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Abstract. The design concept of some special purpose naval vessels requires the usage
of gas turbines as prime mover engines, which offer high power density and high flexibility
on the variation of the engine load. However, one of the disadvantages of the gas turbines
compared to their main competitors, the diesel engines, is their lower fuel efficiency. The
comparison becomes ever worse when referring to the part load engine conditions,
especially for the legacy gas turbines installed in some vessels of the Hellenic Navy. The
part load operation is of paramount importance for the case of marine propulsion, since
the engines operate most of the time at part load. Apart from the economic impact of the
relatively high fuel consumption of the installed gas turbines, there are also operational
issues that arise and have to be considered. The engine’s fuel consumption affects the
planning of the required fuel supply chain and the operational range of the vessel. In the
present study, a preliminary feasibility analysis of installing a waste heat recovery
bottoming Rankine cycle with steam as a working medium is conducted, in order to
estimate the improvement of the fuel consumption over the entire operating range for a
gas turbine used as a base prime mover at the Hellenic Navy. For this purpose, a gas
turbine performance model is used to calculate the flue gas properties (temperature and
mass flow rate) during the engine off-design operation and is coupled with a
thermodynamic model that simulates the Rankine cycle and predicts the thermodynamic
properties of water/steam at all operating conditions. The analysis takes into account
constraints regarding the available space for installing the various components and
especially the exhaust gas heat exchanger (HRSG), as well as the lower limit of the
exhaust gas temperature to avoid condensation. From this preliminary investigation it has
been confirmed that with the proposed configuration, a significant improvement on the
overall (combined) efficiency can be obtained ranging from 33% at full power to 53% at
25% of the gas turbine load, providing a technically feasible solution to the problem of low
gas turbine engine efficiency, especially at part load operation. Moreover, at the same
time, this technique provides tactical benefits, since it lowers the exhaust gas temperature
which consequently affects the infrared “signature” of the ship, making its tracking by the
enemy harder.
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INTRODUCTION

The classical heat engine cycles for power generation in steam and gas turbine plants are
those associated with the names of Rankine and Joule-Brayton [1]. The temperature-entropy
diagrams for these cycles are shown in Figs. 1A and 1B respectively. The Rankine cycle is the
basis of steam power plant, with steady flow through a boiler, a turbine driving a generator
delivering electrical or mechanical power, a condenser and a feed-pump. The Joule-Brayton
constant pressure cycle is the basis of the gas turbine power plant, with steady flow of air (or
gas) through a compressor, the heater, the turbine, and the cooler within a closed circuit. The
turbine drives both the compressor and the generator delivering electrical power or provides
mechanical power on a power shaft.
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FIGURE 2A. Rankine cyclic heat engine [1] FIGURE 1B. Joule — Brayton cyclic heat
engine [1]

One particularly important field of study for conventional power plant design is that of the
"combined plant". A broad definition of the conventional "combined cycles" is the cycles that are
coupled to work together, in such a way that the heat rejected from the one power cycle (as
dictated by the 2nd Law of thermodynamics) which is called upper or topping cycle, becomes
the heat source for the other which is called lower or bottoming cycle, in order to produce more
useful power. In practice the "upper" plant is often open circuit, not cyclic. In this way it becomes
feasible to produce greater work output for a given heat (or fuel energy) supply, i.e. improved
energy efficiency. Using the second Law of Thermodynamics it is proved that the maximum
efficiency of a heat engine is achieved when it is operated according to the reversible Carnot
cycle between a given (maximum) constant temperature (Tg) of heat supply (Qg) and a given
(minimum) temperature (Ta) of heat rejection (Qa) (according to the temperature —entropy
diagram shown in Fig. 2). Its thermal efficiency is given by the following expression:
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Increasing the high temperature (Tg) or reducing the low temperature of the cycle (TA) leads
to higher energy efficiency. Although in practice it is not feasible to develop an engine working
based on the Carnot cycle, this thermodynamic cycle is treated as the measure of excellence
when studying power producing cycles under given boundary conditions (i.e. given
temperatures of the “hot” source and the “cold” sink) .
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FIGURE 2. Typical Temperature-entropy diagram for a Carnot power plant
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There are two features of the Carnot power plant which are responsible for its maximum
thermal efficiency [1]:
o all process involved are reversible;
e all heat is supplied at the maximum (specified) temperature (Tg) and all heat is
rejected at the lowest (specified) temperature (Ta).

In an attempt to achieve high thermal efficiency, the designer of a conventional power plant
investigates alternative ways to raise Tg and lower Ta. In Fig. 3 it is shown how this affects the
(Rankine) steam power plant. Firstly, lower rejection temperature (T,) is achieved by lowering
condenser pressure, and it is an important feature of the cycle that all heat is rejected at the
lowest temperature.

Secondly, efforts are made to raise the mean temperature of heat supply Tg temperature, by

e raising the boiler pressure;

¢ reheating between turbine blades

o feed heating (bleeding steam from the turbine to heat the condensate before it is fed
to the boiler plant

Whether such modifications to achieve increased thermal efficiency justify the extra capital
required is a matter for economic study; thermodynamics is not always the sole criterion. In this
search for higher efficiency, the designer of the conventional power plant is maximizing the work
output (W) for a given heat supply (Qg).

37



NAUSIVIOS CHORA

Higher //‘: Reheat

Lower condenser pressure

FIGURE 3. Common Modifications of the basic Rankine cycle to increase thermal efficiency

In the design process of a combined cycle power plant, the objective is to optimize the overall
system performance, which sometimes does not directly mean that each of the system’s
components (upper and lower cycle) operate at their most effective operating conditions [2, 3, 4].
To make this clearer, consider a combined power plant, consisted by two separate power plants
(H and L) combined as shown in Fig. 4. Heat rejected (Qu.) from the “higher” (topping) plant
(H), with a thermal efficiency ng, is used to the lower (bottoming) plant L (as a heat source),
which operate with a thermal efficiency n.. The two plants may use different working mediums.
The work output from the lower cycle is

Wy =n0x: (2)
But
Qar = Qp(l=1g) (3)

where Qg is the heat supplied to the upper plant, which delivers work
Wy =005 (4)
Thus the total work output is

W =Wy + W, =050 + Mtl — N5 )s = Callly + 1y — Nalic) (3)
The thermal efficiency of the combined plant is therefore

1.!

By = E =5 + 0 — Ul = Rg + Nkl =1g) (6)
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FIGURE 4. Combined power plant

The advantages are clear. The basic efficiency of the upper cycle has been increased by:
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FIGURE 5. Gas turbine/steam turbine combined power plant
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When the upper cycle is consisted by a gas turbine, one of the most familiar ways to further
exploit the energy of the exhaust gases is to combine the upper cycle with a bottom Rankine
cycle equipped with a steam turbine. A typical configuration is the one shown in figure 5. The
combination of an open cycle gas turbine with a water/steam cycle, commonly known as the
combined cycle, offers several advantages [4, 5]:

e Air/Exhaust gas is a straightforward medium that can be used in modern gas turbines
at high turbine inlet temperature levels (above 1200°C), providing the optimum
prerequisites for a good topping cycle.

e Steam/water is inexpensive, widely available, non-hazardous, and suitable for
medium and low temperature ranges, being ideal for the bottoming cycle.

In this case the combined efficiency of the plant can be expressed by the following equation:

+ 1-
Tee = Nt Qer I]gjﬂ( llg? =ngr + Nsrfl —nerl (7)

Differentiation makes it possible to estimate how the overall combined plant efficiency is
affected by a change in the efficiency of the gas turbine:

Bicc 8157
=14 - 8
By Bler(d —ngr) 5" (®)

Thus, increasing the gas turbine efficiency improves the overall efficiency only if:

e
BNy

=0 (9)

which leads to:

sy 1 -Tsy
_ - 10
Bner 1 -mngr (10)

The last equation shows that improving the gas turbine efficiency is helpful only if it does not
cause a high drop in the efficiency of the bottoming cycle (nst). Table 1 indicates that when the
efficiency of the gas turbine is raised, there is a limit on the allowable decrease of the bottom
rankine cycle efficiency, in order this to have a positive effect on the overall combined cycle
efficiency. For example, steam process efficiency can be reduced from 30% to 27.8% (
&gy  27.8-30

@ngr 35-30 in case the gas turbine efficiency is raised from 30% to 35% to keep the
overall combined-cycle efficiency.

TABLE 1. Example of the allowable reduction in the bottoming cycle efficiency nst when the gas turbine efficiency
ngr increases from 30% to 35% or 40%, in order to keep the overall combined-cycle efficiency.

TéGT 0.3 0.35 0.4
_ hst 1.0 1.08 1.17
et

40



ISSN: 1791-4469 Copyright © 2012 Hellenic Naval Academy

IMPLEMENTATION OF A COMBINED CYCLE FOR MARINE
APPLICATIONS

The recent changes in the emission legislation with the burdens on the maximum content of
sulfur in the marine fuels, as well as, the inherent advantages of the gas turbines as prime
movers, together with the development of advanced systems with high overall efficiency, have
grown the interest regarding the usage of gas turbines as prime movers for vessels instead of
using diesel engines [4, 6, 7, 8, 9]. Especially for the navy, gas turbines offer high flexibility on
the operating conditions, low demand in maintenance and high power density, which make them
ideal for specific types of vessels (i.e. combatants) [10]. However, the operational demands and
the growing fuel prices have raised skepticism regarding the relatively low overall engine
efficiency of the gas turbines used in the Hellenic Navy, as well as in the foreign Navies
worldwide. One of the solutions proposed is the modification of the existing gas turbine power
plants, by adding a bottoming cycle (Rankine) working with steam/water in order to recover a
portion of the heat rejected to the environment with the exhaust gases. This excess power could
be offered to cover a portion of the electric loads of the ship (reducing the fuel consumption of
the auxiliary engines), or could be provided as propulsion power through an appropriate gear
box. The US Navy has studied such alternatives since the 80s and the conclusions derived are
positives [10].

In the present work a preliminary investigation is conducted in order to explore the feasibility
of adding a bottom cycle (i.e. Rankine with steam as the working medium) to the existing gas
turbine configuration which is used as the basic propulsive power unit on a combatant vessel of
the Hellenic Navy. In this first part of our research work, the investigation is limited to the
determination of the possible power increment and the corresponding improvement of the
overall system efficiency taking into account specific limitations which exist, regarding the
allowable lower exhaust gas temperature and the dimensions of the heat exchanger used for
the exhaust gas heat recovery (Heat Recovery Steam Generator, i.e. HRSG).

Gas Turbine Model

In order to model the off — design operation of the gas turbine a generic, zero-dimensional
non-linear adaptive performance model is used [12]. The model is based on the logic that a gas
turbine is an assembly of different components (modules). Each component is identified and
modelled according to the kind of aero-thermodynamic process it materializes. For each
component, if Y, is the vector of the independent variables at its inlet and Your the
corresponding vector at its outlet, then in order to find the values at the component exit an
equation of the following form must be solved.

g(?IN’?OUT)ZO (11)

This equation usually derives from conservation laws, as well as from existing experience in
components operation. It may consist of analytical relations, possibly including empirical
constants (e.g. duct pressure loss), or a set of curves (e.g. turbo-machinery component maps).
Additional equations express the compatibility of operation between the different components,
imposing “matching” conditions, as for example, power balance between the high pressure
turbine and compressor. In this way a set of equations, which have to be simultaneously
satisfied by the fluid parameters, is formed. The solution of this system of equations, non-linear
in nature, is achieved numerically. Different types of numerical techniques can be employed, as
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for example described by Stamatis et al. [13]. The solution of this system of equations, for an
operating point as specified by the ambient conditions and the selected engine control variable
(e.g. engine load, Turbine Entry Temperature etc.), gives the full cycle details, and the
performance parameters are uniquely defined for off-design operation.

The model is capable of simulating all existing gas turbine configurations from single shaft
engines, up to a three spool engines with power turbine with intercooling, reheating,
recuperation and water injection at various positions along the engine. The model layout and the
system of equations to be solved are modified in accordance with the engine configuration
under consideration. Also, as the control variable of different engines may be different, or even
change throughout their operation, the model is capable to acknowledge several parameters as
control variables like Turbine Entry Temperature (TET), Compressor Discharge Pressure (CDP),
load etc. depending on the engine configuration.

In order to be capable to simulate a specific engine the model can be adapted to available,
engine specific data by employing the adaptive modelling technique, introduced by Stamatis et
al. [14]. The basic idea behind adaptive modelling is that component characteristics (e.g
compressor map) are allowed to change through appropriate modification factors. The values of
these factors are determined by requiring that available engine performance data are matched
by the engine model. In this way, at the end of the adaptation procedure, a set of components
characteristics is produced which are capable to reproduce the specified engine operation with
great accuracy (e.g Tsalavoutas et al. [15]).

The gas turbine selected as a test case in the present study, is a twin spool — three shaft
engine of 4MW nominal power and a corresponding thermal efficiency of 29.4%. This engine
type is used as the cruising engine (two engines of this type) of a specific marine vessel type of
the Hellenic Navy, in a COGOG configuration. Due to the fact that the majority of the vessel’s
operational duty is covered by the cruising gas turbines, this engine type is used for the
investigation of the exhaust gas heat recovery technique.
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FIGURE 6. Predicted and published values [15] of the gas turbine versus load.

In order to build a reliable model capable to predict the engine’s off-design operation, the
model has been adapted to available data. The results presented by Tsalavoutas et al. [15]
indicate that the model can simulate the off-design operation of the engine with good accuracy.
The calculated by the model specific fuel consumption (sfc) compared with published values [15]
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versus the operating load is presented in Figure 6. The adapted model is used for calculating
the exhaust flow properties (mass flow, temperature and composition) at specific operating
points.

Heat Recovery Steam Generator Design

One of the most important parts of the Rankine cycle is the heat recovery steam generator
(HRSG) since it is the component of the cycle which is responsible for the exhaust heat
recovery (and the production of steam, with adequate thermodynamic properties). This
component of the bottoming cycle contributes considerably to the system’s weight and volume.
These two parameters are crucial for marine applications in general and even more crucial
when the application concerns a naval vessel. In general there are two types of Heat recovery
steam generators (HRSG): The once-through type and the drum-type.

In drum-type HRSGs the water/steam separation and water retention is conducted in a steam
drum. A HRSG of drum-type can be built in two basic constructions, based on the direction of
the gas turbine exhaust flow through the boiler: vertical HRSG and horizontal HRSG [2] as
shown in Figure 7. In vertical designs, the heat transfer tubes are horizontal, suspended from
uncooled tube supports located in the gas path. Often this design requires circulating pumps in
order to assure constant circulation within the evaporator (that's why often they are called
forced-circulation HRSGs). In a horizontal design, the circulation through the evaporator takes
place entirely by gravity, based on the density difference of water and boiling water mixtures
(often called natural-circulation HRSG). The heat transfer tubes are vertical, and essentially self-
supporting. Earlier the vertical designs had several advantages compared with horizontal
designs, with respect to space requirement and start-up performance. However, the natural-
circulation HRSGs have been improved, and current designs offer performance comparable with
the forced-circulation designs [2].
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FIGURE 7. Schematic figures of vertical (left) and horizontal (right) HRSGs [2].

Another feature that needs to be considered when selecting HRSG arrangement is whether a
by-pass stack which permits the operation of the gas turbine without the HRSG (and steam
turbine) in service is desirable. Such feature would increase the cost and occupy space. An
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important drawback with the drum-type HRSG is that for high live-steam pressures the
operational flexibility is restricted. Combined cycles used for marine applications are often
operated in cycling duties with frequent load changes and start-up cycles. Such operation
causes high thermal stresses on parts within the HRSG, especially on the drum. Thus, the
loading rate, for example during start-up, is primarily constrained by the drum.

On the other hand a once-through HRSG is basically one tube, featuring the economizer, the
evaporator and the super-heater. Water enters at one end and steam leaves at the other,
eliminating the drum and circulation pumps. Since it contains no drum, it provides the desired
high thermal flexibility. However, as all the water mass flow should evaporate when flowing
through the HRSG, the area requirement of the evaporator section is large. In a HRSG of drum-
type, the water is re-circulated and only a portion of the flow is evaporated at the time, thereby
requiring less heat transferring area.

Previous work on the use of combined cycles for marine applications does not provide a
coherent picture on the optimum choice of the HRSG type. Taking into account the space
limitations which apply on a naval vessel, in this study a once-through heat exchanger is
considered with vertical gas flow mounted directly over the gas turbine, as shown in figure 8.
Such a design would minimize ground-floor and space requirements. Additionally, a vertical
arrangement is associated with a low cost and it provides a good exhaust gas distribution
across the boiler heating surfaces. On the other hand, this configuration may set some
obstacles to the maintenance of the gas turbine, but taking into account the very limited
available space this configuration seems to be the optimum solution.

In this HRSG, the feed water is introduced at the gas outlet and is moved through the core
until it leaves the other end at the desired condition (superheated). The steam exit conditions
are controlled by the feed-water flow rate. A low water flow rate produces high superheat, high
minimum wall temperatures of the heat exchanger tubes and low heat recovery. This control
feature is utilized in this study since focus has been given to maintain a minimum exhaust gas
temperature at the exit of the boiler (economizer) above the sulfur-acid dew point. Specifically,
this limit value was assumed equal to 135°C, which is slightly above the dew point of the
specific gas turbine exhaust gas. It is noticed that in the Greek Navy the standard fuel used in
the gas-turbine-powered combatants has a maximum sulfur content equal to 1% [16].

HRSG Design

To simplify the simulation procedure, the dimensions of the HRSG are calculated based on
relevant studies which have already been conducted by the US Navy. Specifically the case
study examined in [10] has been taken as a reference for the present work, where the bottom
steam Rankine cycle has been applied on a LM2500 gas turbine which is used for propulsion of
a combatant ship. Therefore the main design parameters of the HRSG used in the present study
have been determined by appropriately scaling the corresponding data of this reference work.
The HRSG has tubes with a nominal 3/4 inch diameter and nine fins per inch. These tubes are
arranged in a staggered tube bank, while, no feed-water heating is considered, which means
that the condenser water is fed directly to the economizer inlet. As far as the HRSG’s
dimensions, these are assumed to be proportional to the ones of the reference HRSG.
Specifically, the height of the HRSG is set equal to 2.40m (which corresponds to the ship’s
deck-height), while the cross sectional area is determined so that the mean exhaust gas velocity
at full engine load (4 MW), is identical to the one used in the aforementioned reference study. In
this way, similar flow conditions are expected to exist, which makes the assumption of similar
exhaust gas pressure losses and overall heat transfer conditions to be trustworthy. In the
reference study the design exhaust gas flow rate is equal to 45.4 kg/s (corresponding to a power
of 8.95 MW), and the dimensions of the boiler are: Length=2.7m, Width=2.7, Height=2.40m, with
a total heat transfer area equal to 1230 m?. Taking into account that at the present study, the
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gas turbine’s exhaust gas mass flow rate at full power is equal to 18.3 kg/h, it can be concluded
that the corresponding dimensions of the assumed HRSG are: Length=1.71m, Width=1.71,
Height=2.40m, with a total heat transfer area equal to 495,79 m?.

Pexh
TGOL“
/STM-‘K NDZZLE
HHH TWin
S
} )
e e e bt BOILER CASING
|l e 1
Fl"? ‘lll;‘r-l-}-:ﬁ:.: :::lr
lJlllIlJ.ll}J.lll_lJ.fJ—l. )
FTTIATTITENTTRATRTITFRATEN
( BOILER CORE
ot
ll]lkll.lllll]ulJ.‘lJlJ.l
tIFII LidARadnaisniinnnnal
HHHHHHHH TWour
il
Yo DIFFUSER

GAS TURBINE
EXHAUST ELBOW | L
~

B{STE&M TURBINE

FIGURE 8. Schematic diagram of the once-through HRSG [10]

To further simplify the simulation procedure, the overall heat transfer coefficient Upean from
the gas side to water / steam, is assumed to be constant at the whole HRSG length and equal to
the mean value of the one which has been calculated in the reference study [10] since the flow
conditions of the two streams of working mediums and especially the ones corresponding to the
gas-side, which possesses the higher resistance to the heat transfer are similar with the ones
which apply to the present study. Thus, the overall heat transfer coefficient Unean is assumed to
be equal to 0.060 W/m2C [8, 10, 17].

Rankine Cycle Simulation Procedure
For this preliminary feasibility study a simple configuration of the combined power plant is

examined, which comprises by: a Gas turbine power plant (following the Bryton cycle) and a
simple Rankine cycle (bottom cycle), as shown in fig. 9.
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FIGURE 9. Configuration of the Combined Cycle examined (Gas-Turbine / Water-Steam Rankine Cycle)
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FIGURE 10. Thermodynamic processes of the Rankine cycle examined

This bottoming cycle is composed by four main components: a pump, a heat exchanger
(HRSG), a steam turbine / generator and a condenser. As shown in fig. 10 the thermodynamic
cycle for the steam/water working fluid considered, includes the following processes: a
compression process in the pump (process 1-2), with an isentropic coefficient equal to
Nisp=0.90, an isobaric heat transfer process in the heat exchanger (processes 2-3-4-5), an
expansion process through the steam turbine with an isentropic coefficient n;s;=0.80 (process 5-
6), and an isobaric heat transfer process in the condenser (process 6-1). The HRSG is assumed
to be consisted by three parts: the economizer, the boiler and the super-heater (while these
parts are considered to have “moving” boundaries depending on the operating conditions). The
process (2-3) takes place in the economizer, the process (3-4) takes place in the boiler and the
process (4-5) takes place in the super-heater. In the analysis conducted, it has been assumed
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that the steam quality at point 6, is equal to x;»+=0.82 [10], which ensures that problems
associated with steam condensation at the late stages of the steam turbine are avoided.

The pump supplies the working fluid to the heat exchanger, where the working fluid is heated
and vaporized removing heat from the exhaust gases. The working fluid leaves the heat
exchanger in saturated or superheated state (in order to fulfill the criterion which has been set
for the steam quality after the expansion in the steam turbine). The high enthalpy steam is then
expanded in the expander (turbine), which provides additional power to the vessel (electric or
propulsion). After the expander, the working fluid enters the condenser where it condensates
(using another heat exchanger, utilizing the sea water as the medium to absorb the latent heat
of water/steam condensation). Having this in mind, the condenser pressure has been set
constant and equal to P.n,=10,1 kPa for all cases examined, so that a safe temperature
difference between the working medium (water/steam) and the sea-water is ensured.

The mathematical model of the simple Rankine Cycle uses the thermodynamic energy
conservation equations. The model considers a steady state operation with negligible kinetic
and potential energy effects.

The pump power is given by the following equation:

Wp = *(h,—h) (12)

The heat absorbed by the working fluid (steam) from the exhaust gases in the HRSG is given
by:

Qurse =1 * (hg —hy) (13)
The turbine power is calculated using the following equation:
W,

turbine

= ria, *(hy —h, ) (14)

while the isentropic coefficient of the steam turbine is assumed to be equal to n;;s=0.80 and is
defined as:

nt,is = (15)

The total heat transfer rate from the exhaust gases to the Rankine working medium (water /
steam), inside the HRSG is evaluated using the following equation:

QGT,gas = mh * cp,gas * (n,in - 71h,0ut) (16)

Assuming that no heat losses occur at the HRSG, all the heat absorbed by the hot exhaust gas,
is transferred to the water/steam, thus:
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QHRSG = QGT,gas (17)

Analogous expressions can be written for each part of the HRSG i.e. economizer, boiler and
super-heater, through which the exhaust gas temperature at each part of the HRSG can be
derived:

QECON = mc * (h3 - h2) = mh * Cp,gas * (7;1,3 - Th,out) (18)
QBOILER = mc * (h4 - h_%) = mh * cp,gas * (71/1,2 - 71/1,3) (19)
QSUPERHTR = mc * (hs - h4) = mh * cp,gas * (Th,in - Thz) (20)

The temperature (Th;n) of the exhaust gas at the inlet of the HRSG, is an input parameter at
each operating point examined, and is obtained using the adapted gas turbine performance
model. In the following table 3, the properties of the exhaust gas at the HRSG'’s inlet are shown
at the examined engine loads.

TEMPERATURE

Thin

WATER-SIDE

Superheater Boiler | Economizer |
|

i
i !
|
WATER-SIDE FLOW LENGTH
FIGURE 11. Temperature profile of the exhaust gas and water/steam inside the HRSG

As far as the outlet temperature (T, out) Of the exhaust gas from the HRSG, a lower limit has
been set to avoid gas condensation and the relevant problems due to the sulfur content of the
fuel. In the present study the lowest acceptable temperature for the Ty ..t is set equal to 135 °C
[10, 18] and is determined by solving the system of the equations already presented.
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Finally, a minimum temperature difference has been assumed between the inlet gas
temperature and the outlet steam temperature, which is equal to (Thin-Tcs) 20 °C [9], for all the

operating conditions examined. Therefore the temperatures of the exhaust gas and water/steam
at each part of the HRSG are predicted and the temperature profile of both streams is shown in
fig.11. The last criterion used in the present study in order to solve the system of the
aforementioned equations is related to the mass flow rate which passes through the steam
turbine. It is known from the gas dynamics that a steam turbine behaves in a manner similar to a
nozzle, which means that for a pressure ratio across the nozzle greater than approximately two
(which is the case in the present study), the mass flow rate maximizes, the turbine is assumed
chocked and the corrected mass flow ————takes a constant value, as shown in Fig.12 [19].
0
More specifically the turbine’s mass flow rate is also influenced by the wheel-speed Mach

number which is presented by: %F thus a similar flow rate / pressure ratio relationship is
0

experienced as shown in fig. 13, where, 19:7% and 52% . Since the effect of the
ref ref

corrected rotational speed is relatively small and there are no extractions it can be assumed that
the steam turbine operates at a specific corrected mass flow for the whole operation envelope.

TABLE 3. Exhaust gas properties at the inlet of the HRSG

Exhaust gas Exhaust gas Gas Turbine
Gas Turbine Power (kW) mass flow Temperature Efficiency (%)
rate (kg/s) (0C)

1000,00 12,00 346,90 18,50
1333,33 13,06 360,80 21,08
1666,67 14,03 374,40 22,97
2000,00 14,80 390,00 24 .40
2333,33 15,57 405,40 25,60
2666,67 16,24 419,70 26,63
3000,00 16,80 435,60 27,50
3333,33 17,33 451,10 28,17
3666,67 17,87 465,70 28,84
4000,00 18,30 479,80 29,40

1.0 2.0
P,/P

FIGURE 12. Variation of the mass flow rate through a nozzle as a function of the pressure ratio [19]
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FIGURE 13. Variation of the mass flow rate through a steam turbine as a function of the pressure ratio
and the wheel speed N [19].

In this study it has been assumed that the steam turbine used in the Rankine cycle would
operate with a similar corrected mass flow as the one used in the reference study [10]. This
assumption is required to justify that the predicted values of the steam/water mass flow rates
and the pressure ratios are valid and correspond to the ones used in real-life applications.

Results and Discussion

As already mentioned, the purpose of the present work is to investigate in which extend it
would be possible to recover the heat from the exhaust gases produced by a gas turbine used
for the propulsion (at low and cruising speeds) of a combatant ship of the Hellenic Navy. To this
scope the simulated exhaust gas temperatures and mass flow rates are used as input data
(Table 3) into the simulation model developed for the Rankine cycle and the potential of heat
recovery is examined over the whole operating range of the specific engine (i.e. from 1000 kW
to 4000 kW). Following the same computational procedure for each engine load examined, the
following parameters are determined:

e Mass flow rate of the Rankine cycle working medium: 1,

e The saturation pressure of the water / steam in the HRSG: P,=P3;=P,=P5

e The temperature of the water / steam at the entrance and exit of the HRSG: T, and T5
e The outlet temperature of the exhaust gas from the HRSG: Tj, out

e The power produced by the steam turbine:

turbine
e The power absorbed by the pump which circulates the water/steam: Wp
e The efficiency of the Rankine cycle defined as:
4
nst — turb‘me P (21)
QHRSG

e The overall efficiency of the combined cycle (Gas turbine ./ Rankine Cycle) defined as:
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_ (VVturbine B Wp )+ PGT
nCC,real - PCV (22)
ngr

where F,,is the power produced by the gas turbine and 7, is the gas turbine efficiency, both

given as input to the model developed. It should be noticed that the combined efficiency ncc real
calculated from the equation above differs from the theoretical one ncc as defined in equation
(7). This is attributed to the fact that in the definition of the n.. (theoretical efficiency) it has been
assumed that all the heat rejected by the gas turbine, is absorbed by the bottoming cycle, which
is not the case in real life applications due to the space limitations as far as the HRSG is
concerned and the low temperature limit imposed to avoid condensation of the exhaust gas.
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so0p OO Thn= 4798
-®-Thii] -
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350F
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T[°C]
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100}

50¢

7 X
0,2 0|,4 0,6

1 0,8
AN

O L L L h
-1,0 01 12 23 34 45 56 6,7 78 89 10,0

s [kJ/kg-K]
FIGURE 14. T-s process diagram of the Rankine Cycle — Temperature profile of the exhaust gas inside
the HRSG, for the case of high gas turbine load (4000 kW)

By solving the above system of equations, the thermodynamic properties of the working
medium (steam/water) and the corresponding temperature of the exhaust gas at each stage of
the HRSG is estimated, as shown in fig 14. This case corresponds to a gas turbine power equal
to 4000 kW (max. engine power). As observed, the main portion of the exhaust gas heat is
absorbed in the HRSG to heat up the water (in the economizer) and evaporate it (in the boiler),
while a small amount is absorbed for superheating. At the exit of the steam turbine, the steam
quality is assumed to be higher than x=0,82, which ensures that the operation of the steam
turbine (late stages) is not affected by the condensed steam. In fig. 15 is shown schematically,
the corresponding temperature profile of the exhaust gas stream as it passes through the HRSG
and the thermodynamic properties of the water/steam following the bottom Rankine cycle, when
the gas turbine power is equal to 1000 kW (low load case). In this case it is obvious that the
temperature difference between the two fluids (gas and water/steam) in the HRSG is
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significantly lower compared with the full engine load case, and the portion of the heat
recovered from the exhaust gases which is used for steam superheating is negligible. However,
even in these cases the temperature of the exhaust gas at the exit of the HRSG is higher than
the limit value which in this study has been set equal to 135 °C.
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FIGURE 15. T-s process diagram of the Rankine Cycle — Temperature profile of the exhaust gas inside
the HRSG, for the case of low gas turbine load (1000 kW)

Effect of Gas Turbine Engine Load on the Combined Cycle Parameters

In fig.16 is shown how the exhaust gas temperature varies as it enters and exits from the
HRSG (Thin and Thout respectively). At the same figure, the superheated steam temperature
before entering the steam turbine is shown (Ts). It is observed, that as the gas turbine load
increases that exhaust gas temperature increases and the corresponding steam temperature
increases too. Moreover, the exhaust gas temperature at the exit of the HRSG at all cases
examined is kept higher than 135 °C which is the limit set to avoid gas condensation.

The heat recovered by the exhaust gas is used to raise the temperature and pressure of the
working fluid, keeping the flow number of the steam turbine constant. The mass flow rate of the
water/steam used as the working medium in the Rankine cycle, together with the saturated
steam pressure are shown in fig. 17, as a function of the gas turbine power. It is observed, that
both these parameters increase as the gas turbine power increases, as expected, since the
available heat in the exhaust gases increases. Moreover, the saturated steam pressure is
limited to relative low values (max. 14 bar), which makes the requirements regarding the
strength of the materials used for the installation to be moderate. The power produced in the
steam turbine also increases as the gas turbine power increases, as shown in fig. 18. At the
same figure the power consumed by the circulating pump is plotted and as observed, this is only
a small portion of the available steam turbine power (due to the high density of the pumped
saturated water).
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FIGURE 16. Effect of gas turbine power on the exhaust gas temperature before and after the HRSG and
on the super-heated steam temperature before the steam turbine (T5).
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FIGURE 17. Effect of gas turbine power on the saturated steam pressure (Ps) and the steam mass flow
rate (71,)
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FIGURE 18. Variation of the produced steam turbine power and the circulation pump power demand, as a
function of the gas turbine power.
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FIGURE 19. Variation of the gas turbine efficiency ngr, the combine cycle efficiency nec rear, the theoretical
combined cycle efficiency nccmeor and the relative improvement of the combined cycle efficiency
compared to the simple gas turbine power plant efficiency as a function of the gas turbine power.
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In fig. 19 it is shown a comparison between the initial gas turbine efficiency ngr and the one
obtained using the proposed combined cycle configuration .ccreai at all the range of operating
conditions examined (Gas turbine power from 1000 kW to 4000 kW). As observed, the
combined cycle efficiency is significantly higher than the one of the simple gas turbine, ranging
from 28%+39%, while being higher at high engine loads. At the same figure, the theoretical
efficiency of the combined cycle ncc,meor iS Shown, as being calculated using equation (7). It is
observed that if there were no restrictions regarding the size of the heat exchangers and the
outlet temperature of the exhaust gases, it would be (theoretically) possible to further increase
the benefit obtained using the combined cycle, and the combined cycle efficiency could range
from 34%+46%. However, even with the conservative configuration of the combined cycle which
has been examined, the relative improvement on the gas turbine thermal efficiency ranges from
53% at low load to 33% at high load (as shown in fig. 19), which is very challenging. It is noticed
that the greater improvement is observed at low load conditions where the thermal efficiency of
the gas turbine is lower. This is very important for the marine applications since a significant
portion of the vessel’s duty is spent at low load conditions.

CONLUSIONS

In the present work, a parametric investigation has been conducted, to investigate the
possible improvement on the combined cycle efficiency and the corresponding net power
production, which can be obtained by adding a bottoming Rankine cycle with a steam turbine on
an existing gas turbine engine which is used for propulsion on a combatant vessel of the
Hellenic Navy. To this scope a simple model has been developed based on the conservation of
energy, for the Rankine cycle simulation and the HRSG. From this preliminary study, it has been
concluded that such a combined cycle configuration, could offer significant improvement on the
combined cycle engine efficiency, while at the same time, it is accompanied with a significant
increase on the net available power and a corresponding decrease on the exhaust gas
temperature. These findings are challenging and indicative of the potential benefit (economic
and tactical) which could be obtained for the Hellenic Navy by adopting such techniques.
However, a more detailed investigation should be conducted, regarding mainly the heat transfer
processes at the HRSG and the condenser, to ensure that the required volume and weight of
this installation is affordable based on the specific needs of the vessel.
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