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ABSTRACT

This paper presents optimization of selected combined diesel engine-steam turbine systems. Two systems: the system
combined with waste heat one-pressure boiler only and its version containing additionally low-pressure boiler proper
feeding degasifier and the system of two-pressure cycle, were taken into considerations. Their surplus values of power
output and efficiency associated with utilization of waste heat contained in piston engine exhaust gas were compared
to each other. For the considerations two high-power low-speed engines were taken into account. The main engines
of comparable power of about 54 MW produced by Wartsila and MAN Diesel & Turbo firms, were selected.
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INTRODUCTION

For many years in Polish economy the striving to improve
efficiency of land and marine power plants has been observed.
It results from economic conditions associated with varying
level of fuel prices as well as ecological reasons ( the lower
tuel consumption the lower emission of harmful substances
to the atmosphere). Therefore new solutions are searched for
in order to increase efficiency of driving systems by means of
combining self-ignition engines with other thermal engines
such as steam and gas turbines.

Heat contained in exhaust gas from self-ignition engine
may be utilized for production of superheated steam feeding
steam turbine. Such solution makes it possible to increase
efficiency of the combined system without any additional
tuel dose.

The most suitable engine for such systems is a low-speed,
piston combustion engine fed with heavy fuel oil. Efficiency of
such engines is contained within the range of 40-50%. [10, 14].
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At such high unit power outputs, in exhaust gases leaving
the engine huge amounts of heat which may be utilized
for production of steam used in steam turbine cycle, are
contained. The heat is used for production of steam utilized
in steam turbine cycle.

IDENTIFICATION OF THE INVESTIGATION
OBJECT

In marine drives, combined diesel engine — steam turbine
power systems are designed to increase thermodynamic cycle
efficiency. In such system the steam turbine cycle is driven by
water vapour produced in waste heat boiler fed with exhaust
gas from diesel engine. The solution may be applied to ship
propulsion as well as to a floating marine electric power
station for production electric power in regions of a higher
demand for electricity. Fig. 1 through 3 present concepts
of combined diesel engine — steam turbine power systems.



Fig. 1. Variant of a power system with one-pressure cycle
Designations: 1. Steam superheater, 2. Boiler proper, 3.Economizer, 4. Boiler
drum, 5. Steam turbine, 6. Condenser, 7. Degasifier, 8. Main feed-water pump,
9. Condenser pump.

Fig. 1 presents the simplest solution of the combined
system, i.e. a steam cycle with waste heat one-pressure boiler.
It comprises the waste heat boiler, steam condensing turbine,
condenser, feed-water heater, as well as degasifier fed from
steam turbine extraction. The boiler produces steam of one
pressure value, in the turbine only one regeneration tap
point for water heating is provided in the mixture heater -
degasifier. The waste heat boiler is composed of the three parts:
« feed-water heater (economizer);

« boiler proper;
« steam superheater.

Fig. 2 Variant of a power system with one-pressure cycle containing
additionally a low-pressure boiler proper to feed degasifier
Designations: 1. Steam superheater, 2. Boiler proper, 3. Economizet, 4. Boiler
drum, 5. Steam turbine, 6. Condenser, 7. Degasifier, 8. Main high-pressure
feed-water pump, 9. Condenser pump. 10. Low — pressure loop heater (of boiler
proper), 11.Low-pressure pump, 12. Low-pressure boiler drum .

Fig. 2 presents a version of the cycle in which saturated
vapour from the low-pressure boiler proper feeds degasifier
of the steam system. As a result, amount of the power
necessary to drive feed-water pump is low and constitutes
only about 10% of power of the main feed-water pump.

Because it is two-phase flow, it is necessary to assure
(during designing the piping) the flowing of water/ steam
mixture into the boiler proper.

Fig. 3 A combine cycle composed of diesel engine and two-pressure waste heat
boiler to feed steam turbine
Designations: 1. High-pressure superheater, 2. High-pressure boiler proper,
3. High-pressure economizer, 4. High-pressure boiler drum, 5. Steam turbine,
6. Condenser, 7. Degasifier, 8. High-pressure feed-water pump, 9. Low-pressure
feed-water pump, 10. Condenser pump, 11. Low-pressure boiler proper,
12.Low-pressure boiler drum.

Fig. 3 presents the cycle fitted with two feed-water heaters.
Such solution assures not only a better utilization of waste
heat but also causes that use of low pressure improves
thermodynamic properties of the cycle. Compared with one-
pressure cycle, an additional steam flux from low-pressure
cycle feeds steam turbine.

To improve cycle thermodynamic properties it is advised
to apply fuels of a low sulphur content. Such solution makes
it possible to reach alow level of saturation point . It allows to
utilize exhaust gas for heating feed water at a low temperature
in feed-water heater. Optimum temperature and pressure
parameters in the boiler proper allow to decrease amount
of produced steam.

Combined systems comprising steam cycle should best
utilize heat contained in exhaust gas from diesel engine.
Therefore its optimization means determination of such
values of steam cycle parameters for which steam turbine
reaches maximum power. It is necessary to limit area of
searching for optimum parameters to that for which the
constraints imposed on the system in question are satisfied.
Calculations of the combined system based on diesel engine
were conducted for both one-pressure and two-pressure
systems. Steam turbine cycles in combined systems were
calculated for the same assumptions and parameters as in
the case of constraints.

THERMAL CALCULATIONS

The proposed concept of the combined power system for
ships as well as floating marine electric power station requires
to perform energy balance evaluation for the analyzed cycle.
The power output of the combined cycle of electric power
plant was determined by summing particular power values of
the system’s elements ( i.e. diesel engine and steam turbine):
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On this basis, efficiency of the combined system was
determined:
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Designations: m — fuel mass flux; Wu - fuel calorific
value.

According to the formula (2) the addition of a steam cycle
to the diesel engine cycle makes it possible to increase power
output of the combined cycle and consequently its efficiency.

In combined steam turbine systems of a low live steam
power and temperature one-pressure systems are used
[2,5, 8], Fig. 1. The application of one-pressure system does not
guarantees to reach optimum utilization of energy contained
in exhaust gas in case when its temperature is high. In such
steam turbine systems a solution with another low-pressure
boiler proper is most often applied [2,5], Fig. 2. It leads not
only to increased utilization of waste heat contained in
exhaust gas but also to better thermodynamic usage of low-
pressure steam.

Numerical calculations of combined diesel engine-steam
turbine systems were conducted for the two following low-
speed piston engines: Wartsila 9RTA96C diesel engine and
MAN Diesel & Turbo 9K98MC-C7.1-T1II diesel engine,
(Tab. 1).

ASSUMPTIONS

During analyzing any cycle a very important stage is
consideration of its limitations which result both from
strength, technical and lifetime conditions of particular
elements of the system as well as from design and economic
constraints.

Value of difference between exhaust gas temperature and
live steam temperature for shipboard waste heat boilers was
assumed equal to -t = 10 °C in accordance with the subject
- matter literature [8,9]. Feed-water temperature in gasifier
was assumed equal to todg = twz — 2 °C. The limit degree
of steam dryness behind the steam turbine was assumed in
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the range of x, . =0,86-0,88. For shipboard seawater — cooled
condensers the MAN Diesel & Turbo firm [5] recommends to
assume the pressure in condenser, p,=0,065 bar. Temperature
of water feeding the boiler is of importance for lifetime of feed-
water heater in the boiler. The MAN firm [9] recommends to
assure feed-water temperature not lower than 120 °C, at its
sulphur content not greater than 2%. The limit temperature
of exhaust gas from waste heat boiler tspal> 137 °C (because
of sulphur content in fuel) [7]. In the calculations the fuel
calorific value was assumed constant and equal to Wu = 42700
kJ/kg, and the mechanical efficiency nm = 0,98.

The calculations of the combined system with diesel
engines were conducted for one-pressure and two-pressure
solutions in compliance with the assumed parameters of the
engines in question.

Tab 1. Principal parameters of the selected diesel engines [11,14]

Parameter Unit 9RTA96C 9K98MC-C7.1-TII MAN
WARTSILA DIESEL & TURBO
ND kw 46332 48762
m_ kg/s 104,504 134,25
m, kg/s 2,146 2,369
- oC 271 232,8
- g/kWh 166,8 174,9

COMPARISON OF THE COMBINED SYSTEMS
COMPRISING DIESEL ENGINE AND ONE OF THE
SELECTED VARIANTS OF STEAM CYCLES

For calculations of the combined diesel engine - steam
turbine systems the two ship low-speed engines: Warstsila
diesel engine [14] and MAN Diesel & Turbo 9K98MC diesel
engine [10] of similar power output were selected. The
considerations were conducted for the combined system with
steam turbine cycle comprising either one-pressure boiler acc.
Fig. 1 or two-pressure boiler acc. Fig. 3. The calculations were
done in accordance with producer’s data for the reference
pointacc. ISO Conditions: Ambient air temperature of 25 °C
and Barometric pressure of 1 bar, Tab.1.

Results of the calculations for the presented combined
diesel engine — steam turbine systems can be found in the
publication [7] where algorithm of the calculations was also
described in detail.

Results of the performed numerical calculations are
presented in a graphical form showing the statement of: steam
turbine power output in function of live steam pressure,
efficiency of the combined cycles in function of live steam
pressure as well as temperature of exhaust gas from waste heat
boiler in function of live steam pressure as well as temperature
in degasifier.

The combined systems are marked as follows:

Ob_I - comprising one-pressure waste heat boiler;
Ob_II - comprising one-pressure waste heat boiler and
additional low-pressure boiler proper feeding degasifier;



Ob_IIT_1- with two-pressure cycle ( pI = 1,05*p,, );
Ob_III_2 - with two-pressure cycle (pI = 1,5*p__ ).
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Fig. 4 Steam turbine power output in function of live steam pressure as well
as the feed-water temperature in degasifier todg=150 °C, for 9K98MC engine
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Fig. 5 Steam turbine power output in function of live steam pressure as well as
the feed-water temperature in degasifier, todg=150 °C, for IRTA96C engine
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Fig. 6 Efficiency of the combined systems in function of live steam

temperature as well as feed-water temperature in degasifier, todg=150 °C,
for 9K98MC engine
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Fig. 7 Efficiency of the combined systems in function of live steam
temperature as well as feed-water temperature in degasifier, todg=150 °C,
for 9RTA96C engine
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Fig. 8 Temperature of exhaust gas from waste heat boiler in function

of live steam pressure as well as the feed-water temperature in degasifier,
todg=150 °C, for 9K98MC engine
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Fig. 9 Temperature of exhaust gas from waste heat boiler in function
of live steam pressure as well as the feed-water temperature in degasifier,
todg=150 °C, for 9RTA96C engine

Tab. 2 shows calculation results for the analyzed combined
cycles compared with those for two low-speed piston engines:
9RTA96C and 9K98MC-C7.1-T1I alone.
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Tab. 2 Parameters of the combined diesel engine — steam turbine systems

Parameter Unit 9RTA96C 9K98MC-C7.1-TII
ND kw 46332 48762
mp % 50,56 48,2
t, °C 271 232,8
t, °C 151,8 152
t0 °C 261 222,8
Ob_I Ob_II Ob_III_1 Ob_III_2 Ob_I Ob_II Ob_III_1 Ob_III_2
NTP kw 2656 3855 4588 3157 2301 3479 2786 2349
Po bar 4 3 12 12 2,5 2 11 12
x2 0,9223 0,9005 0,8149 0,8157 0,9258 0,9052 0,8033 0,7948
tWyl °C 156,3 178,4 220,6 220,3 142 160,9 206,6 209
NTP /ND % 5,73 8,32 9,9 6,81 4,73 7,18 5,71 4,82
7 Combi % 53,46 54,77 50,26 54,01 50,48 51,64 50,96 50,53

The performed calculations was aimed at determination
of optimum parameters of the analyzed combined cycles
comprising diesel engine and steam turbine in case of
application of two types of diesel engines.

From the analysis of steam cycle calculations of the
considered combined systems of ship power plant results
that maximum power developed by the steam turbine reaches,
depending on a diesel engine, percentage value of 9,9 % and
7,18 % in relation to power of piston engine alone. The higher
value of combined system efficiency is achieved in case of the
system with 9RTA96C engine compared with that comprising
9K98MC-C7.1-TII engine.

The performed numerical calculations of the analyzed
combined diesel engine - steam turbine cycle allow to
formulate the following conclusions:

« Without any additional fuel dose it is possible to increase
the power output from the combined system comprising
9RTA96C diesel engine by 9,9% and 7,18 % for that
with 9K98MC-C7.1-T1II diesel engine in relation to the
conventional power plant;

o Owing to application of a combined power plant it is
possible to increase energy efliciency of power plant for
optimum parameters of 9RTA96C diesel engine — up
to 54,77 %, and up to 51,64 % for optimum parameters
of 9K98MC-C7.1-T1I diesel engine.

FINAL CONCLUSIONS

It is possible to apply a combined system composed
of diesel engine and steam turbine cycle which utilizes waste
heat contained in exhaust gas. Such systems reach higher
thermodynamic efficiency due to utilization of waste heat
contained in exhaust gas without any need of supplying
additional fuel dose.
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The performed numerical calculations of the analyzed
combined diesel engine — steam turbine system made it
possible to state:

- anincrease in energy efficiency of power plant at optimum
parameters due to application of a combined power plant;

- an increase in power output of combined power plant in
relation to conventional one without application of any
additional fuel dose;

- possible application of diesel engine of a lower output in
view of possibility to increase it by applying a combined
system with steam turbine.

In this work only thermodynamic analysis of ship power
plants was performed without necessary additional technical
- economical analysis which could fully justify application
of such system to ship power plants.
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