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Economic Design of Cooling Water,Fuel and 
Electrical Power Generation Systems for 
Motorships
Professor Dr-lng. G. Grossmann
Technical U niversity o f Berlin

SYNOPSIS
It is the task o f  the marine engineer to provide the ship with the simplest propulsion system so as to reduce 
installation costs, space and maintenance demands. The design o f  the engine systems must also take into 
account the reduced size o f  the crew. A recent newbuilding has a technical complement o f  two engineers and 
two mechanics, with only the chief engineer from  Europe. The answer to this reduced complement cannot 
be an increase in the number o f  systems or automation, which merely increases the costs o f  installation and 
maintenance. A ll systems have to be as simple and as reliable as possible. The reduction in the number o f  
parts should be proportional to the reduction in manpower. A t the same time the control systems should be 
simplified. The author discusses suggestions fo r  simplifying the fuel, cooling water and electrical power 
generation systems, which will also reduce the fuel consumption.

FUEL SYSTEM  SPECIFICATION

The system has to provide the main engine and two diesel 
generators with heavy fuel at a viscosity of up to 600 cSt/5()°C 
and pour point of 25-30°C. It will have a gravity settling tank 
and a buffer tank for one day’s fuel consumption; the buffer 
tank is supplied from the separators. For flushing purposes, the 
system must also be able to run on diesel oil.

The fuel oil bunkers must be heated continuously to main
tain the fuel oil tem perature above 45°C and the buffer tank 
must be kept between 70 and 90°C. The final separator pre
heater must bring the fuel oil tem perature up to 99°C and the 
final heater before the diesel engines is required to bring the 
tem perature up to 150-160°C.

Three subsystems can be recognized: a fuel service system; a 
fuel cleaning system, and a fuel heating system.

Fuel service system

The fuel service system is supplied with clean, heavy fuel from 
the buffer tank, heated to a viscosity which enables the diesel 
engines to use this fuel.

Take for example an MaK 8M601 engine with PM( R =  8000 
kW and w BSp e c  = 0.190 kg/kWh (residual fuel HU = 40900 
kj/kg, 450 cSt/50°C) and two diesel generator sets of 600 kW 
each with w BSPEC =  0.210 kg/kWh. The maximum fuel con
sumption per day titBD = 39.5 t/d. The capacity of the buffer 
tank (Vox) must therefore be at least 40 m .

The service power of the main engine is Ps = 7400 kW and 
one diesel generator will run with PES =  470 kW. At service 
conditions a fuel consumption of w BS =  1500 kg/h is to be 
expected, whereas the design consumption is fhHMCR = 1646 
kg/h.

To maintain a constant pressure at the inlet to the injection 
pumps and to keep the pump plungers floating in fuel oil. the 
service pump has to deliver more oil than needed at full power 
and a pressure control valve recirculates the surplus.

To ensure the correct operation of the pressure-control 
valve, the minimum flow rate through it should not exceed 
more than 100% of the full power flow to the engines. This 
means that the fuel oil service pumps require a design capacity 
of 3300 kg/h. With a high viscosity fuel, the tem perature at the

inlet to the heater might be 150°C, the same tem perature as the 
recirculating oil.

When the ship is running at 50% service power and 79% 
service speed, the recirculation increases from 1650 kg/h to 
2475 kg/h. With a load of 20% on the main engine— and still a 
speed of 58%—the flow through the recirculation line is 2970 
kg/h or 180% of the full power flow to the engines.

The recirculation line is fed back to the day tank, which is 
fitted with a degassing device to separate the gas from the fuel 
oil; 95% of the recirculating oil is led to the suction of the fuel 
oil service pump.

The hot fuel can cause several difficulties. Today, even a 600 
cSt/50°C heavy fuel may be a mixture of 12% cracked gas oil 
and 88% 6000 cSt/50°C residual fuel; and the cracked gas oil 
can evaporate after passing through the pressure control valve 
into the lower-pressure circulation line. Even if evaporation 
does not take place in that line, it can take place in the suction 
line from the standpipe, in which the fluid velocity is increased 
and the pressure lowered possibly below the vapour pressure 
of the cracked gas oil.

A gas bubble will result in the fuel oil service pump losing 
suction and, consequently, an irregular fuel supply to the 
diesel engines. One way to prevent this is to fit a closed 
circulation system in which additional booster pumps supply 
the circulation pumps with make-up fuel. This is rather a 
complicated way of solving the gas bubble problem.

A much simpler solution is to fit a day tank with a large head 
above the fuel oil service pump; in this example the 40 m ' day 
tank has a bottom area of 2 x 4 m 2, a height of 5 m and a short, 
large-diameter suction line, to avoid accelerating the fluid.

The recirculation line is led into the bottom of the day tank 
and connected to the fuel pump suction by a pipe five times the 
diameter of the suction line, with a minimum horizontal run of 
1.0 m. At the highest point, four holes should be fitted (of the 
same diameter as the inside of the suction pipe) to allow gas 
and steam bubbles in the recirculating line to escape into the 
day tank. With this arrangement nearly all the recirculating 
fuel is fed into the suction of the fuel oil service pump.

The second danger is that the day tank will overheat during 
normal service owing to the fuel from the separators being at 
90°C, and the oil from the reeirculation line at 150°C. Under 
the conditions when all the recirculating fuel is returning to the
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suction, it will be difficult to maintain the day tank at not more 
than 90°C, the recommended tem perature.

It is therefore recommended that a heating coil be fitted to 
maintain the day tank tem perature at 80°C when the main 
engine is not running. This can be done by using liner cooling 
water at 85°C from the outlet of the main engine. The heating 
coil will also act as a cooler when the day tank tem perature 
rises above 90°C. The inlet from the recirculation line should 
be just below the heating coil. To avoid the oil stratifying in the 
day tank, the inlet from the separator line should be as high as 
possible, to ensure a positive flow in the tank under all condi
tions.

A third problem is that at the high tem perature of the 
recirculating fuel oil, the light, cracked gas oil and the heavy 
residual fuel may separate, the light part rising to the top. But 
if the inlet from the recirculating line, the inlet from the 
separators and the suction to the pump are arranged so that at 
least 90% of the incoming flow goes to the suction, separation 
of the cracked gas oil from the residual oil can be avoided.

A fourth difficulty arises from the fact that when the oil 
tem perature at the inlet to the final heater is about 150°C, the 
wall tem perature of the heating elements will be above 180°C. 
Owing to this high tem perature, formation of insoluble asphal- 
tenes may occur with some fuels (this is known to happen with 
steam -heated coils at 10 bar and above). This asphaltene 
formation cannot be prevented even if the recirculation system 
is kept at a higher pressure.

Owing to the build-up of insoluble asphaltenes, the filter in 
the fuel oil service system will become clogged. As fuel from 
the separators is clean, no filter should be needed in the fuel oil 
service system, provided that the day tank is coated internally 
and that the fuel oil service pipe system is made of corrosion- 
resistant material, and flushed and cleaned thoroughly before 
commissioning. The asphaltenes will then be circulated and 
burnt in the engines.
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To avoid asphaltenes sticking to the heating elements, the 
full fuel oil flow should always pass through the heater. This 
means that the bypass with the pressure control valve must be 
installed after the heater.

Diesel oil service system

When the ship has been stopped for long periods, the main 
engine fuel system is flushed with diesel oil to achieve an easier 
restart. In this case, the diesel oil line, which is connected to the 
suction line of the fuel oil service pump, is opened up gradually. 
The pump then takes a mixture of diesel and heavy fuel. As this 
mixture has a lower viscosity, the viscosity controller will 
reduce the oil tem perature to the main engine.

Owing to the low tem perature of the diesel oil— which may 
be around 15°C in winter— the diesel/heavy fuel mixture will 
have a tem perature of about 70°C, instead of 108DC. This 
means that the tem perature at the inlet to the final heater, 
which is still on heavy fuel duty, will be 110°C (instead of 
150°C) and, to avoid thermal shock to the injection pumps, the 
tem perature of the fuel must be decreased gradually. The 
permissible tem perature gradient for injection pumps is not 
available, but a ship with an 8M601 engine had trouble with the 
injection pumps when changing over to diesel oil at service 
load. The tem perature gradient (dfl/df) of the oil at the injec
tion pump approximated to — 25°C/min, which is on the high 
side.

The fuel oil service system acts as an energy storage system, 
collecting and releasing energy when the tem perature of the 
make-up fuel is altered.

The approximate tem perature of the oil before the engine 
can be expressed by:

^ B( l)  =  0 B E  +  ( ^ B  AO  — ^ B f ) e  1,1 ( I )

I =  0 when the heater is closed down and the fuel is switched 
over to diesel oil. The time constant T  is:

T =  [(wFLcpFL) +  (w ST cST) + (w HcpH)l/(m BcpFL) (2)

where m vl is the mass of fuel in pipes, valves, heaters and 
mixing tubes; mST is the mass of steel of pipes, valves, heaters 
and mixing tubes; m H is the mass of heating fluid in heater and 
pipe heating; and m H is the fuel flow at load PM.

In Eqn (1) the time constant T  is a function of the load of the 
main engine, represented by fuel consumption m B. With an 
almost constant fuel velocity in the fuel pipe, T  for the pipe 
system is a function of the length of the piping between the 
suction to the fuel oil service pump and the main engine. For a 
motorship with an 8000 kW main engine, T  was found to be 
140 s at full load.

This time is too short for a system without a mixing pipe for 
changing over to diesel oil, as the drop in tem perature can be 
38°C when switching from 90°C heavy fuel in the daytank to 
15°C diesel oil at full load, giving a tem perature gradient 
(dfl/d/) of 16.5°C/min. which is too fast. If the change-over to 
diesel oil is done gradually in, say, 4 min, the maximum 
tem perature gradient will be 8.8°C/min, which can be accepted 
by the fuel pumps. To achieve this, the diesel oil day tank 
requires an 8% higher level of oil. to allow for the different 
densities of the fuels. In addition, the pipelines from both day 
tanks to the change-over valve should be as similar as possible, 
to keep the pressure losses the sam e. The two three-way valves 
(A and B in Fig. 1), with a 4 min closing time, can then be 
operated by one push-button to change the system to diesel oil 
and by another to change back to heavy fuel.

From a safety point of view, an injection pump cam of the 
type A in Fig. 2 is more suitable than type B. With type A , the 
plunger has a greater chance of seizing in the high position 
when the tem perature decreases too fast. In this case the 
injection pump will not be destroyed as, after it has cooled 
down, it will work again. With type B a stuck plunger can be 
forced upwards, destroying the pump.
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Fuel cleaning system

The fuel cleaning system comprises the separators, the main 
fuel oil filter and a settling tank. The separators should be 
designed for continuous service at full power. This will keep 
their size as small as possible and the day tank will normally be 
full.

With a high viscosity of 600 cSt/50°C, the recommended 
rating for the separators is 500% of the diesel oil rating for a 
single stage, and 385% of the diesel oil rating for two stages. 
For two-stage separation the system needs two separators, 
each with a nominal diesel oil capacity (VSOP) of 6350 litre/h. 
For parallel purification and continuous operation of both 
separators, each should have a capacity Ks,)s of 4125 litre/h. 
When a third standby separator is required for security 
reasons, parallel operation with two smaller separators would 
be advisable as the most economic installation.

A separator cannot remove 100% of solid particles, so the 
installation of a very fine filter after the separator outlets is 
recommended. This filter should be installed between the 
separators and the heavy fuel day tank, so that the fuel oil 
service system is provided with the cleanest fuel available on 
board.

If the fuel oil service system is properly designed, there will 
be no new dirt and extra filters are not required as they would 
only become clogged by the asphaltenes. Since, with very 
heavy fuels, the separators may not be able to remove all the 
water from the fuel, a coalescer should be installed in addition 
to, and in series with, the filter.

To adjust the separator capacity to the fuel consumption of 
the engine, it is only necessary to connect the suction line of the 
separators to the overflow from the day tank. The separator 
then runs at its rated capacity and, at partial loads, obtains only 
part of its supply from the bunkers, the remainder being 
overflow from the day tank.

To avoid overloading separators with bigger dirt particles 
like sand and rust, suction should be taken from a tank which 
is designed to let these particles settle out. The settling velocity 
of particles or water droplets in a viscous fluid is governed by 
Stokes' law.

w's =  [0 ,: ( a  -  p0)g]/( 18 v„p„)
where D{ is the particle diam eter (m); v„ is the viscosity of the 
fluid (m :/s); p„ is the density of the fluid (kg/m: ); and is the 
density of the particle or water droplet (kg/m1). Settling tank 
designs can be compared using this equation.

At given conditions of oil tem perature and viscosity, a 
certain settling velocity will be achieved at which a particle 
needs a time ?s to move from the top of the tank to the bottom; 
/s should be smaller than the mean time of duration, /, of the oil 
in the tank.

(U\!hi) =  {H \IH 2)(v2p2lv xp x) 
fs, =  //,/>vs, and ts2 =  H 2/ws2

where H  is the height of the tank and fs the time the oil remains 
in the tank. A settling tank should have the same capacity as a 
day tank and two tanks are needed to guarantee adequate time 
for dirt to settle. For the settling tank there is a viscosity of 180 
cSt, t, =  24 h, / / ,  =  5 m and 0 = 60°C.

The bunkers in this ship have a capacity of 200 m \  a height 
H2 of 1.8 m. a tem perature 0 of 50°C for a viscosity of 360 cSt. 
and the average time (t2) the fuel remains in the bunker is 20 
days. These figures give:

r,/?2 =  0.05 and rsl/?s2 =  5.6

This indicates that even a shallow double-bottom fuel bunker 
functions much better as a settling tank than a conventional 
high settling tank. The fuel system can be simplified if bunkers 
are designed as settling tanks and the settling tanks omitted. 
The separators then take their oil directly from the bunkers 
(the suction head of the separator charging pumps has to be 
checked) and clean oil is discharged to the heavy fuel day tank .

Fuel heating system

Although this affects the fuel system it is part of the cooling 
water system. Bunker heating has two purposes:
(a) To maintain the bunkers at 50°C and the day tank at 80°C 

when the seawater tem perature is 5°C and the air tem pera
ture is 0°C.

(b) To raise the tem perature of the fuel in the bunkers to 50°C 
in a reasonable time after the oil tem perature has fallen 
owing to a long period without bunker heating. It also has 
to raise the fuel oil tem perature in the separator heaters 
from 50°C to 99°C and in the final heater from 80°C to 
160°C maximum.

For the separator heater and the final fuel oil heater there 
are two alternatives; either:
1. Both heaters are heated electrically. This is the simplest 

solution but the capacity of the electric system has to be 
increased by an additional 125 kW. If 240 days at service 
power are assumed per year then 125 t of extra fuel are used 
more per year at a cost of $22 000; or

2. With the costs in (1) above, the installation of a small 
exhaust gas boiler for 300 kg/h of steam is economic, 
especially if the boiler can be incorporated in the ‘harbour' 
boiler, with a capacity of 1400 kg/h. Combination boilers 
with a common water volume and natural circulation have a 
simple steam system and are inexpensive. The exhaust gas 
section is not large, as the gas is only cooled by about
20-25°C. Therefore, even with slow-speed engines, where 
exhaust gas tem peratures of 235°C have been encountered 
recently, there is a reasonable tem perature difference at the 
pinch point. There is no need for an economizer in the 
exhaust gas boiler section as the condensate can be fed 
directly into the boiler.

To minimize heating losses and the energy needed to warm the 
bunkers, the design of the bunkers and the warming-up 
sequence should be optimized.

In the equation for the transfer coefficient of a flat vertical 
wall:

“ W O =  C[ ( 0 O — 0 w ) / / ] °  25 * o  ~~ 0118 0 1 7

the heat transfer coefficient is proportional to the length /. This 
length influences the losses shown in Fig. 3, where the heat 
transfer coefficient (aw) of a wall with stiffeners and webframes 
is reduced from 22.8 W/m ’K to 14.45 W/m ’’ (oil v„ = 60 
cSt/50°C).

A further decrease in heating energy for the bunkers can be 
achieved if the warming-up sequence for each bunker is 
adjusted individually to allow for the cooling of the oil due to 
heat losses:

0o(t) = 02 - ( 0 2 -  0UM) ( 1 - e ~ ' /70 

with a time constant of each bunker

7’i =  (™ocpi) / ( 3 . 6 M i)

The energy needed to warm up the fuel from 0, to 02 in fH is then

Qw =  l(t>2 ~  W  -  e - ('»/r'>)] +  0, -  < W M i  

The energy is transferred to the oil by means of the heating coil:

Qh\ = “r(^w — #<>Mr
= 3.74Z.DAH75(0W -  0O)' :V ' M V 2'

The reduction of ( jHi will result in shorter heating coils but it is 
unnecessary to save energy as there is surplus energy in the 
liner cooling water (Q cw = 0.2 PM).

It is advisable to take the hot cooling water for the heating 
coils direct from the main engine. This is not dangerous even in 
case of leakage in the heating coils, as the cooling water system 
pressure is always higher than the oil pressure, owing to the 
height of the expansion tank. Thus water may leak into the fuel 
oil but not vice versa.

The cost of the heating system can be further reduced if 
finned tubes are used, as this reduces the cost of the heating
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coils and the man-hours needed for installation. The dimen
sions of the fin tubes must be selected very carefully, so that the 
fins do not become blocked when using high viscosity fuel.

If heating is not used for more than 4 days, an external heat 
source must be provided. With full bunkers at 45°C (100 
cSt/50°C fuel) and an air tem perature of 0°C, the bunkers will 
require 200 kW. A 3 bar steam boiler with 300 kW capacity 
could take care of all heating requirem ents for the bunker.

Heating of fuel bunkers, day tank, seawater evaporator and 
accommodation is done by cooling water from the HT system. 
A harbour circulating pump keeps the cooling water from the 
diesel generator sets circulating through the heating services. 
A steam water heater is provided to keep the HT cooling water 
at 75°C when no diesel engine is running.

The seawater system has to be as compact as possible and the 
seawater pump should be used only when the ship goes astern .

Conclusion for fuel system

The fuel system can be simplified by omitting the settling tanks 
and the mixing pipe. This makes both installation and main
tenance easier, cheaper and less complex than with a pres
surized fuel system.

M AIN ENGINE COOLING W ATER SYSTEM

O ne of the most important systems on board motorships is that 
for cooling water, which has to transfer about 65% of the main 
engine energy to seawater. To achieve this, several heat 
exchangers, pumps and pipes are used.

Specification

All cooling has to be done with fresh water and a central fresh 
water/seawater heat exchanger transfers the energy losses to 
seawater. The liners of the main engine and the diesel 
generators are cooled by a high-temperature cooling system. 
At full power the inlet tem perature ( 0 M e )  ' s 75°C and the outlet 
tem perature (0MA) is85°C. 0ME has to be kept constant. The air 
coolers are arranged so that the air can be heated to 80°C when 
the power of the engine falls below 40% of design load. At 
higher loads the air has to be cooled as low as possible.

Lube oil is also used to cool the pistons and an oil tem pera
ture (#oe) ° f  47°C is required at the inlet to the engines. At full 
power the tem perature of the oil at the engine outlet must not 
exceed 55°C.

High tem perature fresh water system

L in er  coo ling  water system
The high tem perature system includes liner cooling water for 
both the main and the auxiliary diesel engines and has to be 
designed to take care of the energy losses of the diesel engines 
at design conditions. The following considerations apply to all 
engines with lube oil cooled pistons, which are simpler systems 
and, for this reason alone, should be preferred.

In our example ship, an MaK 8M601 is assumed to be the 
main engine with a design power P MCr  of 8000 kW and energy 
losses to the liner cooling water of Qi.cme =  0.208 Pmcr- The 
two diesel generators are designed for a PEO of 500 kW, and 
their energy losses (Qi.cdg) are 0.21 PME. The system has to be 
designed for:

CVc =  £?i.cme + CJlcdg

With P MCR =  8000 kW and P EO =  500 kW, Q lc is 1770 kW. As 
the tem perature difference between inlet and outlet is 10°C. a 
flow of

w LC = £?lc/(#ha ~  #hh)cp =  42.3 kg/s = 153 mVh

is needed. Through the main engine the flow « Lcm e's 143 m ’/h 
and the flow through the diesel generator (w Lcdg) is 10 m ’/h. 
As both DG sets need cooling w ater, regardless of which set is 
running, the overall flow required by the diesel generators 
(»?i cdg()) is 20 m Vh, giving a total flow m LCO of 163 m 3/h (45.3 
kg/s); and a tem perature (0mam)- after mixing with the cool 
flow through the set which is not running, of 84.3°C if 
0ME =  75 °C.

oLO
CD

Horizontal s tiffene r: 
a  (wall) = 17.5 W/m2 K 
a. (stiffener) = 4.2 W/m2 K 
a (fram e ) = 1.12W /m2 K

a l = 22.82 W/m2 K

Vertical s tiffe ne r: 
a (wall) = 9.85 W/m2 K 
a  (stiffener) = 3.93 W/m2 K 
a (stringer) = 0.67 W/m2 K 

a l  = 14.45 W/m2 K

FIG. 3 Influence of structure type on heat transfer coefficient
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Charge air cooling
To keep the heating of the charge air at lower engine loads as 
simple as possible, two heat exchangers will be fitted in series. 
The first stage will be cooled by the liner cooling w'ater from the 
main engine. As this water has a tem perature of 75°C, the air 
can be cooled down in this stage to a tem perature 0lA of 95°C. 
The first stage of the air cooler is incorporated into the HT 
system.

For this medium speed diesel engine overall energy trans
ferred by the air cooler (<2ac). is 0-45 ^ mcr ar|d the energy 
transferred by the first stage (<2Aci) is 0.27 PMcr (2220 kW). 
(The auxiliary diesels have a single-stage air cooler.)

When the air coolers are arranged in parallel with the main 
engine and the cooling water is heated by 15°C, then an 
additional flow (m wl) ° f  35.4 kg/s is needed and the overall 
flow through the HT-system (wht) is 80.7 kg/s (290 m ’/h); and 
the tem perature (0E) after the diesel engine at full load 
becomes 86.8°C.

From Fig. 4 it can be seen that, for PM <  0 .4P MCR, the first 
stage air cooler no longer transfers energy to the cooling water, 
whose tem perature is the same as air coming from the blower. 
At lower loads, the first stage of the air cooler will heat the air. 
This is the time— or the load— at which the cooling water flow 
to the second stage of the air cooler should be closed, to avoid 
the air being overcooled, resulting in liner corrosion. With 
heavy fuels and poor combustion, the S 0 3 dew point occurs in 
the upper part of the liners, causing corrosion damage. Under 
tropical conditions with a 40°C air tem perature at the blower 
inlet, the air tem perature at the blower outlet will also be 
higher, and the second stage cooler should not therefore be cut 
out too soon.
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FIG. 4 Energy losses of the two-stage air cooler

H eating system
The relatively high tem perature 0LCA of the HT eooling water 
(87.6°C at MCR, 77°C at PM = 0.4 MCR) means that its best 
use is for purposes such as bunker and day tank heating and air 
conditioning. In this case the cooling water should flow directly 
and continuously through all heating coils.

At steady steaming conditions, the energy taken from HT 
cooling water (<2h) is 440 kW. This value can be considered 
constant and the overall energy load of the HT-system at 
design conditions is then:

G hto = Q u  + Q AC. - Q h = 3550 kW
The tem perature 0HTA of the cooling water outlet from the 
heating system is 85.5°C.

Low tem perature cooling system

With a well-designed central heat exchanger, the fresh water 
outlet tem perature dLTO will be 36°C for a seawater inlet 
tem perature 0SI of 32°C. For these conditions a rather large 
heat exchanger is needed. At design load, the lube oil and 
piston oil cooler transfers:

Q pco =  »■ K)8 (P MCR + Pl:Q) = 863 kW

The LT air cooler of the main engine transfers:

C?acme =  0.075 Pmcr = 600 kW
The air cooler of the diesel generator transfers:

Gacdg =  0.347 PEO = 174 kW
The lube oil cooler of DG transfers:

C i.odo =  0.11 PEO =  55 kW

The gearing lube oil cooler transfers:

G old =  0.03 PMCR = 240 kW

The overall energy transferred to the LT system is

Q lt =  1932 kW

The load of the heat exchanger is then:

C?he = <?m + Q l t  = 5482 kW
This requires a flow of:

" 'h e  = C?HE^cp(^HTA — ^ hea) = 26.46 kg/s =  95.24 m 7h

when the flow is cooled down to 0Hea =  36°C from 0Hta  =  
85.5°C. This is also the flow through the LT system, where it
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will be warmed up by A0LT of 17.8°C to a tem perature 0LTA of 
53.8°C.

The flow distribution to individual coolers must be carefully 
calculated; the lube oil tem perature has to be kept within tight 
limits, and the coolers need relatively more water with a low 
outlet tem perature than the air coolers, where the outlet 
tem perature can be considerably higher than 0Lta- 

The above calculation shows that the flow through the 
HT-bypass at normal design conditions is

" 'htbp = " 'in  -  ' " lt = 54 kg/s.

Port conditions

In port only one DG set is run at a service load PES of 300 kW. 
The heating appliances are shut off, with the exception of the 
day tank. The load on the HT cooling system C?HXis then 0 kW, 
since:

DG-liner cooling (?lc=  60 kW
Line losses = —lOkW
Day tank heating £?vdt =  —20 kW
Heat losses main engine £?vme = — 30 kW

On the LT system the load Q i.t >s 70 kW, since

Oil cooler DG £>BCP =  30kW
Air cooler DG ( ? a c 2d  = 40 kW

The heat exchanger load <jHE is 70 kW.
Under port conditions, the flow through the cooler and the 

LT system becomes too low for the oil cooler of the diesel 
generator and to prevent high oil tem peratures a small bypass 
of the HT tem perature control valve has to be installed to 
guarantee a minimum flow through the LT system (w, TBP) of
0.6 kg/s.

If there is only very little energy transferred to the cooling 
water, a small harbour pump with a capacity " iLcp ° f  2.5 kg/s 
should be installed in parallel to the circulating pumps. This 
flow is sufficient to supply both DG sets with cooling water.

When the outside tem perature is low, the energy losses of 
the diesel generator are not sufficient to maintain the HT 
system tem perature, especially when the bunkers have to be 
heated. For stops exceeding 3 days in cold climates, a steam 
water heater of 300 kW (480 kg/h of steam, 4 bar) has to be 
installed in the HT bvpass. 300 kW will keep the bunkers at 
45°C for I FI 00 (£>v «  200 kW), the main engine (Qvme =  30 
kW), the day tank tem perature (C?VpT ~  20 kW) and supply the 
ship’s heating system with energy (Q A ~  40 kW).

The LT cooling system is shown in Fig. 5.

FIG. 5 LT cooling system
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Overall fresh water system

The combined LT and HT cooling systems form the central 
fresh water cooling system with one pump, one cooler and two 
tem perature control valves. This is a major simplification and 
saves some energy, as the pow'er for one circulating pump is 
less than the power needed for the two pumps in the two 
separate and independent cooling systems. The central cooler 
needs a bigger area than the two independent coolers (see Fig. 
6) but will not be any more expensive. The overall system costs 
will be no higher, and may even be lower, than the cost of the 
two independent systems.

(a) 0Hta = 85.5°C 3sha -

HT System HT cooler
Q h t = 3550 kW 0 HTE= 7 5 °C A0lnht=34.2oC

- € > -

-0-

0SM= 40.3° c

LT System LT cooler
Q l t = 1987 kW 0 l t e = 3 6 °C A0LNLT= 7 .9 °C

0 s e  = 32°C

(b)

HT + LT System
UHTA'

Central cooler

Q z = 5537 kW 0 l t e = 3 6 °C A 0 ln = 13.8° C

- e -

e SA= 5 2 °C

0 SE = 32°C

(a) 2 individual coolers: 
0 M )HT = 103 kW/K 
U v 4)l t = 252 kW/K

(b) 1 central cooler: 
U vt) = 386 kW/K

= 355 kW/K

FIG. 6 Comparison of tw o  cooler systems

With a flexible layout of fresh water circulating pumps, 
electric energy can be saved at partial load of the main engine 
and three pumps, each of 50% flow capacity, are fitted. Figure 
7 shows that, at PM = 0.7 P Mc r  using variable frequency (as 
explained in the section on Power generation’), the frequency 
/ of the system will be 0.89/ MCR and the capacity Q of one pump 
only at this frequency is 224 mVh at a head H  of 27 m. The 
required volume flow Q x for keeping the tem perature differ
ence over the main engine constant would be 0.7 <2mcr 
(210 m Vh).

At this load, one pump can fulfil the requirem ents of the 
system. The electric power Pvp needed for this pump will be 0.4 
Pppo (24 kW) (where Pt;PO is 60 kW). When the main engine is 
running at PM =  0.4 PMcr~ the frequency will reduce to 0.74 
/mc r- At these conditions the volume flow of the one pump in 
service Q will be 185 m Vh, much more than the required flow 
Qx of 130 nr’/h, and the consumed electric power PEP will be
0.25 P[:p0 (15 kW. a saving of 45 kW).

The fresh water cooling system will be run for most of the 
time with one pump and a second pump will be added only at 
powers above 80% of PMc r- With this pump arrangem ent, the 
outlet tem perature at the main engine is kept nearly constant, 
enabling a simple control of the inlet tem perature.

Seawater cooling

This system should also be as simple as possible, with the 
seawater pipes restricted to the barest minimum. Corrosion is 
still the biggest problem , causing much repair and maintenance 
work.

One solution is a sea chest cooler, which needs no seawater 
pipes at all; but unfortunately its heat transfer is rather low 
with k ~  600 W/m2K. A combination of sea chest cooler with 
scoop elements will improve the k value and considerably 
reduce the necessary heat exchange areas. The sea chest cooler 
is a normal multiple-flow tube cooler w ith only two shell plates. 
The forward and aft sides should be open, so that seawater can 
flow through naturally when the ship is moving (Fig. 8).

At very low ship speeds, the cooler operates with a vertical 
natural circulation only, taking the water in through the lowest 
openings and discharging it through the highest, which should 
be just below the light-load water level.

When the ship is moving, a horizontal flow, induced by and 
proportional to ship's speed, is superimposed on the thermal 
flow. The aj values inside the tubes are not as high as those of

FIG. 8 Sea chest cooler w ith  scoop elements

m3/h

FIG. 7 Fresh w ater pumps: load field
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FIG. 9 Steady state load conditions of scoop sea chest cooler

the plate cooler, but the flow resistance on the outside of the 
tubes is very low. The sea water flow at full ship speed will 
therefore be rather large. This increases the temperature 
difference between fresh water and seawater, the a A value, 
and decreases the necessary heating area.

Owing to the low flow resistance on the seawater side, the 
sea chest cooler can transfer more energy than a plate cooler 
when the ship is in port. As a tube cooler contains copper or 
steel alloys, the inside of the sea chest must be carefully coated 
to avoid severe corrosion from warm seawater.

The sea chest cooler also works satisfactorily when the ship 
is going astern, as the water flow induced by the velocity does 
not oppose the thermal flow. The sea chest is the sole seawater 
system; no pipes, valves or pumps are necessary, which 
decreases installation costs and maintenance problems.

L o a d  characteristic o f  the central cooler under steady  
steam ing  cond itions
The most important fact in a scoop system is that the flow of 
seawater through the cooler is proportional to the speed of the 
ship, which means that, at low ship speeds, surplus seawater is 
available to cool the fresh water down to 0Lte- The tem pera
ture difference A0SE ( = 0Sa ~  ®se) w'H decrease with ship’s 
speed.

Figure 9 shows the curves of the energy losses <2V. the 
seawater flow through the cooler ms and the ratio m JQ v as a 
function of the ship’s speed.

The heat transfer coefficient k , at full power and full speed, 
is approximately 6000 W/m: K. With the ship stationary, the 
heat transfer coefficient decreases to about 800 W/m: K.

With the decreased mean tem perature difference, about 600 
kW of energy can be transferred by the cooler, if the exit 
tem perature 0SA of the seawater is restricted to 52°C.

The heat transfer coefficient k is influenced very strongly by 
the internal heat transfer coefficient c*j of the fresh water flow, 
which means that the velocity of the fresh water has to be kept 
rather high. To achieve this at partial load, it is advisable to 
divide the central cooler in two, one with A UI =  0.333 A H, the 
other one with A ll2 =  0.667 A u . With this arrangement it is 
possible to reduce the flow area for and the heating area A  M 
and adapt the cooler to the power requirements and the sea 
water inlet tem perature 0SE.

Transient cond itions
During steady steaming conditions, the sea chest cooler can 
fulfil all demands on the system. When the ship accelerates 
from vs =  0 to vs, the power increase is faster than the increase

8

of the ship’s speed. The energy load on the cooling water 
system increases gradually from the port load <2vp to QVM, the 
losses corresponding to (PM + Pes) :

Cvw -  0VP + (QvM -  <?vp)(l -  e - ,/r«e)
The time constant Tmf, of the main engine takes an important 
part in this load change, but it is normally not known. For this 
engine, it is estimated from tem perature measurem ents to be 
approximately 120 s.

The change of the ship’s speed is governed by the time 
constant Ts of the ship:

7s = (msySM)/RM =  (m svSM2)/PMrjp) =  240 s

where m s is the mass of the ship ( = displacement); vSM is the 
ship's speed at the power PM; rjp is the propeller efficiency; and 
R m is the resistance at vSM.

r s is the time in which the speed vSM of the ship, running 
steadily at power PM, is reduced to 0.5 vSM after the engine has 
been stopped. On the other hand, when the engine power is 
increased from P =  0 to PM in a step function, then the ship will 
move with vsx of 0.5 vSM after Ts seconds.

The momentary speed of the ship can be calculated by the 
following equation:

Vs = VsmU -  (1/2)7') = vso(P m/P mo) I,3(1 -  (1/2)7”)
With r ME and r s the time functions of the energy losses Qvu) 
and the seawater flow w sc through the scoop system as well as 
the tem perature difference A0SE of the w ater, flowing through 
the cooler, can be calculated.

For the example system, the main engine was started and 
immediately brought up to a PM of 0.51 PMCr (4080 kW). The 
corresponding energy losses <2vm are 3110 kW and the ship's 
speed vSM is 0.8 vso (16.3 knots).

I n practice the energy losses will reach the value of Qvm after 
a time t of 5 7’ME, at which time the ship has reached a speed vs 
of 0.82 vSM = 0.6 wso (8.96 knots).

Figure 10 shows th a t, even under the severe conditions of the 
ship’s acceleration, the sea chest cooler with scoop effects can 
transfer all the energy losses to the sea without any increase in 
seawater tem perature. The highest seawater tem perature will 
occur when the ship is not moving. With 600 kW losses, the 
seawater tem perature will increase from 32°C to 52°C, which is 
the normal design outlet tem perature of a plate heat 
exchanger.

All tem peratures decrease as the seawater inlet tem perature 
decreases. For design purposes, a 0SE of 32°C should really be 
considered only when the ship is designed for a trade route 
through the Red Sea and the Indonesian Archipelago. There 
are not many other areas with such a high seawater tem pera
ture. It is better for the system to be designed for a 0SE of 28°C 
and an inlet tem perature 0LTE of 33°C into the LT system.

m.m = 478 kg/s

FIG. 10 Load conditions of scoop sea chest cooler during 
acceleration
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Conclusion

The central cooling simplifies considerably the cooling system. 
It also saves electrical energy, as the power needed for the one 
remaining circulating pump is less than the power needed for 
two individual circulating pumps. Further energy can be saved 
at part loads of the main engine if three fresh water pumps, 
each with a flow capacity of 50% of the maximum flow, are 
installed. Below a PM of 0.7 PMCR, one pump is sufficient for 
the fresh water cooling system.

The seawater cooling system saves electric power when a 
scoop cooler with thermo-syphon is used. In a scoop sea chest 
cooler, the seawater system is practically done away w ith, with 
the advantages that there are no pipes to corrode, no electricity 
is required and the maintenance is minimum.

ELECTRIC POW ER GENERATIO N

The electric power on board motorships is generated by either 
a diesel generator, or, under full away conditions, by a shaft- 
driven generator or a turbogenerator supplied with steam from 
an exhaust gas boiler. A t full speed conditions at sea, the 
electric load is practically constant as, with constant frequency, 
the rev/min of the electric motors and their power stay con
stant. The electric load should be reduced as far as possible by 
designing energy-saving auxiliary systems.

FIG. 11 M otor ships: electrical power available at full power on 
main engine

The electric power range at full power of the main engine can 
be expressed for ordinary motorships (see Fig. 11) by the 
equations:

Peou = 120 + Pmcr"'65 (upper range)
/ \ :OL =  120 + 0 .80P mcr° 65 (lower range)

Electrical consumers can be divided into three groups. 
Group 1 covers all pumps and ventilators running continuously 
to supply the main engine with cooling w ater, air and fuel. In 
Group 2 are all the pumps which work against a constant 
pressure such as the lube oil pumps of the main engine and the 
diesel generator sets; lighting, and electric heating for the 
galley. Group 3 consists of all other electrical consumers, 
which do not run continuously or which require a constant 
low-voltage supply.

Shaft-driven generator and fixed-pitch propeller

The generator should be driven by the main engine without a 
frequency converter. The frequency /  and the voltage U are 
directly related to the revolution of the main engine.

( /,/ /„ )  =  (U JU a) =  (n t/n„) =  V ( P t/P0)

where the index o indicates the highest power P„ = PMCR and 
where:

Pmm =  0.4 PMCR <  Pt S  PMCR 
,!min =  0.74 «mcR — /(l S  nMCR

The frequency /and  the voltage U will then also vary in these 
ranges:

/min =  0.74/mcr < / j  — /mc r 
^min =  0.74 UMCR S  (7, S  UMCR

This means that with/,, =  62 Hz and U„ = 456 V:

46 H z < / ,  < 6 2  Hz 
336 V <  £/, <  456 Hz

within the above power range.
When the frequency and the voltage are proportional to the 

main engine revolutions, then the power dem and of the con
sumers of Group 1 is related to the ratio of frequency cubed or 
it is equal to the ratio of the power of the main engine:

P  E l x / P  [ I n  =  ( / / / m C r ) 3 =  P  M J P  MCR 

For Group 2 the electric power demand will be:

P e 2x/ P e 2o = / * / / m C R =  ^ ( P m x / P m C r )

The overall demand of G roup 3 will remain constant. This 
means that all equipment requiring constant low-voltage 
power has to be designed for the lowest frequency and voltage. 
Motors not running continuously will use less power when 
running, but they will run longer.

According to one separator m anufacturer t.ie reduction of 
frequency and voltage brings no problems, as the reduction of 
the revolutions is accompanied by a reduction of flow. The 
separator itself belongs to Group 1, the electric heater of the 
separator to Group 2.

The behaviour of the fresh water circulating pump, belong
ing to Group 1, is shown in Fig. 12. One can see that the pump 
still delivers more water than is needed to the engine at low 
engine powers.

The electric system should be designed so that, at the service 
power of the main engine, the frequency is 60 Hz and the 
voltage U is 440 V. With Ps =  0.9 PMCR, this m e a n s /MCR = 
62 Hz. UMCR =  456 V and Pmm =  0.4 PMCR, f min = 46 Hz. Umm 
= 336 V.

When the generator is directly connected to the main engine, 
without a frequency converter, the installation cost decreases 
drastically from US$500 to about US$60 per installed kilowatt. 
In addition to this, the energy losses of about 15% in the 
frequency converter are saved and at partial loads of the main 
engine the generated power is decreased, resulting in further

m (k g /s)

FIG. 12 Fresh w ater circulating pump operating on variable 
frequency

f  =  4 6Hz

Resistance pf 
system
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energy savings. The actual electric power needed at partial 
load of the main engine can be approximately expressed by the 
relationship illustrated in Fig. 13.

This lower electric power demand is equivalent to a m oder
ate fuel saving. For example, in our ship the design electric 
power P Eo is 395 kW. and the losses in the frequency converter 
APE am ount to 60 kW. A t service conditions the electric power 
demand PES will be 375 kW, so the saving will be 80 kW, which 
is equivalent to 80 t of fuel or US$13 000 for 200 days at sea.

The above electric power system provides the engine with a 
speed control system for all electric motors without any addi
tional installation costs and without any additional control 
element. Only the signal for starting the diesel generator after 
a voltage failure has to be rearranged.

Shaft-driven generator and controllable-pitch  
propeller (CPP)

With a CP propeller, the shaft generator is usually installed 
without a frequency converter, as the main engine runs at 
constant speed. This means that the propeller runs at lower 
loads with a smaller pitch and an efficiency which may be 3% 
lower than for a fixed pitch propeller. To compensate, an 
increase in power of about 6% is required for a main engine 
load of 0.4 PMCR.

If the propeller is run with a constant pitch dow n to P M = 0.4 
P m c r  an d « M = 0.74 nMCR, the savings on the main engine are:

P M = 0.4 x 0.06 P MCR =  192 kW

and on the generator, with PEO = 450 kW:

P E = 0.3 PEO = 135 kW

These savings of 327 kW are equivalent to 1.45 t of fuel, or 
US$260/day, at PM = 3200 kW.

Unlike the fixed-pitch propeller, the CP propeller permits a 
shaft generator to produce acceptable electric power down to a 
speed of 0.74 « mcr ° f  the main engine at all main engine 
powers. At the same time the losses due to the propeller 
turning with zero pitch are reduced to 40% of the losses at
^ M C R -

Electric system with turbogenerator, operated with 
steam  from an exhaust gas boiler

With the modern highly efficient diesel engine, these systems 
can be operated only with main engines of medium to high 
power. For a 4-stroke medium-speed engine and an exhaust

^x/^MCR

FIG. 13 Electrical power and frequency as a function of main 
engine power

FIG. 14 Exhaust gas boiler system

gas tem perature of 320°C before the boiler, the minimum load 
at which a turbogenerator would generate enough electric 
energy would be PM = 9000 kW. With PMCR = 18000 kW and 
frequency proportional to propeller rev/min, the turbo
generator could supply enough electricity down to P x =  0.5 
Pmc'r =  9000 kW. With constant frequency, the dem and for 
electric power could be satisfied only down to Pt =  0.85 Pmcr 
=  15 300 kW.

Conditions are worse for 2-stroke slow-speed diesels, where 
the minimum main engine load for a turbogenerator to gener
ate enough electricity is about 21 000 kW. This is due mainly to 
the lower exhaust gas tem perature of 255°C before the boiler.

If the electrical demand of the main engine auxiliaries is 
reduced by 16%, the minimum engine power for an exhaust 
gas boiler to supply all the electric power would be

P{) =  6650 kW for the 4-stroke engine, and 
P0...= 11 800 kW for the 2-stroke engine.

These considerations show the importance of the auxiliary 
systems when using exhaust gas boilers with turbogenerators 
and the power demand of the auxiliaries should be reduced as 
far as possible. Cooling water systems must have a low resis
tance and the need to correct the flow later with energy 
consuming orifices must be avoided.

For example, the diesel engine generators should have the 
same low resistance for all liner cooling water as the main 
engine. It also means that the exhaust gas steam system has to 
be simple, to keep the electrical power requirem ents as low as 
possible. An exhaust gas boiler with natural circulation, a 
stainless steel economizer and a scoop condenser would be the 
answer to this problem.

Electric power generation can be further increased in slow 
speed diesel engines by reducing the steam pressure to 4 bar, 
but a small 10 bar steam system is still required for the fuel oil 
heaters. Evaporation tubes would replace the superheater 
tubes and with a turbine internal efficiency of 65% , the water 
content at the turbine outlet would be below 10%, which a 
well-designed plant can accept.

If a turbine is then connected to the free end of a shaft 
generator (operating at a frequency and voltage proportional 
to propeller speed), all the steam will be used for power 
generation; at partial loads the main engine will deliver make
up energy to the generator. Parallel running of a diesel 
generator is not needed at steady steaming (Fig. 14).

A further reduction of the electric power demand is possible 
if a fresh water cooling pump is attached to the main engine, 
resulting in a decrease of 40 kW in our example ship. With this 
arrangement, the minimum main engine power for running a 
turbogenerator becomes 5700 kW for 4-stroke engines and 
8800 kW for 2-stroke engines. Unfortunately, engine driven 
pumps require complicated arrangements except when fitted

10 Trans IM arE (TM ), Vol. 97, Paper 7(1985)



with CP propellers. The shaft generator system on the other 
hand would use about 2 tonnes of fuel per day, costing about 
US$70000 per year. If an exhaust gas boiler with a turbo
generator could be bought for US$310000, this system could 
be considered economically feasible even in our example ship. 
But, on the other hand, it adds to the complexity of the whole 
engine plant and cannot therefore be recommended as it would 
overload the drastically reduced engine-room crew.

CONCLUSIO N

International com petiton places many, often conflicting, 
demands on the marine engineer. The plant he designs must be 
fuel-efficient; but at the same time it must be simple, reliable, 
maintenance-free, autom ated, and suitable for operation by 
the smallest possible crew. In addition the installation must be 
reasonable in price, weight and volume. There is still much 
room for improvement and the best overall results can be 
achieved only through a thoroughly integrated design.
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Discussion-------------------------------
J . K. ROBINSON (Lloyds Register of Shipping): ICE Publica
tion 92-101 requires marine electrical equipment to function 
with supply frequency variations of ±5%  and m ajor owners 
have been known to operate their 60 Hz systems at 56 to 58 Hz 
for periods to reduce system load.

As system frequency falls, so will the speed of induction 
motor pump and fan drives, and hence their loads. U nfortu
nately their cooling, being normally by shaft-mounted fans, is 
also less effective and hence, to prevent overheating, the 
voltage is normally reduced, eg 440 V, 60 Hz auxiliaries can 
generally be run on 380 V, 50 Hz shore supplies.

Whilst voltage can be made proportional to frequency by 
fixing the generator field current (ie by selecting hand voltage 
regulation) this has the disadvantage that the starting of an

induction m otor is liable to result in system voltage collapse. 
Also, resistive heating, being proportional to voltage squared, 
and fluorescent light output, approximately proportional to 
V 16, will be less effective. Protection and instrumentation 
problem s1 should also be expected with the large frequency- 
reduction proposed by the author.

I suggest that more practical electrical system designs would 
employ two-speed motors for the main engine’s auxiliary 
drives, or have split bus-bars (one variable frequency and the 
other fixed frequency) connected by a smaller frequency con
verter.

1. D. E . McPherson, ‘Slow-speeding with gas-turbo-electric drives’.
M ER (June 1982).
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J . R. WILLIAMS (BS Eng and Tech Services): The idea of 
effecting a m ajor simplification in the fuel system by removing 
the settling tank is a good one but using the double bottom  as a 
settling tank does carry with it a number of m ajor drawbacks. 
It is self-evident that, if Stokes’ Law operates in ideal con
ditions, then a 1.8 m tank with an oil residence time of 20 days 
is bound to be more effective than a much larger settling tank 
with an oil residence time of 24 h.

Actually, the use of a double bottom as a settling tank carries 
with it real problems. In service, once the head has been taken 
off the settling tank, the free surface will result in considerable 
sloshing when the ship is in the seaway. Ideal conditions for 
Stokes’ Law to operate are, therefore, not present.

Additionally, in some ships it is common practice to shift 
bunkers around in order to trim the vessel as the oil is used up. 
Furtherm ore, in order to maintain the oil at a reasonably low 
viscosity, as would be expected in a normal settling tank, the 
tem perature must be maintained at a high level. For a double 
bottom with a large area exposed to the sea, this could be 
wasteful of steam or other heating media.

Even in the event of the settling-out process performing as 
desired, the problem of disposal still remains. In a normal 
settling tank, accessible from the engine room, the sludge and 
water can be easily drained off. Within a double bottom this 
would be more difficult to undertake, requiring some sort of 
additional sludge removal pump and, hence, more complica
tion.

Perhaps it would be better to consider the elimination of 
double bottom s for fuel bunkers altogether and re-design for a 
centralised bunkering and storage system, employing engine 
room cross-bunkers. This not only simplifies the whole bunker
ing process but could also be adapted for all the best features of 
a double bottom  by a series of transverse separations, arranged 
vertically up the bunker.

Concerning the section in the paper on transient conditions, 
the author has discussed the relationship between the time 
constant of the main engine and the time constant of the ship 
and has shown how the two are related for a particular case. It 
is further shown that, by the time the maximum energy losses 
Qvm occur, the ship has reached sufficient speed to enable the 
scoop to function adequately. However, the author does not 
indicate the displacement of the ship from which the time 
constant Ts is calculated. With a very large ship of fairly modest 
power (for example a very large bulk carrier of circa 200 000 
tonnes with a medium-speed diesel engine of, say, 14000 or 
15 000 kW with low thermal inertia), quite a different time- 
constant to the one shown in the paper could occur. Has the 
author done any calculations for several ship types of large 
inertia in conjunction with a machinery system of low thermal 
inertia?

J. C. HATCHMAN (Heat & Power Eng. Consultancy & 
Computing Series). On page 4 the author quotes an exhaust- 
gas tem perature of 235°C on slow-speed engines. Could he 
elaborate?

I was present at the recent trials of a new-generation slow- 
speed engine and noted a tem perature of 280°C after the 
turbo-charger at loads above 50% output. This was a new 
engine, burning marine diesel oil. Also the ‘plateau effect’ on

1. D. R. Cusdin and M. J. Virr, ‘A marine fluidized bed waste heat 
boiler'. Trans IMarE. 1979, Vol. 91.

2. J. R. Owen, ‘Considerations in the application of organic ranking 
cycle waste heat recovery system to diesel engined vessels’. Trans 
IM arE(C), 1981, Vol. 93, Paper C76.

3. Y. Tanaka and K. Sasaki. ‘Energy saving by waste heat recovery on 
board'. Third International Symposium on Marine Engineering, 
Tokyo, 3-7 Oct 1983.

4. A. J. M orton and J. C. Hatchm an, ‘Taking waste heat seriously’. 
Trans IM arE(C), 1982, Vol. 94, Paper C100.

exhaust tem perature, some 2-4 months after entering service, 
is now well docum ented (Fig. 7 1) (Figs 7 and 82) (Figs 14 and 
153). The tem perature increase recorded was 30-60°C. A 
similar increase was noted by a leading 4-stroke medium-speed 
engine manufacturer (p. 79, contribution to Ref. 4). W ould the 
author agree that the heat transfer coefficient for the tank wall 
losses depends also upon the siting and position of the wall and 
the thermal resistances in the heat transfer process?

The work on the use of hot water for bunker heating is 
extremely valuable and it has been reported that several 
installations using a secondary fluid system are already in 
service. It is a pity not to give similar thorough consideration to 
the most valuable source of high-grade energy, the exhaust 
gas. Each kW of heat going up the stack is money disappearing 
into hot air. Each tonne of fuel burned needlessly by a diesel- 
or shaft-generator is that much less for the future. If a dual
pressure steam-cycle waste-heat recovery plant with scavenge- 
air feed-heating were to be used, what would be the threshold 
for the installations shown? Does the author believe that 
dual-pressure steam systems would be complex to operate and 
difficult to maintain and, if so, why?

Is the extra propulsion resistance caused by scoops detrim en
tal to their application to small and medium-size merchant 
ships?

Author's Reply___________________
I agree fully with Mr Williams’s remarks on the settling system: 
only a full tank has the ideal operating conditions for the 
settling process. So, when the mean duration for an individual 
bunker is 5-10 days, then all the sludge and the water should be 
drained off before the bunker is emptied. But there we have a 
problem. With the high-viscosity fuels, the engineers seem no 
longer able to see the difference between sludge and fuel, so 
they only drain the water off. This can be seen on the documen
tation of a test run using new separators with automatic 
desludging. In heavy weather and when the bunker was nearly 
empty, the cleaning process was activated considerably more 
often than under normal conditions (see Fig. D l) . Naturally, a 
central bunker system simplifies this problem. In the Germ an 
edition of the paper I have already pointed in this direction.

Mr Hatchman’s remarks on the heat-transfer coefficient are 
not quite clear. For a sea-water cooled side wall the transfer 
coefficient of the sea water is so much higher than the transfer 
coefficient on the oil side, that I do not see any influence of the

FIG. D1 Daily total purging of separators on MS 'M onte Cer
vantes' 17.9.83-16.12.83.
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FIG. D2 Energy loss from  the cooling w ater for a MAK 601, 
PMCR = 8000 kW.

siting and position of the wall. The influence of the design upon 
the oil-side’s heat transfer coefficient is shown in Fig. 3, where 
it is also stated that this coefficient is for IF 100. For fuels of 
higher viscosities, the value goes down. There is a third 
influence which diminishes the losses. If the ship has once 
carried a fuel with a rather high pour point, a wax layer will be 
built up on the outside wall due to the low tem perature, 
thereby reducing the heat transfer coefficient considerably.

Mr H atchm an’s rem arks regarding the cooling water for 
bunker heating must be clarified in that here the liner cooling 
water is flowing directly through the heating coils. There are 
already several ships running with such a system. The most 
interesting one is a retrofit, where the ship can now run through 
the Baltic in winter with IF 180 instead of IF 50, owing to the 
heating of the bunkers with the liner cooling water.

Mr Williams’ question about the ratio of time constants cannot 
be answered in one sentence. The time constant Ts of a ship can 
be calculated quite easily, but unfortunately very little is 
known about the time constant TM of the main engines. The 
=  120 s was evaluated for a MSD engine of 500 kW/cylinder. 
For a large bulk carrier of 200000 t displacement and 14 knots 
speed, 2 x 10 cylinder units with 1000 kW/cylinder would be 
used as prime movers. Their time constant could be about Tm 
=  160 s. With a propeller efficiency of 0.6 the time constant of 
the ship will be Ts =  800 s, so the ratio is TS/T M =  5.

This means that after t = Ts = 5 TM the main engine is 
delivering practically the full energy losses Q m to the heat 
exchanger. By then the ship has reached the speed vM =  0.5. 
When the main engine is started and brought immediately to 
the power PM = 0.5 PMCR, the corresponding energy losses are 
(2m =  0.4 Q mo (see Fig. D2). The speed of the ship at this

power would be vM = 0.79 vMO and after t = Ts the ship will 
have the speed vM(t) =  0.395 vmo. As the sea-water flow 
through the scoop is proportional to the ship’s speed, the ratio 
of the energy losses to the cooling water flow at t =  Ts is just the 
same as at full-power design conditions.

Qm/w k  =  0.4 (2MO/0.395 m KO =  G m o ^ k o

This means that the outlet tem perature of the sea water at t = 
Ts will be the same as the design outlet tem perature. With t > 
Ts the outlet tem perature i?SA will go down, when the power is 
not increased. As any power increase above PM =  0.5 PMCR will 
happen gradually with these rather big diesel engines, there 
should always be enough cooling water for the heat exchanger, 
as long as the ratio of the time constants does not exceed 5.

Owing to size limitations, each engine of the bulk carrier 
used as an example has to be fitted with its own scoop cooler. 
A t the moment we see no way to design a scoop cooler with 
natural circulation for more than 6500 kW. (This means a main 
engine power of about 1000 kW.)

Mr Hatchman thinks that the extra propulsion-resistance 
caused by scoops might prevent their application to small and 
medium-size merchant ships. The extra resistance is so small 
that one cannot see any influence on the rudder. Anyhow, the 
resistance of the lip, which has a height of 20% of the boundary 
thickness, is not more than the resistance of an old fashioned 
cooling water outlet, where the cooling water leaves the ship at 
90° to the wall, with a speed of up to 2.5 m/s. It is our opinion 
that this kind of cooler is better appreciated with small and 
medium size merchant ships with a power range of 2000- 
5000 kW and a speed range of 12-16 knots.

Mr Robinson raises several questions on the propeller propor
tional frequency and voltage: the first concerns the cooling of 
the electric motors. When these motors drive a pump or fan not 
working against a constant pressure, then their load— and the 
losses—decrease as the cube of the frequency. As the coolant 
flow of the shaft-mounted fan decreases in proportion to the 
frequency, there should be always a surplus of coolant flow at 
reduced frequencies with these systems.

For motors driving pumps or compressors working against a 
constant pressure, the torque— and therefore the current—do 
not decrease with the frequency and the voltage. H ere the 
energy losses stay more or less constant and here the ventila
tion has to be controlled and, if necessary, improved.

We do not think that, with modern equipm ent, a system’s 
voltage will collapse at low frequencies, when a big electric 
m otor is started automatically. Tests were made by Professor 
Dr Droste from TU  Ham burg-Harburg on a ship with a 
CP-propeller and a main-engine driven generator. During the 
test, the main engine speed, frequency and voltage were 
reduced to 70% of the normal values. W hen the low frequency 
was reached, all standby pumps started automatically without 
a voltage collapse.

Naturally the light output of the navigation lights will 
decrease with the square of the frequency. These lights there
fore need bulbs with a higher power to ensure that their output 
at the lowest frequency and voltage still conforms with regula
tions.

In conclusion I would like to emphasize, again, that the 
simplest systems should be designed and put on board m er
chant ships. It may be necessary to redesign parts of systems to 
adapt them to the new philosophy.
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