and manufac
their own fuzl-injection equipment for the.r mediume-s
Dicsel engines, had always been protagonists of the low infiy
iniector, 1.e having needle SpPrings acting directly uponf
neadle without the intermediary of a push rod. Of coursel
thus placen Mo a somewhat uncomfortable posig
gpace), but unorthodax spring wire sections hellh
on vire with the temperalis

g wits
(b 1t and
with the space and chromium/¢
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and this had boen accome aodated by
ncedic Wit I thyy were the case,
controlied in
pressure dias-
J of the fucl
tne fuel pipe
wave

increascd
mcrease of

had also been
permitiing an

eaight not needie-lifr increases have 1o be closed

Likewise, the fue.-)
taken at the
N RNCCCssary to tuns

sarvice operation, he aske.
gram ¢h presumahly
pipe He wondered if it hud e
lkngth 1o control the macintude of the secondary pressuin
w0 88 to chminate secondary 10 ction

He thought that the general conclusion 1o be drawn from
the fuel injection work was that engines of comparatively low
speed needed the same carcful attention as high-speed engines.
It would be very mteresting to se a comparanive mnvestigation
in certain large-bore, slow-speed engines, having several noziles
connected to a single fucl-pump clement results of the
careful work gone by the authors in this direciion were demon-
strated in Fig. 14. By extracting data pomnts from the fuel
consumption loops, it was interesting to note that the fuclling
lincs for both the K engine and the K Major at different speeds
were virtually identical. The fuelling hines, from around 50 Ib./
sq.in., bmep., on the lowest curve, were unusual in their
hneanty. Perhaps the authors could supply fuel consumptions
at very low loads whico would give a clea:er indication of the
hikely f.m.e.p. From the data published it was evident that this
must be of a very low order and comparable 10 that obtained
with the largest low-specd engines. This point might be worth
bringing out since it was fashionabie to quots mechanical
efliciency for large two-stroke marine cngines, and for 2 given
f.m.e.p. this would generally favour the four-stroke engine with
its higher bme.p

He asked the authors to indicate whether the performance
curves were obtained with the fuel described at the top of page
333, und if not, he said that he would like them 1o give details

He said that the water-corled, exhaust-valve cage and valve
rotators had made a major ¢ ntribution to opsration with low-
cost fucls. Presumably some provision had been made to prevent
boiling in the small scat-cooling passages in the event of sudden
shut-down, as might be expected In main marine engine
apphcanon

Ie thought tiat the nows on lubricating nii consumption
were very relevant, as was the investigation on ¢il control by
the upper scraper ring. He asked the authors to elaborate on
this by indicating the degrec of contro! excrted by the other
rings s the pack. For instance, could a reduction in radial
pressure of the upper scraper be tolerated by increasing the load
on the lower one?

The nig described to evaluate piston-ring qualit
a vanety of test rnings wsed for different purposes
with these indicated considerable scaticr of wear result
particularly at hizh rates of wear. Perhaps the authors could
indicate the signilicance of the weight Joss figures they had
quoted i Table IV, He wondered whether they had observed a
patterni of rclated ring to bore wear rates for the different
material combinations tested. Had any significant differences in
piston-ring groove and ring side wear rates been observed vhen
different irons were run in the steel piston crown? The authors
had nnt shown the metalluryy of the piston ¢rawn, bu* othe.
apphcations of high-tensile sicel had suggested tha, steels con-
taining appreciable nickel conents might produze increased wear
rates in the presence of boundary lubrication

T 1
W NOZZIiC ¢l

g™
R

resembled
Expericnee

had

Mr. J. A. Cowneroy, B.Sc. (Member) said that, as the K
Major engire had been developcd specifically for marine pro-
pulsion, he had been surprised that Fig. 24 did not show the
performance plotted agamnst specd on 2 propelier law basis. He
would particularly like to sec the compression pressure included
in such a plot, because he had th: impression tha® many builders
of marine Dicsel engines overlooked the implications of the
propeller law, which related power to speed in a ship, particu-
larly when apphed to warbocharged engives. 1f this law were
assumed to be a cube law it meant that, if ¢he engine was
feveloping full power at full speed, it was only regu -ed to
develop as little as 124 per cent of that power, even at half
speed, and as «hips not infrequently proceeded 2t speeds Jower
than full, this condition did occur now and then

The eagine referred 1o in vhe paper hid been develop
Ho aouight the authors would anr
trunk-piston engine ¢
combusi.oin

to run on heavy fucl oil
that the turbocharged Jour-strol
by tromible point of
opsrating at Jow Joads on heavy fuel, and fr.oom e BIEUITCS
had sten for other engines, which showad o Grop in campre
pressure, from 665 1h./sg.n, at ful! load and speed, 1o 355 [0
sq.an., at 60 per cent speed and 22 per ceent of full Joal, ¢
strongly suspected that (e relatively low compression pr.
under those conditions was one of the principal reason, |
this. Whilst combustion might be quite satisfactory, under tho
conditions, when the cngine wi - aew aad n first=class condino g
with the accumulation of wear of not only liners, but inecuokd
equipment, he thought that the low comprussion pressure w
certainly a contributory factor. He would be glad to have
authors’' comments on this

On the question of the operation., control of turbocharge
medium-speed engines in ships, parucularly in view of .
increase in the number of ships with bridge control of thEgss
engines, he was convinced that the fuel inicction pump re:
position should be governed to some degree by the booster pr-§
sure. A few years ago, in a certain cross-Channel ferry, whic
was propziled by two turbocharged Diesel enzines under bridg
control, it ‘vas found, a very short time after the ship had go
IL.to servis ., that the engine crankcase oil had become very dir
indeed. The reason for this was soon discovered: the brid
control of the engines had becn operated on leaving harbour
if it had bzen an engine room telegraph, with the result that th
engines smoked like chimneys until the turbochargers had um
to carch vp and provide enough air for clean combustion. Undep
these conditions the oil soon became filled with fuel soot. Inge
struztion 10 the master as to the correct rate at which 1o mncrea
eng .« power soon cured the trouble. He fe!r that where
charged engines were installed in ships, “ome form of contic
over the rate of increase of the delivery of fuel to the engiu
was essential,

somc frean LI view of

Mr. C. C. J. FrexcH asked a question concerning thermali
stress. 1 he thermal stress rig shown in Fig. 4 was interestingi
and provided an ingenious method of investigating a pro>lengl
which was becoming more and more important as engine rating
were increased. This rig was useful in that it was applicad
to asymmetric bodhes, as well as 10 those that were bodics of revo
lution. In this respect the two-piece piston shown in Fin. 6
appeared to be a body of revolution. Computer programme
were noyv available for calculating the tho=mal stress of suchE
compon s, He wondered whether the authors had ried
chock calculation 1o see whether tho.c was any sort of agreem:n
between the rig and 2 computer. His own rather hmitedd exper
ence so far, with a computer approach, had b more valuabld
in showing “ip himitations in ihe computer programme than i
gwing realistic piston thermal stresses, the problems bein
largely the rather complex shape of pistons

Turning to the inlet-valve wear, he said that he was gla
that Dr. Pope, in his presentation, had claborated on his v eagdh
fector, which Mr, French had found somewvlat 1compreacndil
sible as it stood in the paper. He agreed that lack of lubrican }ﬁ
was the main cause of heavy huet-valve and seat wear in turbo
charged engines. It was most interesting that the authors had
found thickening the head of the valve so effective in reducin
this wear.

Touching on service experience, he said that nwo vea
previously a paper® had been presented, giving u:tuis of service
experience on an engine of very similar size and mting. He
thought that everyone looked forward to the tine when the
suthors would be able to give conparable details of exhaust
valve life, eylinder-liner and cylinc-r-ring vear on the K Major
when operating on residual fuels. In tivs connexion, if th
authors were proved correct in their aim of up to 3,000 hou
between servicing of injectors ana exhaust valves, this woul
be a most valuable step forward

* Henchall, S, H., and Gallois, J. 1964, “Service Performance of
S.EAMT, Piclstick Engines.” Trans. I.Mar.E., Vol. 76, p. 445,




Discussion

Correspondence

°( iMANDER E. R May, D.S.C., R.N. (Member) wrote that
It was ¢ ten years since the Piclstick PC1 had begun to make
s sigr.l.cant contnibution to the propulsion of occan-gong
ships, and during the whole of this time 1t had been without
any efiective medium-speed competitor. The K Major must
now be judged by comparison with the Pielstuick PC2, with
which 1t would be in direct competition 1in every ficld

Power for power, the British engine was rather larger and
heavier than s French competitor. In some applications this
would n0t matter very much. Commander Muy imagmed that
the relative first cost of the two engines would e verv signifi-
cant, asswning that they had equal abiliy 1o bon heavy fuel
The Piclstick had never been a2 cheap ongine and, in its PCI
form, its exhaust-valve life on heavy fuel did not always prove
Impressiy Its pooularity had from its introducing
high-speed engine standards of accuracy into the marine eng
feld, with a refreshung freedom from the very heavy mainten-
ance work that engineers often eaperienced on propulsion
engines, less well made and indifferently developed

Over the Jast f Britsh medium-speed
Diesel firnms had caught up the lreway in standards of manu-
facture, and also had undertak IMPressive programmes

of detaled developiment. It ther Major

stemmed

AT N

ore seemed that the K

’
i
would meet intern n mpettion successfully, would extend

the market engine, and join the Piclstick in
P

thur the authors had made a
rath®Y nusleading reference saort-life engines being per-
mitsible nava ork. This had never been so (except in
motor torpedo boat Submarine engines were designed and
produced by the Admuralty between the two wars in an attemp
to produce better—no! hghter—engines than those aveii
industry at the ume. After the last war, the Admiralty worked
hard to persuade industry to adopt modern standards i, devel-
opment and manufacture of long-life engines up to 94-in. bore,
but success achieved gradually and at substantial
public expens

In Gern

present day, enzines designed

wWith

able from

was only

fter the war, and in FFrance at the
partly for naval purposes had t
SUCCess. T F had come about
naval and commercial requirements

engine with advantage to all

through recognition that

could be 1ed nto the same

concerned
Possibly the

that 1t had act

Major was
for frame

odity wa s | to maintain bearing oil
film metry within accepta himns and cast iron wa
twicy Nibie as steel. A cast wron frame must have heavier
scantings than a steel frame, the evhinder centres must there-
fore be further an irt, and bending moments increased in conse-
qQuence. On the hand, cast won was cheaper than steel,
and clopment of modern cast irons had
thig rial atira Fairbanks Morse had used cast iron
exien new ston, mediume-speed
cengine writer believed, using
steel for compurable engines and h 150 chosen the two-stroke,
valy Irrangement

Soon, at lzast four of the ¢ valvesin-head two-stroke engines
(one of them British] would by compenng with the K Major and
the Pwlstick in th pidly expanding world marker for Jarge
medium=speed engin from paper that
AMirrlees had plann r¢ therr share of ims market

It would S st ow the authors’ view on t.ans

most ren sble feature of the K

ved so much w hile retaining cast 1iros

about

othuer
done much to make
moe Ing
vely larg: opposed-p

Other manufacturers were, the

m-head

OLVIOUS this

russion suitable for employing, sayv, two K Mlajors to drive
a single propelier shaft, and whether their company proposed
to ofier compicte propulsion units—engines and reduction

Btai.

MRr. G. H. HuchEes (Member) commented, in a written con-
tribution, that the increase in power output should in no way
alarm prospecuve users, because even the ultimate aim of 528
b.hop./cvhinder, with 250 Jb./sq.in., bm.e.p.,, and 1,400 ]b./
$q. 1., peat pressure, represented only 2 98 blup., /sq.un. of
piston crown—almost identical to the power per square inch
on the crown of the Maybach engine with pistons of similar
construction

It would be interesting to kuow the cooling oil flow rate,
(he suggested approximately 14 /b.h.p.-hr.), since crown
and ring hfe depended on adeguate cooling and, in this respect,
the oil feed through the connecting rod might prove to be the
limiung factor. Given adequate cooling, it was known that this
form of piston would stand grearer power per square inch of
sho in the wwo-stroke cvcle Ruston and
engii. , when published figures showed over

crown area, #s
Hornshby A.QO
S bh.p./sq. in

Ehs company’s experience of marerials for such piston
indicated that thermal fatigue tended to becom: the
limiting factor and this depended principally on coefficient
of expansion and thermal conductivity, Had the authors con-
siacred one of the nigh-nickel adov: to mrinimize the effcct of
high opcrating temperatures, or the high-conductivity copper
chromium alloys?

A further aic to cooling was increas: | valve overlap. Had
the effect of this been explored with respect to piston crown
and piston ring temperatures?

The scraper ring arrangement permitted adequate Jubri-
cation of the skirt or crosshezl length of the piston, but when
c.l control became a problem afrer extended service, there
might be a temptation to fit a highlv-loaded ring in the skirt
groove, with possible risk of seizure. To avoid such possi-
bilities, had the authors considered omitting the skirt-ring

together and adjusting the upper scraper ring accordincly?

It was noted that three taper-faced rings were fitted below
a parallel-faced, chrome-plated ring in the top groove. There
might be a tendency to blow-by during the initial running of
the engine with this arrangement. Had blow-by readings been
taken during test work and had any indications been noted?

An important factor m piston-ring material was compati-
bility with cyhinder liners. Not all materials were suitable in
this respect, but mught be mewallurgically sound and, therefore,
of good qualiny

It was not surprising, therefore, that a2 random flake

¢ *ron had given satisfaction in this size of engine.

h regard 1o cylinder liner matcrial, was this also random
fluke graphiie? How was the bore machined, and what tvpe
of surface was produced?

With regard 10 the outside diameter, was the liner free {rom
water side attack and what precautions 1oight be taken to deal
with this possibility at the higher ratings?

On the question of heat dissipation, was it known what
proportion of heat was transferred throuzh the piston crown
1o the cooling ol and through the pisto ngs to the cooling
water?

crowns

Mr. T HL Aeron (Member) wrote that it was stated, on
V27, that to produce a rehiable machune one had to pro-
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The Development of a Highly-rated sedium-speed Diesel Engine

ceed from one successful design to the next qnge carce tnat
critical parameters proved in the onginal Gosif main-
tained In the next

With regard to the critical parameters shown in Table I,
it was rather surprising to scc that sudgeon pi, O small-cnd
bearings, were not mentioned, a5 thes bearings could be
troublesome and also, on occasions, connecting rods had split
lengthwise through concentrated cye loading

Perhaps the authors would care to comment on h s subject,
and give details of the design of their small-end bearing with
particular reference to the bush--whether it was floating or not
—and i1ts material

With regard to the pistoa design, as shown in Fig. 3, 1t
would be intercsting to have the authors’ views on the im-
portance of the distance from the crown 10 the top piston
ring. and also further enlightenment on their statements that:
a) heat resisung “helicoil” inserts were used to carry the studs
and that these acted as a “heat barrier” for these studs; b) that
disc springs were fitted under the castle nuts on these studs to
increase the resilience of the assembly. Did this mean that they
had accepted the fact that movement must take place berween
the piston crown and the body, and if s0, did fretting take
place with ensuing leakage of oil across the joinung face?

Wi further referenee to Tabic I, it was noted that the
maximum permissible bearing loads for the main bearings
and bottom cnds were giver, as 2,500 and 5,000 lb./sg. in.
respectively., Some enlightenment as to how these limitations
were arrived at would be of interest

On page 336, under “Space and Weight”, the authors
made a pood case for the cast wron engine, stating that few
fabricated structures were able to avoid fillet welds in load-
carrying regi and that the fatigue strength of such welds
might be as low as plus or minus 1-2 tons/sq. In,, and that
even butt welds had only a fatigue strength of plus or minus
3§ tons/sq. in., compared with 5 tons/sq. in. for a g
quality cast iron. If these figures were correct, it was difficult
ty understand why, apart from the saving in weight, so many
other enzine builders had adopted rabricated designs, espec-
ially as also, in the event of damage resulting from the failure
of a bottom-end bolt, a cast iron engine did not suffer distortion
and could usually be “patch” repaired, whereas the fabricated
structure was usually distorted and had to be renewed

It was noted that oil was used for piston cooling and Jubri-
cation and in this connexion it would be interesting to know
if the authors-had any relavve figures on lubricating on capac-
ity (e.g. gal./h.p., in circuit) for the engines forming the
subiect of this paper, as compared with slow-speed, direct-
drive Diesel

Furthermore, in ike case of direct-drive, slow-speed engines
burriusg beavy oil, it was found essential, on account of crank-
case corrosion. to isolate the cylinder bottoms from the crank-
case—what precautions, beyond using an inhibited lubricant,
were being tal*n to prevent such corrosion taking place In
the engines produced by the authors’ company

I conclusion, he would be grateful if the authors conld
bricfly state why, in comparison with the builders ¢[ large,
slow-gpeed, direct-coupled engines, they had chosen to develop
the four-stroke cycle engine instead of the two-stroke cycle
engine.

Commanper E. B. Goop, O.B.E., RN. (Member) wrote
that, when 2 new engine design was introduced, it was natural
to compare its rating with those of competitors. A true com-
parison of ratings should rake nto account many design
features, but an indi~ation of the mechanical and thermal load-
ing problem: which the manufacturers had to overcome could
be obtained from the output per cubic inch of swept volume
and the output per square inch of piston area. These factors
had besn plotted against cylinder bore, for a number of modern
turbocharged engine designs, in Figs. 25 and 26.

The factors for the K Major engine had been plotted at
caci of the development stages referred to in the paper and it
could be seen that these ratings lay neither too adventurously
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F1G. 25—Relation between output/swep! volume und
cylinder bore

above. nor too much below, the lines marking the upper limi
of current design.

Refere: ¢ had been made to the use of small centrifug
mounted at the engine for the bypass purification of the lubni§
cating oil. A marine installation of more than 3,000 b.h
would normally justify the use of a motor-dnven centrifu
for the continuous purification of lubricating oil. Such a sys
temn also enabled the whole of the lubricating oil charge to
purified i harbour at the end of each trip. a practice adopte
by 1nany owners. Commander Good asked the authors whethep
they considered that the enginc-mounted centrifuges woul
avoid the necessity for a separate motor-driven unit, particularl .,
in a heavy fuel burning instaliation, and, if so, could they mvg
an indication of the time after waich claning. ol the units woulll
be required. It was asto.icd that provisior was made to
off the flow to individual centrifuges, to permit them 10
cleaned while the engine was running.

The attention which had been paid to the design of t
fuel injectors and exhaust valves was very welicome. The mair
tenance of thesc items probably representc. the largest wo
load for the ship's engineers. It was cons). ‘red that a per:
of 5,000 hours betweer, overhauls would not be an unreasonabj
aim for the exhaust valves ;

Shipowners were becoming increasing' concerned abog
the noise levels in engine rooms and this v as reflected in t
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Discussion

number of new ships which had insulated control rooms. With
» meximiuin cylinder pressures 25 per cent greater and a maxa-
mum speed 18 per cent greater than its predecessor, the K
Major might be expected to be considerably noisier. However,
it was possible that the many design changes which had been
made had at lcast partly counteracted the tendency to higher

noise levels, It would be useful if the authors cou!d provide
r~ Major

any comparative noise measurcments for the K and

cngx.

With the advent of 2 new medium-speed Diesel engine, i
was incvitabie that designers of naval machinery installation:
must ask themselves whether this new engine was suitabls fo-
warships. In this respect, section f, on “Space and Weight” wa;
relevant and one could observe that cast iron, whilst it had
1hany admirable properties, was not the best of materials for
shock. Perhaps the authors would like to comment on whether
they intended to offer a naval version of this engine in dus
course,
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Authors’ Replies

Mr. Low. (replving to the verbal discussion referred to
Mr. Cook's pcint about 36 cylinders being required for a ship
of 18,000 horscpower and said that the paper had tried 10 show
that the power available from that number of cylinders was now
TWice as grea. as it was 2 few vears ago, with the same rehiabiity
and maintenance requiréments.

A comparison of Piston-Crown temperatures, measured in
the engine using templugs, with the temperature distribution
produced in the rig and by’ an clectrolytic anzioguc showed that
in the engine, crown temperatures were rather lower than those
produced in the ng and predicted by the analozue, while ring-
belt temperatures were slightly higher. This difference was
attributed to the rather more efficient cooling of the underside
of the crown produced by the motion of the piston In the
engine. The temperature distribution was proportionately the
same in both rig and engine, so that thermal stress measurements
should be of the right order

The authors’ company did not usc a ratio as high as the
24 to 3 times InCrease in faugue strength of rolled threads over
cut threads, mentioned by Alr. Cook. They used a value of 0-25
vimes the U.T.S. for rolled threads and 0125 times U.T.S
for machine-cut threads, giving a rato of 2:1 ia favour of
rolled threads for fatigue strengin

Hoth Mr. Cook and Commander 7 vrrell had commented
on lubricating oils for use with heavy fuel. 1t was difficult to be
precise about the deterioration of oil Jubricants becanse no oil
spreification defined acrurately the requirements of a Jubricant
for Dicsel engines. The type of oil found suitble for this engine
was a “poad” Suppiement 1 jevel with a quite reasonable
alkalinity. The ‘authors used a maximum bulk oi) temperature of
170 deg. F. (77 deg. C.) but it must be remembered that this
iumphed that there would be Joca! higher temperatures in the
enpine of the order of 210 deg. F. (99 deg *

He confirmed that it was not the intestion o imply that
centri=cast rings were necessarily inferior to sand-cast rings,
but the point shou!d bs made that the quality of the wron was
more difficult to maintain in a ceatri-cast ring

Referring to Mr, Henshall's point about specific &'r flow,
Ye ~grved that it war desirable to continue 19 increase the specific
air flow as ratings insreased, although the exirupolated figure
in Table 1 showed a small reduction

There had not bsen anv problem with differential expan-
sion between the steel crown and the cast-iron piston body,
probably because the intensive cooling produced a low tem-
perature at the interfaces, as could be seen in Fig. 6. The
double line in Figs. 2, 3 and 6 represented a threaded portion
which was used to establish the best crown diameter and was
a well-known development technique.

The development engine ha” been run with valve puide
diametral clearances as small as 0 001in. 1o 0-002in. with the
force-lubricated guide, and a clearance of 0-003in. to 0 004in
had been arrived at for the final design. Wear rates with the
Jubricated guide were extremely low and a life of 10,000 hours
was expeeted before replacement o' the guide was necessary.

Mr. Groschel had sounded a word of warning about fuel-
injection test rigs and the anthors agreed generally with him
Rigs were extremely useful if one was carcful in interpreting the
results. ‘The suggestion that the problem of back-flow of gas
from the evhinder had been prevenied by reducing the reqipro

cating mass in the injector was quite correct and the K Maijo
iniector was of the low inerua 6Pe, as described by M
Groschel.

The fuel line pressures in Fig. 15 referred 10 fuli-lo
conditions and the authors considered the pressures levels ang
the difference berwecn line-pressure and gallery pressure 10 igd
quite normal in their experience N

He agreed that the higher nozzle temperature for the uig
cooled injector with heavy fuel, in Fig. 19, was only partly d
to the loss of cooiing from the fuel and was also a result of t
slower burning of the heavy fuel. The conclusion, however, w
unaltered that cooling of the nozzle was necessary with hea
fuel and tests had been carried out, which wers 100 extensive
be fully described in the paper, which showcJ that the tip te
porature Was dependent not only on engin: load, but also @
fusl temperature, water flov quantity and water lemperaty Sy
The thermocouple for these temperaturc measurcments Wiks
located actually at the surface of the nozzle 11D,

Mr. Aloock had asked for details of the composiiion
the high-tensile steel piston crown This vas a 55-10n ten
1 per cent Cr-Mo steel and he would gladly send exalt p
ticulars of the material and of oil velocities 1 Mr. Alco
He pointed out that the 464 deg. F. (240 &3 C.) maxim
temperature in J)g. 6 was & bulk tempera:ure of the maisTEg
and that the surface temperature in contact v ith the oil wol
be lower. There had been no signs of oil coking on the surf
of the cooling chamber,

Fic agreed that it was ven eritical 15 choose the r
materiat. not only for the seat of the valv:, but for the v
itself. The relative coeflicicats of expansivi of tbes2
matcrials and their conductivity were most important

The subjcct of crankcase explosions s a general on?
not confined particularly to the enginc u der discussion. 1
1 showed that the engine was fitted with explosion doors
company had experienced one or two Cases, In the last se
or eight years, of crankcass explosions 1n other tvres
engine where the explosion doors had worked satisfac ocily

Referring to Dr. Mansficid’s question about the
of varying the wall pressure of the piston rings. he said
this had been donc voth by altering the bearing arca of » gi
ring and also by re-designing the ring.

Mr. Baker had suggested that there should be autom
timing on an engine. This was an attractire idea, particuly
if combined with automatic timing of fucl injection, but
very difficult to achieve. Il some simple and foolproof w2
doing this could be found it would be a real achicveme:

He said that he could not justify the mean line for
200 b.m.e.p. data on the right-hand diagram of Fig. 10
measured points indicated the “hog”, sugaested by Mr.
but he could not explain why this should be so and hence Ky
mercly indicated the downward trend which he thought t§
of greater significance.

Referring to the injection diagrams, he said that the
loading volume haJt been increased from (a) to (b) In Fi
and had a very strong effcct on the tendency for scco
iniection The iniection rate had also been increased an
alrcady stated in the reply to Mr. Gréschel, a Jow-incriia
of inector had been adopted. The fuel line pressure
measur~d halfway along the mection pipe in cach casc an
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injection pipe length was the minimum possible for the engine.
Mr. Boker's remarks about the Willan's hincs were quite vahd
in fact, the wwelve-cvlinder engine had shown a
chanical efficiency of 93 per cent. The performance curves
re obtained using distillate fuel.

The piston-ring pack, described in the paper, was deiber-
ately designed so that the scraper ning above the pin was more
than the lower sctaper ning. The authors considered it
mport-nt 10 maintain an adeguate ol fikn over the body of
the s $0 that the lower scraper ring was only intended to
e s 01l 1o prevent the upper ring becoming flooded.

he weight Joss igures, in Table 1V, were conly significant n
comparison to one another as they were obtained from a rig
nning completely unlubricated and could not be related to
sonditions in an engine cvlinder. There had not been any
ontrolled tests to measure wear rates in the grooves of the
crown with piston rings of different irons.

In answer to Mr. Cowderoy's question about compression
pressures, he said that, at 525 rp.m. and full load, the coni-
| jon pressure was 900 1b./sqan, coming down hnearly
with horsepower to 380 Ib./sq.n., at 100 rp.m, 1, effectively
no load. compression pressure, corresponding to the 60
ser cent speed, 22 per cent load condition, quoted by Mr.
Cowderoy, was 430 lb./'sq.in. He agreed with the contributor
that Jow compression pressure, or rather compression tein-
nerature, could contribute to inferior coimnbustion in a worn
gine at low load.

Mr. Cowderoy's suggestion that marine  propulsion
gines should be treated Like locomotive engines, from the point
of view of preventing the driver from accelerating too fast, was
good point. The necessity for the rurbocharger to acorlerate
as often overlooked when rapid increascs in load were called
for, and it might well be necessary to apply the locomotive type
of fuel rate control to marine ¢ngines.

In reply to r. French, he said that the computer approach
to piuggn crown thermal stresses Yad be:n to construct ar
lect ans'ogue which, as mentioned earlier, gave quite

D0 ment with the thermal rig. Work was curiently in
progress on a digital programme which would calculate stresses
irectly, whereas the analogue only gave temperature distribu-
ion from which stresses could be calculated.

The numerical value of the wear factor for inlet valves
phviously applicd to one’s own engines, but a manufecrurer
ould apply the formula to obtain valucs from his own engines.
n this connexion, he said that the experimental work, from
hich the wear factor was developed, was described fully in

erence (2).

Dr. Pope said that before the meeting closed he would like
o0 make one or two comments about some generalites which
d come up during the discussion.

He said that they were getuing to the stage in the medium-
peed engine industry where the research and development
ort of the engine builders was outstripping the companent
uilders, and he could foreswee, In the not too distant future,
hat engine deveopment might well be held up because of
ok of blowers and injection equipment. He hoped the supply
dustry would persevere with enthusiasm for the highlverated
dium-speed Doesel engine as much as the engine builders

He thought that the problem of the maintenance of
medi J Diesel engines in the marine world should be
udge jectively. Obviowsly, in the medium-speed engine one
s going 10 have more parts, but there was a world of differ-
we between handling a_15-in. piston and handling a 10-in.
siston ‘The factors involvbd were not just the number of parts,
sut the way in which they coud e manipulated and a sta-
istical analysis of what were the major and minor faults, His
rew wos that if this analvsis were carricd out scientifically one
10 find that the medium-speed engine could stand on ns
n, even with regard 1o mantenance.

With regard 1o cast iron, he said that cach problem must
judged on its merits. The fatigue strength of a goad cast iron

. Authors’ Replies

was near to that of a good siecl. There were other advantages in
using cast iron. One knew that one could obtain guod casungs
with cist iron far the sizc of engine be was discussing and 1t
was an easy materisl to handle. Size for size, his expericnce had
been that cast iron ceme out cheaper, therefore if one had a
material which was as good as another and was cheaper, one had
1o have a very good reason for not using it. He could only see
onc reason for preciuding its use and that was if weight were
a predominaning factor. However, when one considercd the rest
of the engine room equipment, thc tankerage and the fuel
capacity, one would find that there was a difference of one or
two per cent between a welded design and a cast iron design,
so that, for commercial shipping, this was a marginal
¢ isideration.

He pointed out that with an in-line engine with an under-
slung crankshafr, one could have a very nice stress line pattern
which, on the drawing board, Jooked very atiractive and almost
impossible to improve upon, but when onc came 0 a . i
engine with side by side connesting rods, so that the oppositc
liners could mot be in line with each other, the siress pooen
did not look quite so elegant. He accepred that the cast iron
bedplate was more diflicult to design because the stress pa <o
was more complex, but once onc had Jdesigned it and go a
goud design one was simply comparing onc good design with
another. It was also a question of continuing from a well-tried
engine to the next gencration, without departing from well-
proven design principles. His company had now completed its
one thousandth K engine and had over 300 of them in marine
application, Over a third of the engincs were running day in
and day out on heavy fuel,

AUTHORS' REPLY TO WRITTEN CONTRIBUTIONS

The authors 'wrote that they entirely agreed with Com-
mander May's appreciation of the rapidly increasing demand
for 1-rge modium-speed engines. They had deliberately restr zted
the paper t> the develupment of the K Major engine itsel® hut
their company was certainly proposing to offer complzete pro-
pulsion units for geared installations with cither single or mulu-
engine inputs,

n reply to Mr. Hughes, the authors wrote that the pistor.
cooling-oil flow was 1'7 gallons/b.vp.-hr. at the current full-
Joad rating. The cooling design was such that the opcrating
temperatures of the piston crown were well within the thermal
fatigue limit of the sweel used, as could be seen from the iso-
therms of Iig. 6. The work that had been carried out on the
optimization of valve timing and combustion characteristics,
which was described, had been aimed at obtaining the best
thermal cfficiency from the engine and not at reduction of
component temperature by scavenge air cooling, which they con-
sidered was a relatively ineflicient method of controlling com-
ponent temperatures. The temperature of the critical parts of
the engine, such as exhaust-valve scat, injection nozzle, and top
piston-ring groove, was controlled by direct cooling.

As mentioned in the reply 1o Mr. Baker, the lower scraper
ring in the skirt was relauvely mild and the upper scraper more
severe 1o ensure adeauate Jubrication of the piston skirt. The
taper-faced compression rings were an advantage in initial run-
ming as they bedded in very guickly on a narrow circumferential
band. Initisl runaing-in had been the subject of a good deal
of investigation on the test bed and the best results had been
obtained with a relatively rough liner surface, which was honed
10 3 CLA. of about 100,, the liner being a random flake
graphite iron, shightly softer than the piston-ring material.

Calculations of lner frequency and vibration amplitude
were included at the design stage to avoid the possibility of
water-side attack. The heat dissipation through the piston rings
1o the cooling water conld not be directly measureld in the
enaime because of the heat received dircetly by the liner from
the combustion gases. By reproducing temperatures and total
heat floee o the ng, the proportion of heat flowmng to the cool-
pmer e was about 75 per eent of the towal and the heat 1o the
Liner was 25 per cent,
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