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SOMMARIO

La propulsione di grandi navi e solitamente di tipo elettrico per avere liberta di
posizionamento del motore a combustione interna (ICE, Internal Combustion Engine),
riduzione di rumorosita, volume e peso dellave. Inoltre questo tipo di navi viaggia per
lunghi periodi a velocita costante, di conseguenza il motore/i motori a combustione interna
operano per lunghi periodi a carico costante. Con queste premesse risulta particolarmente
AyiSNBaal yiSa thod yiassierhi t ORCA(GaNCS Rankine Cyclg)er la
generazione di potenza elettrica addizionale e la conseguente riduzione del consumo di
combustibile. Il progetto del sistema a ciclo combinato-GFC deve essere effettuato in
modo proprio al fine dmassimizzare il lavoro prodotto e garantire un funzionamento stabile
sia durante il funzionamento a carico costante sia nei transitori.

I modelli di simulazione sono degli strumenti convenienti per la valutazione delle
prestazioni di un sistema: i mode#itazionari di fuori progetto possono fornire indicazioni
precise sulla produttivita del sistema in un determinato periodo, mentre i modelli dinamici di
fuori progetto possono essere utilizzati per identificare possibili instabilita funzionali del
sistema.

In questa Tesi vengono costruiti dei modelli dinamici e stazionari di fuori progetto di
sistemi ORC a singolo livello di pressione e a due livelli di pressione che sfruttano il calore
rigettato da quattro motori Diesel installati a bordo di una nave metemi Il calore
RAALERYAOATS LINRPOASYS RIFffQlFOljdZzZ RA NI} FFNBRRE
S RSEtEfQFINAIF RA &20N)}tAYSyGrTA2ySe L 3L & RA &
sfruttati per altri usi interni alla nave. 1 modietlinamici vengono utilizzati per simulare il
comportamento del sistema durante i transitori e per individuare una strategia di controllo
che garantisca la stabilita funzionale del sistema stesso. | modelli stazionari sono utilizzati
per valutare la prodtiivita del sistema ORC e per identificare le migliori condizioni di
progetto considerando il reale funzionamento della nave. Vengono considerati tre
O2y FAIAzNI T A2yA RA &Aal0SYA hw/Y | dzy fA@St¢t?2
pressioned dzo ONA GAOF S | RdzS tA@StftA RA LINBaaiazys

Il miglior sistema ORC a singolo livello di pressione e risultato quello dimensionato per
una velocita della nave pari a 16.5 nodi con nave senza carico e raggiunge una efficienza
termica pari al 6.49% e una produttivita annua di 1665.8 MWh. Tra i sistemi ORC a due livelli
RA LINBaarAzyS ljdzStt2 O2y |tdl LINBaairzyS adzls
termica pari al 12.64% e una produzione annua di 2306.6 MWh a 18i5caon nave senza
carico.






ABSTRACT

In large scale naval field, the propulsion system is usually electrical to allow a free
placement of Internal Combustion Engines (ICEspusticadly decouple enginesand hull
(this makesthe ship less noigy and redue total weight and volume Moreover, vessels
travel for a long time period at a constant speed, so naval ICEs work at stationary conditions
for most of the operation time. On that basis, ORCs (Organic Rag@kicles) can be installed
aboard to generate additional electric power and then reduce the ICEs fuel consumption.
The ICE®RC combined cycle system is to be design properly to maximize the work
production and guarantee a stable operation during both si@mt and stationary working
conditions.

Mathematical simulation models are the most convenient tools to evaluate the
performances of a system: steadtate offdesign models can provide accurate estimation
of the work production in a fixed period of time, while dynamic-aéign models can
identify possible instabilities among system components during operation.

In this thesis ofdesign dynamic and steadyate models of singlstage and twestage
ORC systems exploiting the waste heat of four dual fuel diesel ICEs on board a LNG carrier
are luilt. The available heat is taken from the charge air, jacket and oil cooling system, while
the exhaust gases are not available being used for other ship needs. The dynamic models are
used to simulate the transient behaviour of the system and to definerapgy control
strategy to guarantee the system stability. The steathte models are used to evaluate the
ORC systems work production and to identify the best system design point considering the
real ship operation. The following ORC layouts are takem aticount: singlestage, two
stage with subcritical high pressure level and tstage with supercritical high pressure
level.

As results the best performing singdeage ORC is given by a design point
corresponding to a ship velocity of 16.5 kn on ladepage and achieves a thermal efficiency
of 6.49% and an annual work production of 1665.8 MWh. Among thestage ORC systems
the supercritical one is the best performing solution achieving a thermal efficiency of 12.64%
and a work production of 2306.6 MWt 15.5 kn laden.
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Nomenclature

Surface [rf]

Baffle cut [%0]

Specific heat at constant pressure [J/kg K]
Specific heat at constant volume [J/kg K]
Diameter [m]

Fouling factor [rfK/W]
Temperature factor-|

Gravitational acceleration [mf
Specific enthalpy [J/kg]

Stodola coefficient [

Off-design exponential factor][
Tube length [m]

layout Tube layout [°]

H Mass flow rate [kg/s]

Np Number of baffles]

Ns Number ofshells in series|

Nss Number of pairs of sealing stripg [
Ny Number of tubes

Pressure [Pa]

Pitch distance [m]

Heat transfer rate [W]

Specific gas constant [J/kg K]
Fouling resistance [fK/W]
Specific entropy [J/kg K]
Fluidspecific gravity-]
Temperature [K]

Time [s]

Specific internal energy [J/kg]
Fluid velocity [m/s]

Global heat transfer coefficient [W/AK]
Volume [n]

Volumetric flow rate [n¥s]

Power [W]

Vapour mass fraction]

Pump head [J/kg] [fts?]
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Greek symbols

a Heat transfer coefficient [W/MK]
e Expansion ratio-]

h Efficiency {

I

Thermal conductivity [W/m K]
Dynamic viscosity [Pa s]

r Density [kg/n]

Viscosity correction factor]

3

w

Rotational speed [rad/s]

Abbreviations, apexeand subscripts

W
a

0

B
CcC
conv

Hot

Cold

No flow rate allowed
Baffle

Countercurrent
Convective

Critical

Defined by literature
Design point
Difference

Differential

External

Electrical

Function

Internal

Inlet

Isentropic

liquid phase

Liquefied Natural Gas
Internal Combustion Engine
Mechanical

Mean

Mean log

Nozzle

Organic Rankine Cycle
Outlet

Pump

Pipe

Shell

Saturation

Time (when apex)
two phase
Temperature

Turbine (when subscript)
vapour phase

Wall






1 INTRODUCTION

Energy generation processes usually exploit fuels or-pigde heat to produce
mechanical/electriggpower and reject lowgrade heat to ambient. The waste legvade heat
may be use to feed another process downstream with a reduce the overall fuel consumption
at constant product. Organic Rankine Cycle (ORC) systems are an efficient solution to exploit
heat sources at low temperature, even below 100°C, with efficiencies (about 5% to 20%
depending on the hot source/sources temperature) not achievable using conventional fluids
as water and air in the same temperature ran&egnificant reviews of suitable hesdurces
and ORC applications have been proposed in [1, 2, 3].

A particular field in which ORC technology is being diffused is naval engineering, where
ICEs are usually adopted for ship motion. Larsen et al. [4] and Shu et al. [5] present a review
of WHR {Vaste Heat Recovery) applications aboard ships, while reviews of ICEs (Internal
Combustion Engine) exhaust WHR by ORCs are proposed by Sprouse et al. [6] and Wang et
al. [7].

The ICE®RC combined cycle is to be design properly to maximize the work
producton and guarantee a stable operation during both transient and stationary working
conditions. For this purpose, mathematical models are the most proper tools to define the
system design and evaluate the system behaviour and performances.

Design models all@ the system components to be sized at fixed design specifications
and the performance at design point to be estimatédany studies have been carried out
for several configurations and organic working fluids. Ziviani et al. [8] propose an outline of
the issues related to ORC modelling and guidelines to develop effective and powerful
models. Quoilin et al. [9] present a design model of an ORC, used for WHR applications, for
the cycle performance evaluation using different working fluids and different commsn
sizes.

Steadystate offdesign models are used to assess the system operation far from the
Y2YAYlLFE O2yRAGAZ2YS o0& alLJaaiay3aé AyadalyidlyS2d
et al. [10] carried out an energetic and economic performance ex@n of an ORC system,
for different operating conditions and design criteria. In particular, the developed model
allows geometrical parameters to be set and-oésign performance to be evaluated.

Dynamic models are necessary to evaluate transient respari the system and verify
its stability after variation in the heat sources characteristics, and to define a proper control
strategy able to drive the system to an equilibrium point in the shortest possible time.
Quoilin et al. [11] propose a dynamic maldof a smalscale ORC used to recover energy
from a variable waste heat source. The focus is on the-tiarging performance of the heat
exchangers (the dynamics of which are more important than other components) and on
control strategies. Wei et al. [12resent two alternative approaches to dynamic modeling



for ORCs control and diagnostics systems definition. Manente et al. [13] developed a
dynamic model for the analysis of an ORC system exploiting geothermal energy.

The aim of this thesis is to evaleathe work production, find the best performing
design and define the control stability singlestage and twestage ORC systems exploiting
the waste heat of four dual fuel diesel ICEs on board a LNG carrier. For this purpose off
design dynamic models ansteadystate models of the systems are created taking into
account the characteristic of the heat sources. The available heat is taken from the charge
air, jacket and oil cooling system, while the exhaust gases are not available being used for
other shipneeds. The modelling approach is suggested by Vaja [14]M&ITd_AB® Simulink
is used to implement the model®articular attention is paid to the heat exchangers, their
influence is crucial in determining ediesign operation of the ORC. Three plant lagoare
taken into consideration: singlgtage, twastage with subcritical high pressure level, two
stage with supercritical second high level.
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2 ORGANIC RANKINE CYCLE SYSTEMS ON BOARD LNS CARRIEI

This chapter presentsnaOrganic Rankine Cycle (ORC) systems technologies overview
starting from basic concepts and main features and then focusing on the specific application
case on board LNG carrier. In particular, a detailed summary of the works available in the
literature isproposed at the end of the chapter.

2.1 ORCs OERVIEW

The basic cycle of an Organic Rankine Cycle (ORC) system is the Rankine one, the
purpose of which is to transform heat made available by an external source into mechanical
power. Figure 2.1 shows a schematic a Rankine cycle and the relatediagram. The
thermodynamic cycle is carried out by a low critical temperature fluid (e.g. organic fluid) and
is composed by a close loop of the following transformations: compresseat,absorption
(including vaporization), expansion, heat release (including coradiem3. Thus, the
following four main devices are needed:

1 a pump to increase th#uid pressure up to the desired value

1 an heat exchanger between hot source(s) and working fluid to preheat, evaporate and
eventually superheat the fluid at high pressure

1 a vapour turbine to convert the fluid static and kinetic energies into mechaarezl

1 an heat exchanger betweerold source(s) and working fluido de-superheat (if
necessary) andondenste the fluid at low pressure (loop closure).

High
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Vapor saturation curve
penerator
{boiler)

Expander
(turbine)

W

Temperature

Condenser

|

|

|

|

|

|

|

d

(4')
A4

Entropy

Figure 2.1Conceptual scheme of Rankine Cycle system andidgram.
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2.1.1 Choice of the working fluids

The presented scheme is the basis to take into consideration to respect the operative
sequence that characterizes Rankine cycles. From this starting biitS LJ2 6 SNJ LJ I
configuration can be developed according to the employed type of working fluid, the
available heat source and other technical and economic considerations, in order to reach the
best possible work production and cycle efficiency compatiotia required application and
installation.

In particular, the fluid selection determines in a strong way the final form of the power
plant. The optimal characteristics that the operative fluid should present to maximize the
cycle efficiency are the foang oneq15]:

- moderate maximum cycle pressure;

- condensation pressure higher than the atmospheric value;

- critical temperature higher than the maximum cycle temperature;

- low specific heat for the liquid phase, in order to possibly obtain a vertical

saturated liquid line in the-§ diagram;

- a vertical saturated vapour line in thesTdiagram to avoid liquid or superheated

vapour at the end of the expansion.

Other important features othe operative fluid and conditions that it should respect
for its adoption in the Rankine cycle system:

- good characteristics of thermal exchange;

- chemical and thermal stability at the use conditions;

- solidification temperature lower than the lowest possible ambient temperature;

- low specific volume of the expanded vapoug keep a small size for heat

SEOKIFY3ISNAE YR (KS GdNPAYySQa t2¢ LINB&aAddN
- for low temperature available sources, hence for low power applications, the fluid

should present a high molecular mass in order to reduce rotational speed and

number of turbinestages and increase mass flow rate and passage area in the

blading;

- not flammable, not corrosive, not toxic, ozofrgendly, low global warming

potential;

- compatibility with materials and fluids that could come in contact;

- not expensive.

An optimal workig fluid, according to the proposed features, would be characterized
by saturated liquid and vapour curves in Fig. 2.2.

12
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Figure 2.2deal Fsdiagram for an organic fluid [15

There are not existing fluids able to meet every presented condition, hénce
necessary to select the proper operative fluid according to the application. An important
distinction among real fluids regards the slope of the saturated vapour line in the T
diagram, therefore the thermodynamic conditions at the end of expansibrsaturated
vapour (Fig. 2.3):

- dry fluids, characterized by a positive slope of the mentioned curve, that implies to
find always superheated vapour at the end of the expansion, with the consequent
necessity of desuperheating before condensation (it is haevable by the
condenser device);

- isentropic fluid, presenting a nearly infinite slope of the saturated vapour line and
hence saturated vapour at the exit of the expander;

- wet fluids, which negative slope of the curve in question implicates an expansion
inside the two phase region, with formation of more and more liquid dropping the
pressure, hence requiring vapour to be superheated before sending into the
turbine to avoid this phenomenon.

The choice of working fluid is strongly influenced by the thernmaahyic characteristics

of the available heat source, in particular by its temperature level. The main distinction
among applications that perform the Rankine cycle is the following one:

- for high temperaturdevel of the heat source, the traditional Ranli cycle system
usually employs water as operative fluid;

- for low temperatureapplications below 320°Qgeotherma) combustion of low
guality fuelandwaste heatrecovery), the choice turns to organic fluids.

There are several organic fluids to chodsee this kindof power plants. Wang et al.

[16] propose a choice criterion based on the heat source temperatiif@scriterion was
determined by the analysisf the relatiorship between operative fluids properties and
thermal efficiency, optimal operation conditions and exergy destructigmnmeans ahermal
efficiency model of an ideal ORC systérheresults aresummarizedn Figure 2.4 in which
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the best fluids in terms of effiency are related tdhe temperature level of the available
heat source.
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Figure 2.3T-s diagram ofew organic fluids and water [16
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Critical T [K] >
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Figure 2.4Recommended working fluid selection for the ORC systems according to the
corresponding temperature levef the available heat source, with relative critical
temperaturefor the listed organic fluids [16

There may be limitation in the use of organic fluids depending on the application to
which they are earmarked. In ships applications there is a regulation about the allowed fluids
that refers to the international agreement for prevention and reduction oflytion from
ships known asMARPOL 73/78 or to the European norm (EC) No. 1005/PT8)9 more
restrictive than the first one because of the not given permission to the use of HCFCs (hydro
clorofluorocarbons). Furthermore, in case of transportation of high flammable and
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eventually explosive wares (e.g. LNG carrier) the use of high flamméblds (e.qg.,
hydrocarbons) is not allowed for evident safety issues.

To summarize, the choice of working fluid for a ORC depends on several factors, the
most important ones being compatibility and permission for the considered installation,
temperature level of the available heat source, thermodynamic characteristics of the
selected fluid for achievement of optimal cycle efficiency and work production, safety,
technical and economic issues. There is not therefore an unique best solution for all Rankine
power plants, but the fluid options must be analysed case by case.

2.1.2 Comparison between stearand organic Rankine cycles

As seen in the previous paragraph the main differences between ORC and steam
Rankine cycle is the working fluid and the applmatfield. The main differences about the
characteristics of the two fluids are:

- the bigger entropy difference between saturated vapour and saturated liquid for

water with respect to organic fluids, as it can be seen in Figure 2.3;

- water/steam has lowerdensity while organic fluids are usually characterized by
complex molecules, hence by high molecular weight;

- water is a wet fluid, that requires superheating to avoid or limit the presence of
liquid droplets at the exit of the expander, while several dngl isentropic organic
fluids can be found.

It is worth noting that while for steam power plants superheating is usually adopted
for the efficiency optimization and often required for the cycle purposes, in case of ORC
systems it is not only unnecessary feentropic and dry fluids, but frequently not helpful in
increasing thermal efficiency of the cycle. Moreover, the temperature level of the available
heat source provided for an ORC may not be able to superheat the employed organic fluid.

About the powermlant configuration, the operative pressures are different for the two
types of system. For mediusmall sized steam plants, evaporation pressure is usually set at
about 60 + 70 bar and condensation pressure at 0.1 bar absolute, while usually for ORC
sysem the former is not more than 30 bar, the latter a little more than the atmospheric
pressure. Consequently, evaporation temperature is much lower and condensation
temperature is usually higher for ORC plants with respect to the steam Rankine cycle
systems allowing in this way the exploitation of low temperature heat sources.

Internal regeneration is often used by traditional Rankine cycles in order to increase
thermal efficiency. It is performed by use of splits that connect the steam turbine in various
points, at various stages with different pressure levéds, example to six preheaters and
one degasser in the standard 320 MW group, taking in this way hot steam before expansion
to preheat the liquid passing through the heat exchangers in the portiasirofiit between
pump and steam generator. In this way, part of the producible work is sacrificed thus making
possible the increase of the average cycle temperature, hence the thermal efficiency. For the
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ORC systems, internal regeneration is not so ofteapaéed, for sure not with adoption of

the presented solution, because it is not always helpful in increasing cycle efficiency,
especially in WHR (Waste Heat Recovery) applications. Without an adequate increase of
efficiency the use of an internal regenerat@a specific heat exchanger installed into the
system for this purpose, results in a not justified raise of the plant costs, hence of the initial
investment.

The ORC systems usually present the following main technical and operative
advantageg15]:

- low grade heat exploitability;

- superheater is unnecessary for dry and isentropic fluids;

- compact devices, due to the high vapour density;

- high thermal efficiency, included during partial load operation;

- possibility to work at partial load until about 10% o&thominal power;

- high reliability, for a conspicuous amount of working hours;

- low maintenance;

- simple starting procedure;

- no licenced boiler operators required, thanks to use of thermal oil as intermediate
fluid for the highest temperature levelpplications;

- personnel required for a low number of hours per week;

- automatic, continuous and silent operation;

- high efficiency for the vapour turbine (until 85%);

- possibility to adopt single or two stage turbine, for the low enthalpy drop due to
the smal difference between evaporation and condensation temperatures;

- low cost and simple design of the expander;

- low rounds per minute for the vapour turbine, that allow a direct connection with
the electric generator without necessity of a speed reducer,

- low mechanical stress for the vapour turbine, for the low peripheral velocity;

- no erosion of the turbine blades, due to the absence of moisture to the nozzles.

The strengths of the traditional steam Rankine cycle systems are mainly:

- the higher producible wik and electric efficiency, due to the larger plant size;

- the high specific heat and latent heat of the working fluid water, that make it a
good energy carrier;

- water is chemically and thermally stable at every operating condition;

- water is not flammable or toxic;

- water has low environmental impact;

- water is cheap and widely available.
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The major differences between water and organic fluids are hence the following ones:

- organic fluids are usually toxic, flammable and thermally and chemically instable
out of the right operative ranges; water does not present these critical issues;

- most of the organic fluids have high environmental impact;

- organic fluids are more expensive than water;

- water requires desalinization to reduce fouling and corrosiveness.

Main technical differences between traditional steam Rankine cycle systems and ORC

power plants are summarized in the next points:

- electrical efficiency is lower for the ORC systems, but higher relatively to the
available heat source (steam power plants wondtt achieve the same results with
low temperature levels of the hot utility, in some cases they would not work at all);
in the same way, with high grade heat available, producible work and electric
efficiency are upper for traditional RC systems;

- superheaers are required by steam power plants, while often unnecessary for
ORCs;

- internal regeneration is usually adopted in the traditional RC plants, whereas it is
not frequently considered for ORCs;

- the higher pressure drop for the steam plants requires compieultistage
turbines; in case of ORC, single stage or two stage vapour turbines are ordinarily
adopted;

- size of ORCs is usually much smaller;

- in general, the layout is much more complex for traditional plants than ORCs: this
aspect allows the last one® e installed for local applications with little energy
request, giving them a great prospect for a large scale diffusion.

2.1.3 Simple,regenerative, subcritical and supercritical cycles

A brief description of the possible thermodynamic cycles for@nganic Rankine Cycle
systems is here provided.

1 Simple cycle

The simple cycle presents only the basic components to run, arranged as discussed in
the previous paragraphs. As aforementioned, for dry and isentropic fluids superheater is not
necessary. Aftethe expansion vapour is still superheated: the condenser desuperheats and
condense it. An accumulator is usually installed downstream the condenser, with the double
benefit of cycle stabilization and pressures control and sending of saturated liquiteto t
successive pump. Liquid is then compressed to the desired pressure value at which vaporizes
inside the evaporator. The so produced vapour is sent to the turbine to run again the cycle.
Figure 2.1 presents the schematic example of simple ORC with thgrmaodc cycle.
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Figure 2.5Simple Organic Rankine Cycle system asdiigram.

1 Regenerative cycle
An additional heat exchanger, operating as regenerator, is installed in the ORC in order
to receive the low pressure vapour at the turbine outletgreheat the liquid coming from
the pump. In this way, the cycle efficienty increased The cosbenefit ratio should be
evaluated, to justify the raised initial investment which purpose is to achieve higher
efficiency and work production. A simple regeatve cycle configuration is reported Fig.
2.6, together to the relative curve in theddiagram.
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Figure 2.6Regenerative Organic Rankine Cycle system andidgram.
9 Subcritical and supercritical cycles

Most of the ORC power plants perform a subcritical evaporation of the operative fluid
at the evaporator. The subcritical evaporation is indeed very well known by the widely use in
industrial applications. Several studies and correlations are available etigrd heat
exchangers for this purpose, and most of the adopted organic fluids fits well in subcritical
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Rankine cycles. Reliability and deep knowledge of these phenomena explain the wide
diffusion of subcritical ORCs.

Differently, supercritical applicatian are conceived to guarantee higher work
productions, by exploitation of higher enthalpy drops in vapour turbine. The shape of the
Andrew<Xurve in the Is diagrams of certain organic fluids can allow implementation of a
supercritical cycle, compatiblyith the available heat source. To achieve supercritical
evaporation, the pump has to increase the fluid pressure over the critical value, with a
sufficient margin to take into account of the pressure drop in the supercritical evaporator. In
such heat extanger, phase change occurs above the critical point and does not manifest
with a clear separation of liquid and vapour phases as instead for subcritical evaporation. In
particular, the transformation is continuous and the two phases do not present diftee
in their main thermodynamic properties, such as density, which makes impossible to clearly
distinguish liquid from vapour.

Main advantages of adoption of supercritical cycles is the higher efficiency and work
production, thanks to the larger enthply drop inside the expander at the cost of a little
bigger energy expense in the pump component. Exergy losses result lower as well, for the
better fitting of supercritical evaporation with the heat source profile. The phenomenon
unfortunately is not deepl diffused in industrial applications yet, there are not many
relevant studies and moreover there are still few available correlations to adopt.

Figure 2.7 shows a qualitative comparison between subcritical and supercritical ORCs.
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Figure 2.7T-s diagran for subcritical and supercritical cycles.
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1 Two stage cycles

A second stage having a higher evaporation pressure level is added to the system. In
this way, another possibly hotter source is exploitable by an additional heat exchanger,
where to evaporatehe working fluid at a higher pressure imposed by a second pump. The
produced vapour is sent then to a second expander. The outlet fluid can be sent to a mixer
valve or to a hot drum, to blend with the vapour of the first pressure level and proceed to
the successive component, depending on the designed mixing point.

Critical issue for this kind of plant layout is the pressure control: it is crucial to verify if
the selected configuration allows to reach equilibrium points by means a control system,
both indesign and in offlesign operations.

There are several possible configurations for the two stage Rankine cycle systems,
including both subcritical and supercritical second pressure levels. An example of two stage
ORC design is proposed in Figure 2.8
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Figure 2.8Configuration scheme; g diagram and  diagram of dual pressure ORC][17

2.1.4 ORC applications

As aforementioned, the ORC technology matches at best with low grade heat sources,
with respect to the traditional steam Rankine cycléghile the latter ones usually employ
fossil fuels such as coal or oil, ORCs mainly exploit renewable sources, like geothermal
energy, solar energy and biomass fuel, and waste heat from industry or other existing
processes. A brief overview of the mostdreent ORC applications is here presented.
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1 Waste heat recovery (Fig. 2.9)

Waste heat is heat rejected by processes that involve combustion, thermal and
chemical reactions, usually findable at medium and low temperatures in industrial
applications andluring thermal engines operations. The basic idea is to exploit this source
that represents a free supply for the power plant. Low grade waste heat can be recovered by
ORC systems in order to generate additional electric energy, useful for example fmsea re
into the process or to sell it to the electric market. Typical applications are recovery of waste
heat from industrial process as plants for the cement, steel and glass production, and from
ICEs (Internal Combustion Engines). In particular, the latitel of an ORC system
downstream engines, to form in this way a combined cycle, leads to an electric efficiency
increase with consequent benefits about engine fuel consumption and electric energy
production. The type of matching between ORC and the m®dbat provides waste heat
depends on the particular application, to evaluate case by case.
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Figure 2.90RC system exploiting waste heat from thermal engihe [

1 Biomass power plants (Fig. 2.10)

Biomass fuel combustion allows to reach high temperatleeels for the exhaust
gases, in some cases sufficient to feed a traditional steam RC. Critical issue is the LHV (Low
Heating Value) of the fuel, that is significant lower with respect to the fossil fuels one and
implies high transportation costs and biass growing area. For this reason, suitable
applications are small scale CHP (Combined Heat and Power) plants, for sizes of 17 2 MW
more oriented for the ORC technology. These applications usually present an intermediate
fluid, thermal oil, to avoid alirect connection between organic working fluid and hot
exhaust gases, for safety reasons. Thermal oil allows indeed to run the Rankine cycle without
supervision of licenced boiler operators, to make this technology attractive for a wide range
of local apfications. Adoption of this intermediate fluid is convenient for its thermodynamic
properties and thermal inertia that allow to operate with low pressure in thegas heat
exchanger. Moreover, the best efficiency of thermal oil is usually at about 100&C,
matches well with the temperature of the considered heat source.
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Figure 2.10Configuration example of a biomass CHP ORC power fjant [

1 Geothermal power plants (Fig. 2.11)
Geothermal energy is a typical low grade heat source, which temperatange is

from the ambient temperature to abou820°C Binary power plants are actually used to
perform the Rankine cycle by exploitation of the extracted geothermal vapour, to evaporate
the working fluid before the reinjection into the ground. The bdsigary systems usually
operate within temperature levels between 125°C and 165°C. Organic fluids that present a
low critical temperature, such as R245fa with its 154°C, are advisable for this kind of
application.

1 Solar applications (Fig.2.12)

Concentrating solar power plants represent another technology capable of providing
low grade heat at temperature leveigh enough to feed an ORC systénther possibilities
are matches with Stirling engines, in case of lower sizes of the solar pladt,with
traditional RC systems or combined cycle for the highest achievable heat grades. Modularity,
low temperature operations, reduced capital and operation costs make ORC systems
convenient for a matching with this kind of technology. Adoption of paliabdishes and
parabolic trough is advisable to collect and concentrate solar energy to feed an ORC power
plant.
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2.2 CASE STUDY

In this work @ LNG carrier characterised by an electric propulsi@emegatedby four Diesel
engines is analysed Enginesprovides also heat forsteam hot water and fresh water
generation The bad profileis variabledepending on ship travel parameters, such as speed
and load, that determine working conditions atite numberof engines have to be active at

the same time.n this context, an ORC (Organic Rankine Cycle) system watinselered
installed in order to exploit the waste heat coming from the engines, in particular from
charge air, cooling water and lubricating oil, to produce a supplement of electric energy and
in this way reduce fuel consumption. There would be the possibility to use also stxhau
gases for this purpose, that represent an hotter and hence more functional source for the
ORC, but it is already employed for steam production in a recovery heat system for other
utilizations in the ship For this reasonfurther exploitation of exhast gasesis not
considered in this work. Conversely the opportunity will be examinegffect some changes

in the Diesel enginesnergy system configuration, in order to make possible and verify the
potential about the implementation of a second pressuesel, subcritical or supercritical,
into ORC system, with the goal of increasirsgfulenergy productionThe aim of this work

is to find the best ORC configuration for this particular LNG carrier with, as possible
objectives, maximization o€lectric energy production, maximization of efficiency and
minimization of engine fuel consumption, with all the related economic advantages. To do
this, MATLAB Simulink is adopted as modeliow to build an ORC model, to simulate its
operation in orderto find easily thebest configuration for both design and effesign
working conditions.

2.2.1 Energy system andnergydemandsof the ship

The four DFDG (Dual Fuel Diesel Genesatare four-stroke turbocharged inter-
cooledand they ardfuelled either with natural gas plus light fuel oil as pilot fuel or with HFO
(Heavy Fuel Oilf.wo differentsizesof them areinstalled onthe vessel:
- Wartsila 6L50DF, two engines, nominal electric power output of 5,500 kW, six
cylinders inline, from2 ¢ 2y gt NRa OF ff SR aaeLlIS ! ¢T
- Wartsila 12V50DF, two engines, nominal electric power output of 11,000 kW,
GoSt @S Oef AYRSNBE =3 FTNRY y2g 2ysl NRa Ol f
The pumps of the cooling system are of the engine driven type. In the following, main
characteristtsand cross sections of the two types of engines are presented.
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Table 21 Main characteristics ahe Diesel generator engines [18

Unit 6L50DF 12V50DF
Mechanical output kW 5700 11400
Cylinder bore mm 500 500
Stroke mm 580 580
Engine speed rpm 500 500
Mean piston speed m/s 9.7 9.7
Mean effective pressure bar 20 20
Electrical output kW 5500 11000
Generator efficiency % 96.49 96.49

Figure 213 Schematic cross section of the 6L50Blanengine (left) and
of the 12V50DF V engine (right) [18

Soffiato [1 2, 3 performed in his work a first law energy balance of the two presented
types of engines, assuming an energy conversion from mechanical to electrical form included
ac2bdigheeldéshriBes the ekfolationJdbiBne Jithary
energy provided by the fuel and its transformation into the desired electric output. For this
calculation, the following ISO conditions have been considered:

- reference temperature of 25°C;

Ay (GKS asaisSvaa

- total barometic pressure of 1 bar;

- air relative humidity of 30%.
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About the Wartsila engines, the charge air coolant temperature is 25°C. The engines
are Dual Fuel type, but in this work the operating mode with Heavy Fuel Oil lF@)t be
considered, but only theatural gas fuel case.

Fuel Air
Q A 1Q,
................ =)
- Q,
!
Main Engine |

CENTRAL COOLING | ¥ v
SYSTEM

Figure2.14./ 9Qa O2y (iNRf @2 f{ dmaton of fidenaigp babnce [BA O NI LJ
The first law energy balance of a single engine is expressed as follows:

o 0 o 0 0 0Oy 0Oy O 0 (2.1)

where, referring to Figure (2.2)

o

energy flow rate related to the fuel

energy flow rate of the air

electric power

heat flow rate rejected to the lubricating oil

heat flow rate rejected to the jacket water

heat flow rate at the high temperature charge air cooler
heat flow rate at the low temperature charge air cooler
heat flow related to the exhaust gas

¢

radiation and convection losses
electric generator losses

- C1 Cr Cr Cr Cr C1 S C
¢

All main engines can work in temperature safety conditions thanks to a cooling system,
similar for every unit, that operates with fresh water loops. Heat is collected inside the
engines as well as at the two air coolers and at the lubricating oil codlerefore it is
rejected at different temperature levels. To facilitate the heat exchange through the
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generating power plant, the cooling system is split into two circuits, characterized by an
higher and a lower temperature of cooling water. The fresh waaéithe end of the path, is
cooled by passing through a central cooler, mainly composed by heat exchangers that
dissipate heat to a flow of sea water. The arrangement of main engines and fresh water
cooling circuits is shown in Fig. 2.14. Note that thee Eil4 refers to the operation of all the
involved working engines at the considered operating point.
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Figure 2.13iesel engines and cooling system layout.

The fresh water of the HT cooling circuit passes before through the engine and then
through thefirst air cooler (AC1), while the LT cooling flow collects heat, in the order, from
the second air cooler (AC2) and the lubricating oil cooler (LOC). Control valves are applied at
the engines and the heat exchangers in order to maintain an appropriatpdesture of the
HT cooling water and of the air, by using recirculation if needed. Contrarily, the LT cooling
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water is taken directly from the central cooler without any temperature control, therefore it
is affected by its operating conditions.

The exhausigas is exploited by an EGB (Exhaust Gas Boiler) to produce steam for
internalutilizations in the shipsolution that impedes its use as additional source for the ORC
system.

Soffiato gathered all available data of the main thermodynamic parameters cfttipe
energy system, with addition of the missing values calculated by application of mass and
energy balance equations, into the following table. Data refer to the two types of engine.

Table 2.20perating parameters of the two types of engine, type Aheneft
and type B on the rigHt.8].

Wartsild 6L50DF Wartsild 12V50DF

Par. | Unit || 100 ] 90 | 85 | 75 | 50 || 100 ] 90 | 85 | 75 | 50
T.,, | °c 74 |746| 75 | 76 | 78 || 76 | 764|766 | 77 | 78
T., | °C 79.4 | 78.3 | 78.6 | 79.5 | 81.0 | | 80.1 | 79.8 | 79.9 | 80.5 | 81.0
T.s | °C 83 [822| 82 | 82 | 82 || 85 |833| 83 | 83 | 82
T,, | °C || 36|36 | 36 |38 |38 || 36 | 36| 36 | 36 | 36
T.s | °C 45 | 437|431 439|414 || 45 | 437|431 | 419|394

Two | °C | |54.2| 526|519 |526|49.7 || 542 | 52.6 | 51.9 | 50.6 | 47.2
T | °C | ]187.0|177.6/170.5(151.9|113.1| |183.3|176.8/169.6|151.9|113.1
Tas | °C |]97.8952|94.1|91.1|793 || 963|949 | 937 | 911 | 79.6

T | °C 44 |446| 45 | 46 | 50 || 45 |442| 44 | 45 | 51
Togz | °C || 390 | 397 |409.7| 441 | 438 || 390 | 397 |409.7| 441 | 438
Tior | °C || 76 | 754|753 | 751|736 || 76 |754 | 753 |75.1 | 73.6
Tz | °C 61 | 61 | 61 | 61 | 61 || 61 | 61 | 61 | 61 | 61

i | kefs || 18.1] 181|181 (181|181 || 362|362 | 362 | 362 | 36.2
gy | kefs | | 315 | 427 | 426 | 413 | 417 || 821 | 939 | 932 | 826 | 83.4
My, | kg/s | [13.3 133 (133|133 | 133 || 266 | 266 | 266 | 266 | 26.6
m, | ke/s || 915|827 |7.78 | 69 |5.26 || 183 |16.64|15.67|13.81(1052
tega | ke/s || 9.4 | 85 | 80 | 71 | 54 || 188171 | 161 | 142 | 108
Pper | bar | |1.028/1.028/1.028|1.030|1.031| | 1.015|1.015|1.015|1.016|1.016
pe |Mbar-gl || 24 [214] 2 |17 | 1 || 23 [216] 2 | 16| 09
Pur | bar ||315[315]315(3153.15|315]3.15 315315315

P bar 3.15| 3.15 | 315 | 3.15 | 3.15 | | 3.15 | 3.15 | 3.15 | 3.15 | 3.15

Power demands are related to the propulsion of the ship, in particular, the electric
power demand for propulsion and additional loads is function of the cube of the ship service
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speed and it is given by tHellowing two relations, determined by Soffiatod]l the first one
valid for the laden voyage and the second one for the ballast voyage.

@ Y@ Yoo T X @I PX T EEK LOT L (2.2)

¢

@ ; P wpaX T T XK bt PG 0P myws L Tt THOGOV (2.3)

The available information about the working profile of the ship is divided into three
main modes (Fig. 2.15): laden voyage (38.74% of the total time), ballast voyage (35.78% of
the total time) and port opeations (25.48% of the total time).

Laden time
38.74%
3394 h

Ballast time
35.78%
3134 h

Figure 2.180perating modes and relative working time of the vessgl [1

All data were collected during 3.75 years of operation of the ship, to be averaged then
in order to define a reference year. In this watydies about annual operations are possible,
especially to evaluate benefits in terms of electric energy production about the installation
of an ORC system. The vessel speed distribution is given for laden and ballast voyages, the
data of which are seleetl and provided for both of them in 13 different intervals, each one
representing a velocity range of 1 kn. Every interval is described by the number of hours the
ship travels at the related average speed.

All provided information about the ship speed dibution is reported in the two
following tables, the first one (Tab. 2.3) is related to laden voyage, the second one (Tab. 2.4)
to ballast voyage. Work production for every engine, and the relative load, is reported also
to the number of operating engirse
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Table 2.30perating profile of the engines, laden mdds).

Average 12V50DF | 6L50DF | 6L50DF | 12V50DF
speeg Hours | Hours | We No.1 No. 2 No. 3 No.4 Load
kn % - kW kW kW kW kW %
7.5 3.5 117.1 | 2823 0 0 2823 0 51
8.5 0.0 0.0 3517 - - - -
9.5 1.3 43.8 4395 0 0 4395 0 80
10.5 3.7 125.2 | 5478 0 0 5478 0 100
11.5 6.2 211.8 | 6789 0 0 0 6789 62
12.5 5.3 180.6 | 8350 0 0 0 8350 76
13.5 11.4 | 386.6 | 10180 0 0 0 10180 93
14.5 10.5 | 357.7 | 12304 0 0 4101 8202 75
15.5 22.6 | 7664 | 14741 0 0 4914 9827 89
16.5 14.2 | 483.3 | 17514 0 4378 4378 8757 80
17.5 9.6 326.5 | 20711 0 5178 5178 10355 94
18.5 4.3 146.6 | 24315 9726 0 4863 9726 88
19.5 7.3 248.1 | 28302 9434 4717 4717 9434 86
Table 2.40perating profile of the engas, ballast mode [18

Average 12V50DF | 6L50DF | 6L50DF | 12V50DF
speeg Hours | Hours we No.1 No. 2 No. 3 No.4 Load
kn % - kW kW kW kW kW %
6.5 0.7 22.3 2112 0 0 2112 0 38
7.5 0.0 0.0 2617 - - - -
8.5 0.0 0.0 3276 - - - -
9.5 0.0 0.0 4110 - - - -
10.5 0.5 14.7 5139 0 0 5139 0 93
11.5 6.2 192.8 | 6385 0 0 0 6385 58
12.5 7.4 232.3 7867 0 0 0 7867 72
13.5 14.2 4441 9607 0 0 0 9607 87
14.5 5.6 175.5 | 11624 0 0 3875 7749 70
15.5 17.9 561.4 | 13939 0 0 4646 9293 84
16.5 34.5 [1079.8 | 16573 8287 0 0 8287 75
17.5 10.1 317.5 | 19607 9804 0 0 9804 89
18.5 3.0 94.0 | 23027 9211 0 4605 9211 84

The number of operating engines and their load is evaluated a according to
following rules
1 the electric power generation is generated by the lowest possible numbengihes, in

order to keep their efficiency high

the two

1 the total electricpoweris subdividedto operatingengines proportionally to their nominal

power.
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As an example in laden mode at 1&5 the required total power is 24315 kWe (Tab. 2.3)
that correspond to the about the 74% of maximum total powkrmay begenerae by 3
engines (two 11 MWe sized and one 5.5 MWe sized) operating at about 88% of their
maximum load. A lower number of opéirgg engines cannot generate the required amount

of total power, while the operation of all engines results in a lower load at which the engines
work.

Tables 2.3 and 2.4 aresed to determinghe off-design operation of the ship during a
typical yea and then to evaluation of the annual consumption of the ship. In Fig. 2.16 it is
easier to recognize the most adopted service speeds of the vessel during the year, useful
information for design choices and afesign evaluations.

40% 14.24%
359 34.45%
30% 11.39% 55 58%

250 14.17% 17.91%

% |0.00%
071 Doy olew 5326 qosan 9.62%  0.00%
15% | LR ks 7.41% 5.60%

' B.45%  1.29% 6onh | ! 10.13%  7.31%
10% 0-00%  0.00% 6.15% 4.32%

5% 3.00%

Percentage of hours in the mode

0%

65 75 85 95 105 115 125 135 145 155 165 175 185 195
Service speed [kn]

Laden mode Ballast mode

Figure 2.1MDistribution profile of the vessel speed at laden and ballast voya&je [1

It can be noticed that the most frequently encountered velocities of the vessel are in
the range between 15 and 17 kn, for an amount of annual hours of 2890.9 of the total
working hours of 6528.1. This is because the lower service speed leads to a significant
reduction in power for propulsiorcompared to the higher velocities, hence in the fuel
consumption, while the lower velocities could not be sufficient to satisfy the requnaget
times for the LNG carrier. This evaluation is very important to decide the design point of the
ORC systenwhich affectsalso all the ofidesign operation. In particular, a proper choice of
design conditions has to allow the exploitation of thgdmst available range of velocities for
the maximum possible working time of the ship.

Soffiatodetermined a nominal velocity based d¢ime available statistic databoutthe
AaKALIQa GréfdrdniZe yemry corisiieBng both the laden and the ballastageyThe
determined nominal speedof 18.40 knin laden voyageorresponds to a load of 85% for
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three Diesel enginesiamely two of the more powerful typd and one of thaype A, with
the last engine not working. The covered power deahds in this way 023,375 kW.

The found operating point is summarized in Tab. 2.4, where the produced electric
power is related to the engines according to the assumptions made.

Table 2.50perating point for the engines§lL

W, 12V50DF No.1 | 6L50DF No.2 | 6L50DF No.3 | 12V50DF No.4 | Load
kW kW kW kW kW %
23375 9350 0 4675 9350 85

2.2.2 Engines cooling system configurations

After the definition of an operating point for the vessel a preliminary estimation of the
performances of the ORC system is performed. Its selection allows to determine the design
conditions of the ship energy system, thanks to which it is possibledluate the best way
to integrate the ORC and decide the most convenient configuration for the combined power
plant. So it is possible to calculate the thermal flows that are rejected to the cooling system
of the engines, and the heat related to the exhagas.

In order to make available the Diesel engines waste heat to the ORC system, Soffiato
considered three different cooling system layouts for the ship:

- the existing layout where the high temperature cooling flows coming from the
three operating engines are mixed in a unique stream and sent to ORC heat
exchangers (preheater, evaporator), and the same is done with the low
temperature cooling flow, used in the ORC condenser; hot sources are so HT and
LT cooling fluids;

- amaodified layout with a changing in low temperature cooling systewhere a
direct heat transfer between lubricating oil and ORC working fluid is adopted, with
the consequent reduction of LT cooling fluid maximum temperature, still usable in
ORC preheater; hot sources &i& and LT cooling fluids and lubricating oil;

- anew design of engine cooling systents order to optimize engines waste heat
recovery and to exploit its better quality.

The selected configuration in this wolide the single stage ORC systenthe first ae,

the existing layout, because of its simplicity and that this choice does not péexth
additional economic investment in Diesel engirmoling system modifications. For the two
stage ORC system a modification in the layout is needed, in order to malable an
hotter source for the second pressure level.

About the low pressure level, for both the ORC configurations, the employed heat
comes from the fresh water cooling system. Regarding the high pressure level, it is powered
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by the hottest availabldluid, i.e., the charge air exiting from the compressor of th€ T
system.

The resulting combined cycle, for both the configurations of the ORC system, is treated
in the next paragraph. Fig. 2.17 shawimple scheme ahe chosen layout
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Figure2.18Diesel engineg ORC configuration.

There are two different available hot sourcésr the single stage ORC and the first
pressure level of the two stage onkoth taken just before being sent to the central cooler,
one from the low temperature coolm circuits and one from the high temperature cooling
circuits. The main function of these flows consists in cooling down:

- for the LT circuits, both the charge air, through ta& cooler AC2, and the

lubricating oil, using th&ubricating oil coolet.OC,;

- for the HT circuits, both the€ooling waterpassing through the bodies of the

engines and the charge air again, through the coolerACL1.

These circuits terminate at theentral cooley where the temperatures of the flows are
decreased to allow them taestart the cooling cycle.

For the second pressure level, the useful available hot source is the charge air before it
is cooled by the heat exchanger AC1.
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2.2.3EnginesORC combined cycle

By inserting thdirst pressure level of th®RC system in the way shown in FigRife,
it can be noticed that the two hot sources agewnstream the engines and upstreatime
central coolerThus the OR@nstallation does not result in any vaiion of the engines.e.
it is not actually inflenced by the new installation. Rather, collecting the heated water after
the cooling cycle and reducing its temperature again, the only important variation results in
a lowercooling load othe central cooler. Hence there are no disadvantages in adophisg
configuration for the Diesel engineystem.

Contrarily, when the second pressure level is matched with the engines, an accurate
design must be carried out in order to not compromise the main engines power plant
operation. In particular, the outlet gssure and temperature of the charge air exiting the
first air cooler (poina3in Fig.2.17) are to be maintained as closer as possible to the values
without the ORC.

From thenominal velocityK Sy OS FTNRBY (KS @SaasSt SySNBHe
nominal conditions can be definefly checking the values of main parameters of the hot
fluids coming from the engines and collected by 0O Q& K S| (i. Fo é&vénKhotyflddS NE&
these nominal parameters aranass flow rate, pressure and inlet tempereguin the
exchanger.

From the design study of Soffiato, the interesting temperatures of the two cooling
fluids, actually heated wateand the charge air at the compressor outlt#tat represent the
available hot sources for the ORC system, are known both at nommthlpartial load
conditions of the Diesel engines. In particularTabs. 2.5 and 2.#he main values at design
point of the mass flow rates and the séavariables belonging to the thrdet sourcesat the
points of interestare reported namelyw3 at the inletofthe NE G hw/ Q& KSI G SEOI
w9 at the inlet of the secondne HE2 and?2 at the inlet of HE3

Table2.6 Thermodynamic properties of the cooling water (hot sources) at the inlet of HE1
and HEZ2 for existing layout at design pahSoffiato [B8].

Hot source Mass flow rate [kg/s] Pressure [bar] Temperature [°C]
w3 (HT cooling water) 196.36 3.15 82.8
w9 (LT cooling water) 66.5 3.15 51.9

Table2.7 Thermodynamic properties of the charge &iot(source) at the inlet of HE3
for modified layout at design poimtf Soffiato [B].

Hot source Mass flow rate [kg/s] Pressure [bar] Temperature [°C]

a2 (charge air) 39.12 3.015 169.78

wS3IFNRAY3I GKS O2fR &42dz2NOS (GKFd Aa dzaSR Ay
phase of the working fluid from vapour to liquid after the expansion in turbine, the adopted
fluid is coldseawater, whose state variables are presented below. Thet ip@nt can be
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found in Figure 2.19reporting the integration scheme between Diesel engines and ORC
systems.

Table2.8 Thermodynamic properties of the cooling water (cold source) at the inlet of the
condenser at design poiof Soffiato [B].

Cold source Mass flow rate [kg/s] Pressure [bar] Temperature [°C]

cl (cold water) 242.55 3.15 15.0

Soffiato investigated the possibility of implementation of three different ORC system
configurations, optimized according to the selected organic fluid and the choseling
system layout:

- asingle pressure level ORfther subcritical or supercritical cycle;

- a regenerative ORCwith addition of a recuperator, a heat exchanger where
working fluid coming from the pump is preheated by desuperheating the vapour
exitingfrom the expander;

- atwo pressure level OR@ith subcritical lower cycle and both subcritical and
supercritical higher cycle.

Various simulationsvere carried out bySoffiatg selecting from available fluids the six
bestcompatiblechoices with the usén a LNG carrier. Prerequisites for these fluids are: low
flammability; low toxicity; ozondriendly; permission for use in ship. Resulting fluids are so
the following six: R34a, R125, R236fa, R245ca, R45fa, R227ea. Hydrocarbons are not
allowed inLNG carrier, for obvious safety issues.

Optimization results, relatively to the three ORC configurations combined to the three
engines cooling system layouts, show that the best performing fluids are different,
depending on the whole considered ORC inatan. In particular, according to Soffiato, for
the single pressure level ORC inserted in the existing layout the best choices are R245fa and
R245ca and their relatively low evaporation pressure makes them suitable for safety issues.

Malandrin [2] started from the results obtained by Soffiato to develop andagsign
model of the single pressure level ORC system combined to the existing Diesel engines
cooling system layout. He used MATLAB Simulink as modelling software and obtained a
detailed offdesignmodel that adopted to simulate two test cases in order to analyse the
SYSNHe aeaisSyQa oSKIFI@Az2dz2N» 1S OKz2asS (62 LkRa
Soffiato collected, R245fa and R13d¢e use ofthe latter beingnow banned. For R245fa the
adequate cycle is the saturated one, because of the shape of the Andrews curvs in T
diagram, whose saturated vapour line has positive slope and so superheating is not needed.
For R134a superheating is necessary in order to avoid condensation inside timelexmhue
to the negative slope of saturated vapour ljimgpical of this particular refrigerant fluid.

In this work, focus will be on development of two ORC systertedign models: a
single pressure level ORC and a two pressure level ORC with the dirghsubcritich or
supercritical. Selected fluics one of the two chosen by Malandrin, R245fa. R134a is not
considered anymore because of ban from market, ban that has been ruled for
environmertal safety issues. A different operating point is also definthe previously
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running the cycle in the offlesign operation of 14 + 16 kn. This is caused by the too low
available heat with respect to the design one, with as cqgugace the impossibility for the
operative fluid to reach an equilibrium point for the evaporation pressure inside the
subcritical evaporator HEL. In this way, a large number of working hours is not exploitable
for the ORC operation, making unattractive installation. These problems are caused by
the big difference in the available hot mass flow rate among the various ranges of velocities.
For this reason, it is more convenient to select as new operating point a frequently adopted
one by the vesselAfter evaluations on four different choices, that will be presented in
chapter 4, the selected new operating point in this wakorrespondingor the single stage
ORQ@o a service speed of 16.5 kn in laden voyédge the two stage ORC to 15.5 kn again in
laden voyage. Theew design conditionsbefore for single stage and then for two stage
ORC, are reported in netables.

Table 29 New selection obperating point for the engines (single stage and two stage ORCSs)

W 12V50DF No.l] 6L50DF No.2 | GL50DMNo0.3 12V50DF No.4 Load

kw kW kw kW kw %
17514 0 4378 4378 8757 80
14741 0 0 4914 9827 89

Table 2.10Thermodynamic propertiest the newdesign poin{single stage ORC)

Source Mass flow rate [kg/s] Pressure [bar] Temperature [°C]
w3 (HT coolingvater) 137.80 3.15 82.41
w9 (LT cooling water) 53.20 3.15 51.46
cl (cold water) 242.55 3.15 15.00

Table2.11 Thermodynamic propertiest the newdesign poin{subcriticaltwo stage ORI

Source Mass flow rate [kg/s] Pressure [bar] Temperature [°C]
w3 (HT cooling water) 106.10 3.15 80.65
w9 (LT cooling water) 39.90 3.15 52.47
a2 (charge air) 24.61 3.14 175.70
cl (cold water) 242.55 3.15 15.00

Table 2.12Thermodynamiproperties at the new design poirgupercritical second stayje

Source Massflow rate [kg/s] Pressure [bar] Temperature [°C]
w3 (HT cooling water) 106.10 3.15 79.70
w9 (LT cooling water) 39.90 3.15 52.47
a2 (charge air) 24.61 3.14 175.70
cl (cold water) 242.55 3.15 15.00
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2.2.3.1 Single stage ORC system

The optimaldesign operating characteristics determined by Soffiato, about all the six
fluids he stulied, are reported in Table 2.1&reenshaded cells indicate the nominal values
about the selected fluid for this work, the refrigerant R245fa. New designs of the ORC
system have been carried out taking into account of the new selected operating points and
the relative configurations to study, maintaining the original design choices only for
condensation temperatures and pressures and the absence of superheating faotheng
fluid. The other results coming from this work will be shown in the next chapter, in
Paragraph 3.3.3 regarding design operating characteristics.

In Figure 2.18 and Table2.9 the simple scheme of the chosen layout and the
thermodynamic properties fothe hot sources are presenteth take the case of Soffiato as
example it must be noticed that only the heat exchanger HE1 is able to lead the fluid to
evaporation given thedefinedwH np FI g2 NJ Ay 3 Ff dzA RQ& LINB & a dzNB
pump in design conditions. The reason of this is that, at the fixed pressure, the R245fa
evaporation temperature is at 67.436°Gigher than the temperature of 52:€ of the
available hot water fathe point w9, where HE2 is placed. Consequently, the only correct
choice is to exploit the LT cooling water hot source to preheat the working fluid through the
heat exchanger HE2, while the HT cooling water is used into HE1 to evaporate it. Respecting
this constraint, the installation of the single stage ORC in the egisiyout of the Diesel
engines system is possible.

Table2.13 Optimized operating characteristic for singtage ORC and ship existing layout

Fluid | unit | R134a | R125 | R236fa| R245ca| R245fa| R227ea
Pev bar | 20.132 | 35.197 9.327 4.054 5.695 14.288
Pcond bar 7.702 15.685 3.210 1.217 1.778 5.284
Teond °C 30.0 30.0 30.0 30.0 30.0 30.0
Dlyp | °C 5.0 8.0 0.0 0.0 0.0 0.0
T3 °C 72.8 72.8 67.8 67.4 67.4 68.2
Ty °C 34.1 34.8 41.3 40.9 39.2 41.0
C - 1.02 1.05 1.07 1.05 1.05 1.09
sub/sup | - sub sub sub sub sub sub
Wexp kJ/kg| 14.968 8.923 12.395 | 17.153 | 16.133 9.547
Wpump | kJ/kg|  1.658 2.651 0.722 0.328 0.469 1.044
Whet kJ/kg| 13.310 6.273 11.672 | 16.825 | 15.664 8.503
Oabsored | KI/Kg| 192.525 | 117.742 | 166.239 | 227.523 | 213.729 | 128.443
Jeona | kJ/kg| 177.385| 110.212 | 153.118| 208.760 | 196.226 | 118.775
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[ kg/s | 30.388 | 51.517 | 35.450 | 25.372 | 27.109 | 44.699
Whet kW | 404.5 323.1 413.8 426.9 424.6 397.1
I % 6.91 5.33 7.02 7.39 7.33 6.62
hy % 4.14 3.31 4.23 4.37 4.34 4.06
VR - 2.801 2.657 3.136 3.323 3.234 3.153
SF m 0.433 3.881 0.656 0.906 0.777 0.578

0 kW | 5850.4 | 6065.5 | 5893.2 | 5772.7 | 5749.0 | 5998.1

0 kKW | 5390.4 | 5677.6 | 5428.0 | 5296.6 | 5319.5 | 5546.6

The adopted configuration of thigrst ORC version, the singleageone, is reported in

Figure 2.19overlaid to the Diesel engineystem.In this layout one accumulator upstream
the condenser is sufficient to dampen the variation in organic fluid density and pressure

during startup, shotdown and operatioruntil an equilibrium point iseached.
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Figure 2.19Global configuration fortte single stage ORC installation.
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The corresponding thermodwmic cycle is presented in Fig. 2.19 artige
correspondingvalues of the main state variables of the working fluid R245fa at the various
pointsis listed in Tab. 2.13

Table 2.14Thermodynamic properties of the working fluid (R245fa) for the single stage
Organic Rankine Cycle at design point

/| @ 0f SQ& Mass flow rate [kg/s] Pressure [bar] Temperature [°C]
1 28.00 1.778 29.8
2 28.00 5.236 29.92
HQ 28.00 5.236 41.46
3 28.00 5.236 64.36
4 28.00 1.778 39.23
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Figure 2.205ingle stage ORC thermodynamic cycle.

To determine the values of the characteristic parameters of the heat sources exploited
by the ORC, mass and energy balance equations were applied. The contribution of all the
working engines at the considered operating point must be taken into accounthen
F2ft2gAy3AT GKS TR2LIISR olflyoOSa | NBE LINBaSyuds
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12V50DF.

Starting from the LT circuit, the cooling fluid providingh#or the preheater HE2, the
inlet water temperatureT,g is obtained by the knowledge of pressure from available data
and the evaluation of the respective enthalpy at poi@, by the application of the energy
balance equation:

G FQ R QR G i FQ (2.4)

that can be rewritten in the following form, making explicit the parameter of interest

0 h b h__h (2.5)

h h

The mass balance gives the water mass flow rate involved in the daditange,
collected at the outlet of the LT circuit of the engines:

¢ ﬁ (2.6)

Once the values ofi,g and pyg are available, the water temperature can be easily
obtained by the use of NIST Refprop.

The presented procedure is also applied to calculig by the use of the energy
balance equation that follows:

G Qg FQ g G ﬁ FQ (2.4)
which is solved fohys:

o) h__h h b (2.5)

The mass balance gives the water mass flow rate collected at the outlet of the HT
circuit of the engines:

C i i (2.6)

Theinvolved flow rate in the heat exchangelis,ii, to be obtained by the following
mass balance:

2.7)

The mass flow rate at poiniv4 is the one required by the FWGs (Fresh Water
Generators), models JWES-C100 and HWL 2B5. The operation at both design and -off
design conditions is described by the relation below:

_— (2.8)
that can be rewritten in the following form
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— (2.9)

where Kis a proportionality constant equal to 7.08-—+ , w the capacity of the fresh

water generator — hand OT the inletoutlet temperature difference Tus ¢ Tys) of the

feeding water. It is worth noting that, given the presented scheme of the engdiRG
configuration, the water temperaturd,, is equal toT,zs. It is assumed for the fresh water
generators that the absorbed heat is constant in dtdesign conditions of the ship,
thanks to a bypass valve that adjusts the feeding watef, for this purpose, and
consequently the temperatur@,s is constant and equal to design conditions.

The remaining mass flow rate to defineyo, is bypassed and mixed after the FWG in
order to respect the constraint abod,s. It is calculated by the following mass balance:

(2.10)

reformulated as follows
(2.11)

It is worth noting that the involvednass flow rate in the heat exchange with the
evaporator of the ORC system, HE1, is imposed to be as high as possible. In this case, when
there is the maximum exploitation of the heat related to the cooling water of the HT circuit,
the temperatureT,s is equal to T, and consequentlyy1; is equal toTy;. About the LT
circuit, the maximum exploitation is pursued if the total flow ratg is cooled down to the
temperatureTy;.

The maximum amount of heat that can be absorbed from the low temperature circuit
and the high temperature circuit of the cooling system is given by, respectively:

0 » ¢O0 j 0 0 f V) (2.12)

C

0 ¢ UL 0 f U] 0 f (2.13)

Theseenergy balance equations can be rewritten as:
0 M Q (2.14)
0 N Q 0 (2.15)
The assumed constant valuelf is:
0 W wPp Qo
By the use of the available daa Table 2.2, it is possible to build the Hot Composite

Curve, shown together with a table that collects the calculated values of the useful
parameters.
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Table 2.159Viain parameters used for the construction of the HCC, single stage ORC system.

Source s Tiax Trnin p
- kw °C °C bar
HT circuit 5555 82.4 72.8 3.15
LT circuit 3446 515 36 3.15
90 T T T T T T T T T T T T T T T
[ Water LT Circuit Water HT Circuit ]
- >t > |
80+ .
70} :
30 I . . . . 1 . . . . 1 . . . . 1 . . . . 1 . . 4
0 2000 4000 6000 8000

q [kW]

Figure 2.21Hot Composite Curve of the available heat and exchanging working fluid curve,
single stage ORC system

2.2.3.2 Two stage ORC system

The onlyavailable hot source characterized by a temperathigh enough tofeed a
second pressure level is the charge air at paidtimmediately after compression in the
system. The idea is hence to insert the evaporator [$EBcritical or supercriticabetween
the pointa2 and the heat exchanger AC1. A valve is added as well, to bypass the exchanger
HE3 if the whole OR® at its second pressure level, is not working.

To complete the second pressure level for the ORC system, a second pump and a
second vapar turbine areincluded, according to Figure1®, as well as two three way
valves The valvearea diverter valve after the cold drum ama@o mixer valve after the two
evaporabrs HE1 and HE3.i# worth notingthat, in case of adoption of another suitcal
evaporator for the secondrpssure level, an additiondot drum deviceboth for the first
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and the second pressure leved needed to dampen the mass flow rate and pressure
fluctuation in the system during transient and normal operation. About spercritical
second stage, a hot drum device is still required for the first pressure level. The presence of
these additional accumulators is necessary for the control system to fix and maintain the
evaporation pressures, in order to find an equilibriurtats in design and oftlesign
stationary conditions for the whole cycll fact a control on the only cold drum device is
not sufficient to stabilize all pressures in the cycle

The values of the mass flow rate and the state variables at design point belonging to
the hot source at the poind2 are reported in &ble2.9.

The chosen configuration for the two stages ORC is shown inFidpe2.21.The
corresponding subcritical and saperitical cycles is shown in Figs. 2.22 and 2.23,
respectively Tabs 2.15 and 2.18eport the main values at design point of the working fluid
in the two cases of study.
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Figure 2.22Diesel enginegtwo stage ORC configuratigeupercritical seconstage.
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Table 2.16Thermodynamic properties of the working fluid (R245fa) for the two stage

Organic Rankine Cycle at design point, case 1 (subcritical evaporator as HE3).

/| @ 0f SQa Mass flow rate [kg/s] Pressure [bar] Temperature [°C]
1 33.46 1.766 29.61
2 28.35 4.612 29.72
HQ 28.35 4.612 42.57
HQQ 28.35 4.612 59.82
3 33.46 4.612 62.30
4 33.46 1.766 40.29
5 5.11 25.850 30.46
6 5.11 25.850 135.37
7 5.11 4.612 76.05
T | =
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Figure 2.23Two stage ORC thermodynamic cycle (stibal secondressure level).
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Table 2.17Thermodynamic properties of the working fluid (R245fa) for the two stage
Organic Rankine Cycle at design point, case 2 (supercritical evaporator as HE3).

/| @ 0f SQa Mass flow rate [kg/s] Pressure [bar] Temperature[°C]
1 35.45 1.766 29.61
2 28.35 4.612 29.72
HQ 28.35 4.612 42.47
HQQ 28.35 4.612 59.82
3 35.45 4.612 63.28
4 35.45 1.766 41.31
5 7.10 37.000 30.84
6 7.10 37.000 158.16
7 7.10 4.612 77.05
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Figure 2.24Two stage ORC thermodynamic cycle (supercritical second pressure level).
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For the two stage ORC system, additional mass and energy balance equations have to
be introduced in order to calculate the needed state parameters and flow rates for the
second pressure level. The main difference about this calculation is the constrango
from the assumption that the installation of the evaporator HE3 (subcritical or supercritical)
must not affect the main engines energy system. For this reason, all the mass and energy
balances are performed again, also for the first pressure leveahefORC, taking into
account the variation of the heat exchange in #ie coolerAC1. The equations about the LT
and HT cooling circuits are the same presented in the previous paragraph (Eq. (2.4) to
(2.11)).

As for the single stage ORC, the contributioh all the working engines at the
O2y&ARSNBR 2LINIiAy3a LRAYyG Aa GF1Sy Ayaz O
NBEFSNI GKS LI NI YSGSNI AY 1jdzSadAzy G2 (GKS Sy3aaAy
to the engine type 12V50DF.

To obtain the temperaturds,,, the next energy balance equation is applied:

¢ Qi F QR G h hoQ (2.16)

which is solved fohg,:

0 h_nh h & (2.17)

The following mass balancequation gives the involved mass flow rate in heat
exchange:

¢ ok ﬁ (2.18)

Once the values dfi,; and p,2 are available, the charge air temperature can be easily
obtained by the use of NIST Refprop. Note that in Table 2.2 the air prggsuseexpressed
in [barg], hence the value refers to the relative pressure. For this reason, the absolute
pressure must be determined, which givengpy; in the table.

The maximum amount of heat that can be absorbed from the charge air circuit is
expresed as follows:

(2.19)

C
0«
= xi
N
C
=y
C
0«

(]

- 00 (2.20)

By use of the available data in Table 2.2, also for this case the Hot Composite Curve is
built and presented here togethewith a table that collects the calculated values of the
characteristic parameters.
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Table 2.18Viain parameters used for the construction of the HCC, two stage ORC system.

Source 5 Tiax Tinin p

- kW °C °C bar

Water HT circuit 5471 80.7 68.4 3.15

Water LT circuit 2747 52.5 36 3.15

Charge air 2040 175.7 94.2 3.14
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Figure 2.25Hot Composite Curve of the available heat, two stage ORC system

T[°C]
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2.3 CONCLUSIONS

This chapter first presents the Organic Rankine Cycle technologyevélyating
thermodynamic cycle, optimal working conditions and features of the available operative
fluids. A comparison between traditional steam Rankine cycle plants and ORC systems has
been proposed, exposing advantages and limits of both technologias ®RC layouts have
been then presented, in particular simple and regenerative cycles, subcritical and
supercritical applications, and the possibility to implement a second stage into the system
configuration. Typical usage of these power plants is dgsidy reporting main exploited
heat sources like biomass fuels, geothermal and solar energy and waste heat recovery
(WHR).

The ORC system treated in this work belongs to the context of WHR applications: it
collects waste heat from internal combustion emgs, which generate electric energy for
propulsion of a LNG carrier. The case study is presented, reporting operating conditions of
the ship during a reference year, the engines cooling configuration, energy demands and all
data at various working point’he ICE®RC coupling was hence analysed, by presenting
the previous works of Soffiato 81 19, 20] and Malandrin [2Tirst and then by discussing of
possible configurations of the combined cycle on the basis of the available waste heat and
design operatig point selection. Three possible ORC layouts have been considered: single
stage and two stage ORC having both subcritical and supercritical high pressure level.
Chosen configurations and design points (thermodynamic cycles and hot sources composite
curves) have been reported, including calculation of the main parameters.
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3 MODELLING APPROACH

The selectedmodelling approach for the case study tbis workis presented in this
chapter.A brief introduction to the energy system dynamic modelling is firstly provided
shift quickly to the discussion of the adopted modelling strategy for the ORC sicsiastall
on board the LNG carrieBuccessively, design and-dé#sign models of elaxccomponent of
the power plant in question are presentethgether with the optimal design operating
characteristics. Finally, the dynamic models and the stestdte models of the whole ORC
systems, in the various considered configurations, are showreapkhined at detail.

3.1 ORC MODELLING APPROACH

To eplain the strategy about design and offlesign model building, theselected
modelling approach igntroduced in order to fk some useful concept® understandthe
choice made The adoptedmethod is suggested by Vaja [L4with addition of some
important modifications that wilbe explained in the following

The modelling approach starts frorine definition of two variable categories to
represent the fluid system:

- Level variablesindicating the amounof thermodynamic properties stored inside
components, expression of the state variables state determinedsystems
examples are mass, internal energy, kinetic energy;

- Flow variables related to fluxes of extensive properties through boundary
surfaces o components without mass or energy storagbey are outputs ohot
state determinedsystems examples are mass flow rate, enthalpy flow rate.

Threetypes of system component are defined:

- Reservoirs / Capacitiesthese components receive flow variables darare
characterized by states that represent the stored amount of level variables;

- Flow control deviceghey receive as input the level variables leaving Capacities
and determine the associated flows, typically as result of difiees between
Reservoirdvels;

- Heat exchangergsheir function consists in increasing or decreasing the working
fluid temperature, or in changing its phadey exchanging heat flux respectively
with the hot or the cold sourcethe main relation with the previous categories is
given by the decreasing of the fluid pressure by the pressure drops, when the heat
exchange model is not assumed to be idée.it will be explained, pressure is an
important thermodynamicparameter for this modelling approach, depending on
which there mg be different values of the level variables entering into flow
control devices.
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Typical examples of the first component category, capacities,ttegehot and cold
drums andthe particularheat exchangersvith phase changevithin possibleinternal mass
and energy storage, such as subcritical evaporators and conden$e give a precise
example, a shell and tube heat exchanger type K, also known as Kettle Evaporator, belongs
to this category because of the evaporation control inside the comporigaicallyit works
both as an evaporator and as an hot dru@m the contrary, typical flow control devices are
turbomachinery, hence pumps and turbines, where there is a transformation of flow
variables such as enthalpy flow rate, for these componentgeetvely withits increase and
decrease

FLOW

flow AP ) level level ot low
variables = RESERVOIR variables  variables—® CONTROL » '[\7;(1);;;1])](-5
DEVICE

Figure 31 Conceptual scheme of Resair and Flow Control Device |14

Thesimple conceptual schem&bove is showro fix in mind how these two types of
components use to work.o make the right connectior®etween capacities and flow control
devices is fundamental in order to build an appropriate and working ORC model. Reservoirs
must receive the flow variables coming from the previous and the following flow control
devices, in order to carry out thesimulation and produce a new level variable. Vice versa,
level variables entering in a flow control device come from the pilegeand the succeeding
capacities giving at the exit a new calculated flow variable. In this way, an alternation
between these wo types of componerstis set up, and it is worth notirthat it is necessary
alsofor making a reliable Rankine cycle. Hence, component models connection is ruled by
the following conceptual scheme.

level FLOW flow level FLOW flow level
—»| CONTROL p—# RES5ERVOIR » CONTROL » RESERVOIR »
|—b DEVICE P |—b DEVICE —>

Figure 32 CorrectconnectionamongReservoirs and-low Control Devicg$4].

It is important to clarify that these connections represent only signals, sent to the
respective componerstaccording to the exposedckeme. They do not represemhysical
fluxes, they are rather information transmitted to the interested components in order to
allow the whole modeto work according to theetalgebraic and differential equations.

In case of assumption of nadeal heat exchanges, therefore if psese drops are

GFr1Sy AyG2 F002dzyiz GKS GKANR O2YLRdeyi OI

into the scheme according to the following figure
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Figure 33 Correct connections among the three categories of components
Focusing now on th@®rganic Rankine Cycle systafstudy, here thechoices made
aboutcomponentsselectionare reported:
- Heat exchangers with phase change
I. Shell and tube type &s Subcritical Evaporator
Il. Shell and tube type Rs Condenser, with the possibility to choose
between smooth tubes or finned tubes, the latter with the purpose to
increase heat exchange
[ll. Shell and tube type &s Supercritical Evaporator
- Drums
I. Cold Drum, used as accumulator for tlvbole cycle, placed athe exit
of the condenser in order to receiwbe working fluid and to send to
the pump onlysaturatedliquid
Il. Hot Drum, necessary in case of two stage ORC plant for stabilizing
evaporation pressures for the two levels, it is installed at the outlet of
subcritical evaporators and sends saturated vapour to the turbines;
- Turbomachinery
I. Radial, single stage, variable rotational speed Pump, with rotational
speed determined by a control systesms function of liquid level inside
cold drum
Il. Axial, single stagdixed rotational speed Vapour Turbine
- Heat exchangers without phase change
I. Shell and tube type E as Preheat&conomizer
Similarly to the above classification, these componehtdong to the following
categories, relatively to thishosen modelling appaxh:
- Reservoirs / Capacities  Cold DrumHot Drum
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- Flow Control Devices Pumps, Vapour Turbines
- Heat exchangers Preheater Subcritical Evaporator,
Supercritical Evaporator, Condenser

For the single stage OR@ hot drum is taken into consideration only for modelling
purposes: it is assumed indeed thtie subcritical evaporator operates, talking about the
showncomponent categories, both as heat exchanger and capaaitgrder to supply the
drum function as wk allowing to provide to the model the required differential equations
that manage the dynamics, in particular by the calculation of the evaporation prepskie
this way, there may be mass and energy storage inside this component, depending on the
evaporation rate that is function of the oflesign condition ofthe ship, hence othe
flowrate and thermodynamic values of tlexchanging hot fluid.

Once definition of the components is commef it is the turn of variables
classification:

- Level variablediquid and vapour mass, liquid and vapour volume, pressure

- Flow variablesmass flow rate, enthalpy flow rate

As explained above, level variables, hence organic fluid pressures leaving capacities,
are sent to the previous and the following flow conta®vices, and the same happens to
flow variables, as mass flow rates leaving flow control devices. In this way, the required
alternation for the model iguaranteed

In Figures 3.5 and 3t6e singlestageand a two stage ORC selected for the application
into this LNG carrier of study are represented, the latter of whnath saturated first stage
and saturated or supercritical second stage.

LT Preheater Subcritical Evaporator

1| jc—1

il

Pump Cond
Cold Drum ondenser |

Figure 34 Single pressure level ORC scheme.
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Subcritical Evaporator

Hot Drum 2PL
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Vapour +
Turbine

/

Hot Drum 1PL

Pump LT Preheater Subcritical Evaporator

)

Vapour 1
Turbine

Pump

Cold Drum Candanser

Figure 3.5Two pressure level ORC schdsubcritical pressure levels)

In the following figures, the sanmselected ORC systems are represented with overlaid

the modelling signals of level variables and flow variables. The categories of comparents
also indicated.

g Capacities
@ Flow Control Devices
0 Heat Exchangers

LT Preheater [ 111p, | Subcritical Evaporator
( 1] |[|
e, T - I ] m My
-
\r:\“ Phd PJru’-T _f" ~
Vapour FF'I—)
Turbine L
Y
Peds T Ped .
Pum . : >]—’
P Cold Drun| Condenser

W

gl == iE

iy, T

Figure 36 Sngle pressu level ORC scheméth signalconnections overlaid.
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Figure 37 Two pressure level ORC scheme with signal connectvenisid subcritical case
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Remember that these are signals, not representing the real physical fluxes. To be more
precise, for example for the single pressure level ORC, mass flow rate leaving the pump is
aSyid LKeaAlOlrfte 2yte (2 GKS LINB K& tuarfithgle o KA f S
sent both to evaporator and condenser. Another example: pressure of the organic fluid
leaving the evaporator, which represents a level variable in this case, is an information that
is sent b both vapour turbine and pump.

For the two stag®ORC imustbe noticed that, in case of supercriticgécond pressure
level, the cycle does not present the required aftation: this happens because during
supercritical evaption the phase change manifests in continuous waythout a clear
separation of the two phasesinstead of subcritical casaideed,liquid and vapour phases
have the same main thermodynamic properties, in particular the very same density, which
leads to a complete vaporizatiasf the fluid with about homogeneous characteristiabong
the component butin liquid state at the inlet and vapoustate at the outlet.For this reason,
in the supercritical evaporator there cannbe mass or energy storagé does notwork in
this wayas capacityand also there is no need forheot drum at all.For this component, it is
hence assumed directly to collecry vapour at the outlet,without the necessity of
dedicated phase separation insideum.

At this point, themodelling strategy can be introduced in order to justify the prombse
202S00AQPSad ¢KS FAY 2F (GKS 62N} Aa G2 2060l A
enough to allow to carry out several simulations without a great time expenditure, with as
final purpose to obtain the best feasibsolution. Obviously, the detaiével of the model
depends on assumptions adopted in building it, assumptions that will be presented in the
next sections.

The nodelling strategyof this workcanbe summarized itwo steps:

1. Design models development for every single component
2. Off-design models development for thbeat exchangersimplementation of
characteristic maps for thbow control devices
I. In ca® of heat exchangers a simple -o#sign behaviour law is integrated
[22], adopted by Manentelf3] as well in his study aboulhe search of the
optimal control strategy i geothernal application of the ORC system,
law that will appear as stven below

~. ~

A7 R p— (3.1)

[I.  Existing characteristic equations are found in literature and in previous
works for theturbomachinery, and they will be presented in the following
[5, 8]
A Pump:

Q. o, b & (3.2)
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w — o (3.3)

R h g
L. L (3.4)

where w . is the head of the pump without flow rate allowed, at
design point.
A Vapour turbine:

R T T (35)
h h

o 3.6

h e G - - (3.6)

— (3.7)

where is calledreduced flow rate

Ill.  Several simulations are carriedit in order to search for the best design
and oftdesign results, related to the predefined goal (work production,
efficiency), varying the main independent variables one by one.

A remark is done about the heat exchangers modelling. These components are
de<ribed by two different steps, precisely by separating the design procedure and the off
design behaviour into two different model blocks. Heat exchangers modelling hence consists
in the two following steps:

1) Starting from inlet mass flow rate, temperature and pressure of both fluids coming
into the studied heat exchanger, the Simulosign blockalculates:

a. all geometric parameters, includetthe heat exchange surface, that will be
fixed and used later in p&arming offdesign behaviour;

b. the global heat exchange coefficient U, at dgspoint, using also the fluids
properties and velocities, obtained by known information entering into the
block (temperature and pressure to determine properties, mass flow i@te
velocities);

c. pressure drops in design conditions, for both hot and cold fluid;

2) The successiveff-design blockreceives all the nominal parameters coming from
design calculation, to use them with those variables that show variations when the
ship leaves nominal conditions, in particular when it changes its speed respect to the
nominal one, in order to obtain in thend the offdesign values of U, q, T abp. To
be more precise, mass flow rates and inlet temperatures belonging to both hot and
cold fluid are variable input of working conditions.
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As previously mentioned, the final purpose of this strategy is to, frydthe use of the
complete model to carry out simulations, changing time by time the design choices, the
proper ORC configuration for this particular case of study, starting from the statistical data
referred to one year for this given LNG carrier. Afthis work, all the obtained
configurations should be compared in order to find in the end the best reliable and
economical solution. Anyway, the result given out by this model is a good starting point.

In the following sectionsjesign and offlesignmodels for every componenand the
dynamics for the Wwole ORC model, with relativelgebraic and differential equationgye
shown.
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3.2 DESIGN MODEL OF THE ORC SYSTEM

3.2.1 Turbomachinery

In this section, design models of pump and vapour turbine are presented. Their
purpose consists in determining all required nominal values, to introduce them into the
characteristic equations performed by the @lésign modelsOnly the few needed operatig
parameters arecalculated nonerelated to the geometry of these components.

3.21.1 Pump

The proposedlesignmodel refers to a single stage radial pump. Its main features are
versatility and flexibility, because of necessity toviell into ORCsystem andallow the
integration of a proper plant control system. To be precise, pump must ke tabvary its
rotational speedin order to maintain the required liquid level in theold drum placed
downstream ofthe condenser and working as accumulator the ORCThis parameter will
dependon the off-design condition®f the vessel engines-or this reasorthe pump model
presents also a tuning variaktleat is function of travetonditions the rotational speedw. It
will be presented in Paragraph 3141, where the &-design model isliscussed

Design model of thgoump allows to evaluate all parameters thaiff-design model
requires in eder to simulate the componenbehaviour whenever is out of nominal
conditions. Main equationadopted in his modé¢ are shown below. Given thatperating
conditionsare nominalfor this calculation, albarameters refer to design point.

- Mass balance equations
They describe the continuitgquation inside this component, index of no internal mass
storage

(3.8)
(3.9)

- Energy conservation equation

This relation consists in the product between the mass flow rate crossing the pump
and its enthalpy variation, from entrance to exit, and gives out the required
mechanical power.

- Q. Q; (3.10)
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- State equations
To calculate theneededproperties for the model, inlet and outlet pressure and inlet
enthalpy and entropy aremployed

" Ao an . RQ (3.11)

¢

R o« fo; (3.12)

0%
j=x

- Additional equations

¢ KS LlzyLIQa OKIFNFOGSNRAGAO YIF LI Aa amdzy Ol A 2
processedspecific energy. The necessary additional equations are reported here, in
particular regarihg the head of the pumpy and isentropic efficiency . calculation.

There is also the relation describing the required electric power, as function of the
mechanical one and of the pumplectric efficiency,representing the electrical

consumption.
%) % (3.13)
- (3.14)
:
oy ﬁﬁ“ ﬁh (3.15)
: ;- (3.16)

To complete the design model, two other variabhesst be defined:
- Wpp rotational speed at design point;

- W, : head of the pump without flow rate allowed, at design point; it defines the

maximum pressure increase at nominal speed.

In the following, a list of thenvolvedvariables and parameters ithis pump design
model will be presented, arranging them as physical quantities, dependent variables,
independent variables (that are fixed before the simulation by the user), state variables and
output variables. It is worth notinghat the sum of the depndent and independent
variables, the fixed parameters and eventual constants must be equal to the number of
physical quantities, all the last of whiele applied intothe equations shown until now. The
fixed parameters are all the design values that jareviously decided by the user, depending
on the seleted pumpdevice for the ORC plantodel.
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Variables and parameters

N° of equations: 10 from Eq.(3.8)to (3.16)
Physical quantities: 6
Q5 Q g, Q; N g Ny
g Uy @ ~ R - f ;
Fixed parameters: 5
N T -
Dependent variables: 9
Q Pk Q " (- 4] R
h
Independent variables: 2
Q.

Among the 16 physical quantities there are the following state and output variables.

State variables: 4
N g Q5 Nk g

Output variables: 4
Q5N oy ;

3.2.1.2 Turbine

+ LI2dzNJ GdzZNDAYS RS&aA3IYy Y2RSE A& jdzZAGS aAYA
analogous, and thenodelling approach is the same. The chosen expander is a single stage
axial vapour turbine, whose rotational speed is assumed taxwself

As for thecase of pumphere all the main adopted equations are presentezations
that give out theparametersneedeal by the oftdesign turbine model. Also in this case, all
parameters refer to nominal conditions.

- Mass balance equations
They are the same presented for the design model of the pump, Egs. (3.8) and (3.9).
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- Energy conservation equation

This relatbn gives out the JINE RdzOSR YSOKIF yAOFf LI2GSNI I yR
one, wherethe result is the required power. The difference consistslécreasing the
working fluidenthalpyfrom entrance to exit, instead of increasiitgas happens in the

pump.

i Q Q (3.17

- State equations
Yo B Ao Qn , Q. (3.18
Q Pk an o5 hog (3.19

- Additional equations

Tocalculate the mass flow rate crossing the vapour turbine, usefuhipiementation

of the characteristic map Stodola equation is applied here. K parameter is included in
this relation, and it strongly influences the flow rate processed by this compoHeist.
evaluated in this case by imposing inlet and outlet pressudensity and mass flow
rate, as it can be seen below.

0 (3.20

- i (3.2))

The other necessary additional equations are reported here, in particular regarding
nominal isentropic efficiency and reduced mass flow rate calculait@duced mass
flow rateis an input parameter for the offesign model. There is also in this case the
relation describing th electric powerto represent this timeelectric production.

- —h R (3.22

h hp

¢
=

.o — 0 (3.23

- .- (3.29
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Variables and parameters

N° of equations: 12
Physical quantities: 18
Q.
"Y F] " h I ﬁ 0
h h
Fixed parameters: 6
N f Ny Y
Dependent variables: 10
Q F] F] ’Q Fl "
h h
2

Independent variables:

Q

Egs. (3.8)3.9) and fom Eq.(3.17) to (3.29

Among the 18 physical quantities there are the following state @ungut variables.

State variables:

N f Qy nof
Output variables: 4
o . .
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3.2.2 Heat exchangers

For theORC systeraf studyshelland tube heat exchangeese adopted, in particular
the types Eand F Fluids are always sent in countairrent, and the selected configurations
are:

- one pass shebide, one pass tubside (11, perfect countefcurrent);

- one pass shebide, two passesibe-side (12);

- two passes sheBide, four passes tubside (24).

Regarding the tube layout, for these heat exchangers the possible choices are reported
here:

- GNRAFyYy3dzAf NI LAGOK 6 T oncoT

- aljdzr NB LAGOK o6 I dncoT

- NRGFGSR &ljda NB LAGOK 6 I npcouo

The selead choice for all the shell and tube heat exchangers in this work is the
triangular tube layout.

An example of shell and tube type E, configuratiod, is schematglly shown in
Figure 3.9

Shell
= inlet m
—
1]
e ———
| S pEES == Iy =

?E br R U

Figure 39 Scheme of Shell and Tube type E, configuratibnpkerfect countecurrent.

Sgnificant assumptions have been adopted for modelling purpose and are presented
below:

- without any phase change, both fluids are treated as incompressible and no mass
accumulaion is considered;

- pressure losseare accounted,;

- thermal capacitance of the metal pipe is neglected (only convective heat flux
between fluids and pipe are considered);

- axial conductive heat flux is not considered for both fluids;

- all components are cordered adiabatic;
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- thermodynamic properties of both fluids are constant and evaluated at mean

temperature.

State variables are employed in this kind of components, in order to define the system
behaviour during simulation and to check all necessarpperties in the various
thermodynamic states of the cycle. To summarize, design models are useful for geometry
calculation and for parameters evaluation at design point (global heat exchange coefficient
Ue, pressure dropPp, heat flux g, outlet workindluid temperature T), while offdesign
models are employedhen to simulate the behaviour of the componestarting from the
obtained nominal parameters.

3.2.2.1 Preheater

In the preheaterthe two fluids exchange heat flux maintaining their own phabkat
here must be liquid. Adopted state variables in siAg@ase heat exchangers are pressure
and absolute temperature.

As mentioned abovea shell and tube heat exchanger is adopt&tie vorking fluidis
sent shellside andthe hot fluid tube-side as design choice, to allow continuity with the
successive evaporator where the same choice has been ddne.componenbperatesas
economizer, it increases the working fl@demperature in order to lead it as close as
possible to the & LJ2 NJ ( Alg Siudink ehgfi&lithg, the evaporation temperature is
usually assumed as the target one, while in the ezinomizercomponent it is necessary to
fix a smallDT for safety issue, to avoid phase change inside it that ca#d to higher
pressure dropsniefficient exchangé Y R 2 GSNKSIF GAYy3 2F (GKS (Gdzo0SaQ

In the analysed configuratienthe ORC system receives the hot fluxes by the low
temperature and high temperature cooling circuits, as shown in Figur@ For this reason,
the gycle requires two heat exchagers to rise the working fluitkmperature and evaporate
it:

- one low temperature preheater, in order to exploit the residual heat coming from

the LT cooling circuit®tincrease the operative fluidmperature;

- one evaporator,in which preheating and subcritical evaporation happen to the

organic fluid, the heat flux provided by the HT cooling circuits.

The available hot source for the LT preheatehesicethe low tempeature cooling
stream that receiveshe heat flux byexchangng with Diesel enginegharge air and
lubricating oil and then releas it to the organic fluid on the tube side of the heat
exchange®® ¢ KS S@I LI2NI 12NDRa K20 &a2dz2NOSs AyadSlkR:
collects the heat flux fronthe engnescooling water and charge air.

For the first heat exchanger, LT preheater, corresponding to HE2 in the figure, the
available heat is not sufficient to lead the refrigerant to evaporation but only to increase its
temperature, helping in this way to enh@S G KS O& Of SQa S 3uEceBiveSy O @
heat exchanger (HE1), where both preheating and evaporation are carried out, the Simulink
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model has been split o two parts, the first that simulates the preheating and the second
the evaporation. Thisomponent will be presented in detail in the next section, however the
main concept to keep in mind is that low temperature preheater and the preheating part of
evaporator are modelled almost in the same way, in particular with the very same design
and offdesign equationghat will bedescribed in the following.

In this ORC application, the configuration choice about the LT preheater is2hdlie
reason is the nece#ty to keep the working fluighressure drops below a certain level, in
order not to log too much produdile work in the vapour turbine.

Thedesign modebf the preheaterprovides allrequired geometric parameters, to be
used to define heat exchange area and then bydei$ign model in order to perform the
dynamic behaviour. For the silegphaseheat exchange, for design purpas&nielinski
correlation [28 isadopted to calculat the convective hot fluitheat exchange coefficieraQ =
BelkDelaware methodd58 F2 NJ G KS @2 f IRy FF f H2A NNQIEINR & BdzNB
Main equatians are shown beloy26], while for correlations, see appendix.

- Mass balance equations
They describe continuitgquationsinside this componenand showno mass storage.

®, ® . (3.29

h h
e xR (3.29

- Energyconservation equations

The heat flux exchanged by fluids expressed as followsemembering that for the
hypothesismade specific heat at conant pressure is evaluated atean temperature
[26].

C

&

5%
2

R

o
E(
(=]

(3.27
5 O Y . Y (3.28

- State equations
Thenecessaryluid properties for the model, in particular density heat capacity
thermal conductivityl and viscositym are evaluated at the mean temperatures
CYRY).
" hohd e "QnalY (3.29
" ho h_afleee e "Qnaefey (3.30

- Additional equations

The heat flux is function of the global heat exchange coefficigrdatdesign point, of
external exchange areac.fand of logarithmic mean difference temperatufgTy,
multiplied by temperature factor{Fas shown in the following simple relati{26].
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0 TY%Gé-Q(Q'\g % 6"Q (3.3)
Global coefficient Wis funcion of five thermal resistances:
I.  Sheliside fluid convective resistance-

[I.  Tubeside fluid convective resistanee—

[ll.  Metal pipe conductive resistanece——

IV. Shellside fouling resistanck
V. Tubeside fouling resistanck
The two fouling resistances are orporated into the global fouling resistance,R26].

Y, (3.32

Y Q— Q (3.33

Adopted heat exchange correlations, that can be found inithentire form in the
appendix, will appear with the following dependence relations:

A Gnielinski:

| "Q RYmMM Ao e & "QQQd1 OO Qé &3.39

A Delaware:

v ~ L,

Q  AYM AY; HO MM Qs MTOR b R o oBdE & "QQQ06 (38P Q¢ ¢
Q

bl -Jr i Hi@Q ¢ & GO d L'QWDad ¢ (3.39

g

G
Y Q HaD RY (3.37
Internal and externalheat exchange surfaces and volumes are evaluated by the

following equations, where L is the tubes length andthe number of tubes in the
bundle.

0 “000 (3.38
I A$ . (3.39
6 —, . (3.40
6 —, — . (3.41)

Logarithmic meantemperature difference DTy cc is evaluated by the following
equation. For temperature factor; Ehe dependence relation is presented, while for
the complete form 27] see appendix.
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WY (3.42
'O "QYRY RYRY hoé £ 'QQQ61 @0 Q¢ ¢ (3.43
WY WY . O (3.49
Y — (3.49
Y — (3.49
Variables and parameters
N° of equations: 29 from Eq.(3.295 to (3.49
N° of physical quantities: 49
O ® j e e & Y . Y. Y .
W W 8 ” _® _®e ‘e ‘e
Y Y WY O W'Y . nee Nneeee O
O O 0 0 0 0 W W
- I | Q Q Y Y. Y
0 v n Qe « 0 0 070 0 o
G
N° of fixed parameters: 16
ﬁ & i e e e ag; Y Yo Y. L
(0 (0] naoe® o6r0 6 0 nee Nee e
N° of dependent variables: 33
\a Y Y WY o WY, @ @
” ? _® _®e® ‘e ‘eee (@) U
0 0 0 W w — I |
Q Q Y Y. Y ) v o
G
N° of independentariables: 0

Among the 49 physical quantities there are the following state and output variables.

N° of state variables: 4
nee Neeee Y Y
N° of output variables: 6
0 Y (N N o) WY .
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Fluids selection, tube material selection
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Figure 3.D Flowchart of the design procedure for preheater
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3.2.2.2 Subcritical evaporator

This component pursues the subcritical evaporation of working fluid while it exchanges
heat with the hot source, phenomenon that characterized by a phase separationits
operating thermodynamic conditionsThis is a very typical application in power industry,
that can be found in many different plants using Rankine cycles, where the main examples
are steam plants of various sizégym the low size version of 20 MW to the standard 320
MW steam group, and LVgRLight Water Reactor), the most diffused nuclear plants in the
world.

In our case studysubcritical evaporator is adopted to change the operative flué
phasefrom liquid tovapour, in order to exploiit in the last forminto the vapour turbine to
producemechanical and therlectric energyat the generator The choice madabout the
heat exchager are the shell and tube typ& andF, the standard typologyvith insertionin
the latter caseof a longitudinal baffle for an additional shside passa vey welkknown
technologysuitable for ship applications. This solution is feasible because of the geometry of
the evaporator, hence for the way in which hot and cold fiiade sent inside. For example,

a kettle evaporator, the shell and tube type K, could not be applied because of the
nonstationary position of the ship during the travel, caused by the natural oscillations given

by the movements on the sea. The kettle evapor@é 2 LJISNJ} A2y A& RSLISYR
fluid level inside the exchanger, that must assure the bundle of inner tubes to be flooded

and be stable inside the component, goal that is not achievable if the system where it is
inserted is not motionless.

The closen configuration for the adopted shell and tubiee 2-4, the hot fluid being
sent through the bundle of tubes drthe cold operative fluigxternally. The reason for this
choice is again the necessity to reduce the working fluid pressure drops at aptaiee
level, in order not to lose too much producible power in the vapour turbine.

As it can be seen in Figugel8, the hot source corresponds to the high temperature
cooling water that comes from the operating engines and the charge air exclsaatjens.

For the selected configuration of the whole Diesel engm@RC system, the heat exchanger
employed for the subcritical evaporation is called HE1 and has the double function of high
temperature preheater and evaporator. Indeed, the working floisning from HE2, the low
temperature preheater, is still subcooled liquid as seen in the previous section. This is caused
by the fact that the available hot source for HEZ2 is not sufficient to lead the refrigerant to
saturation point, hence in HE1 the iffus continued to be heated and then it evaporates.

In the Simulink model, these two incorporated functions angdéid into two different
model blocks, the first representing the surface portion where the operative fluid only
warms up, the second deschily the remaining part where evaporation is pursued. The first
block is so modelled right as a preheater, with the same equations shown in the previous
section, while themain relationdor the second blockare presented in the following.

Some assumptionbave beenconsideredin order to simplify the modelling of the
evaporator:
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- outlet flux is physically sent to the vapour turbine in saturated conditions;

- the evaporating fluid in the component, sheide, is in perfect equilibrium
between liquid and vapoutJK 8 ST KSy OS (GKS g2NJAy3 Fid
function of shellside pressure;
- in the part of heat exchanger where evaporatioranifests it is supposed not to
find subcooled liquid or superheated vapour;

- tube-side, the hot fluid is assumed not thiange its phase;

- thermodynamic properties of hot fluid are constant and evaluatednaan
temperature, while for cold evaporating fluid they are evaluated at saturated
liquid phase and saturated vapour phase conditions.

At last, it is worth statinghat in this casestudythere is no need for the single stage
ORC ofan hot drum downstreanof the evaporator, but for modelling purposes it will be
added a block, called actualhypt drum not representing a real device of this typology but
only simulating thepressure trend inside the heat exchanger. This block will be characterised
08 | @2ftdzyS Sldzat G2 GKS S @oéwndréain. (TRiNIoiceig yS |
made because its presence is fundamental to reach the whole model stability: here
differential equations that make e model dynamic and manage time dependent
LI N}y YSGSNAR Oly 0S ¥F2dzyRd ¢KAA& (1AYR 2F o0f2017:
be explained in the next sections.

The dsign model of thesubcritical evaporatgr where both peheating and
evaporation happenfor the working fluid, has the aim ofletermining the geometric
parameters. The particularitpf this component is thatpy using two different Simulink
blocks to describe preheating part and evaporation part, theresimbe a constraint
regardingdesign choices in order to maintain the same geometry for the two sections, given
that they actuallycharacterizeone single heat exchanger. The only two design geometric
parameters that should be different each other are exchangéase and the corresponding
tube length, because both of them describe the ideal section in which you can find
preheating and evaporation of the operative fluid inside the heat exchanger. These two
parameters are also the only ones that will change dumfigdesign conditions, simply
because varying the heajrade of the externakource, and consequently the heat flux
between the two fluids, more or lesexchange surface will be necessary to achieve
evaporation, hence with a different remaining surfacefus for vapour production.

Global heat transfer coefficient Uis calculated in nominal conditionby using
different correlations for preheating and evaporation sections, in the formerBakhware is
used in the same manner of the preheater modelling, while in the latter Mostinski and Palen
FNBE FR2LIWSR G2 OFfOdzZ I S (ke OSiCieBO G A gR  O2
Chisholm for pressure drop29]. Gnielinski is still the chosen correlation for the convective
K20 FTtdzARQa KSI 4035 EiOKA S/ 385 FORAS FTFA OA Sy i

Excluding the heat transfer equations, the design procedure is very similar for the
SOFLIR2NFG2N) 62 GKS LINBKSFISNRa 2ySe Ly GKS T2
for correlations see appendix.
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- Mass balance equations
Theyare the same presented fareheater, Eq3.25) and (3.26

- Energy conservation equatians

Heat flux exchanged by fluids is expressed as ircise of the preheaterbut for the
cold flud, shellside, it is not possible to express the balance byamef the average
specific heabecause othe phase change, thereforthe enthalpy drop betweernlet
and outlet flowsis utilized[26].

0 W Yo: Yoo (3.47)
0 ERES o e (3.48

- State equations

Thenecessaryproperties for the model are evaluated at the mean temperatiiefor

the hot flux, that is assumed not to change its phase, while for the cold flux the same
properties are obtained both for liquid phase (x = 0) and for vapour phase (x = 1).

"hOhd e "Qnaly (3.49
" hoh A AQaeeQn v m (3.50
" hoh A AQaee™Qn o p (3.5))

- Additional equations
Adopted equations are the same onesed for preheater, regardingonvective heat
flux 0, global heat exchange coefficieﬁ‘lr’ﬁ , global fouling resistanc&s, exchange

surfaces and volumes and at lasgarithmic mean temperaturéifferenceD DTy ccand
temperature factor E Involved relations are: from Eg3.81) to 3.33 and from Eg.
(3.38 to (3.44).

Adopted reat exchangeorrelationsfor the subcritical evaporator, completely defined
in the appendix, are here expressedthg following dependence relations:

A Gnielinski:
| QO RYMFOMA hoé & "QQQ61 %o Q¢ ¢ (3.59

A Delaware:
o) "Q ARG P RO I [ é & "QQQ6T Ko (B5H
Y Q HaD RY (3.54

A Mostinski and Palen:

QMM RY, HY HOm Qoids h—h A A h A & o B Ts.55
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A Muller-Steinhagen and Heck:

@ 0

Variables and parameters

N° of equations: 32 Egs. (3.25§3.26), fom Eq4(3.31) to (3.33,
from Eq. (3.38) to (3.44), from Eq. (3.47) to
(3.56)
N° of physical quantities: 62
h ® miép 8?:‘895 Yp‘ﬁ Y h Q A Q f
Y Y - W W () ” ” ”
_® _®a® _ex ‘e ‘e ‘ ;e Y ()
WY O WY . Nnee Neeee 0O O O
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| Q 0 Y Y, "Y ; 0 0
"Q i . 0 0 0 n e n 790«
Q 6¥0 0 0 (g wn
N° of fixed parameters: 21
ﬁ ® § e X & &g; Y Yo Yo VE?]
0 (0] naea 610 6 0 @ 0
0 n e Q nee Neeae
N° of dependent variables: 41
Q Q, Y. & & & " :
” _ee _®e®x _e:x ‘e ‘e ‘ e Y
WY - O W'Y . 0 0 0 0 0
W W _ | | Q Q Y
Y Y: 0 Q l . o) o)
G
N° of independent variables: 0

Among the 62 physical quantities there are the following state and output variables.

N° ofstate variables: 4
Nnee Neeee Y @
N° of output variables: 6
0 Y. N N ol WY

h
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Figure 3.1 Flowchart of the design procedure for subcritie@aporator (preheating
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3.2.2.3 Supercritical evaporator

The supercritical evaporation, contrarily to the subcritical one, manifests through a
continuoustransformation of the fluid along the component, from liquid to vapour state,
without a clear phase separation. In the thermodynamic diagram, as shown in Rddre
for the same reason there is not a specific region where to recognize the phase chasge. |
only conceivable that evaporation manifests mainly around the critical point, hence in the
upper part of the Andrews curve, close to the top. The main characteristic of the
supercritical evaporation is that the two phases cannot be distinguisheddligud vapour
coexist presenting the very same thermodynamic properties, until the phase change is
completed.

The first step to obtain this kind of evaporation consists in increasing the fluid pressure
to supercritical values. The second step regsithe use of an hot source which temperature
is higher thanthe critical one of the evaporating fluiavith an additional margin to allow the
heat exchangeln this way, it is possible to pass from the subcooled liquid state to the
superheated vapour state avaityy to enter nside the two phase region afiermodynamic
diagram. It is worth noting that in this case, without a liquapour phase transition, there
are not phenomena to consider as critical heat flux andalrifor the heat exchange.

In power industy, the first works and applications date back to the 1950s, about the
use of supercritical water for steam generators and turbines in order to increase the thermal
efficiency of coal fired power plants. Current applications are mainly supercriticallénae
supercritical thermal power plants, which efficiency overcomes 50%, and SCWR- (Super
Critical Water Bactor) nuclear power plants [29

In our casestudy, supercritical evaporator is useful to implement a second pressure
level for theORC system, wittihhe goal of an higheelectric energy production, thanks to the
addition of a second vapour turbine and the increase of the thermodynamic values of the
vapour entering to the firskevelturbine after mixing in ¢éhree way valve.

The selected heat exchaagisagain the shell and tube type Fvailable hot source for
the second pressure level is charge air, as shown in FRdg& The2-4 configuration is
chosen for this component, in order to keep at acceptable values both the R245fa and the
air pressuradrops. Moreover, given the lack of correlations for supercritical evaporation, the
available relation is thene provided by Mokry et al. [29referred to fluid evaporating
inside vertical tubes (to know more, see appendix A.1). Hence, in this contextical shell
and tube heaexchanger is adopted, witlworking fluid sent into tubefrom the bottom and
charge air shell sid&dom the top. It mustbe remarked that this choice is unusualnaval
applications, where typically only horizontal shell and tube exchangers are employed. A
limitation on the height isience imposedbecause of the necessity of installatiorside the
AKALIQA YIFOKAYS NR2YI NBadz Ay BeathexchahgerO2 y & G NI A

Some assumptions, useful to simplify modelling, are here presented:

- outlet flux is physically sent to the vapour turbine in superheated conditions;

- shellside, the hot fluid is assumed not to change its phase;
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- thermodynamic properties areonstant and evaluated ahean temperature.

The outlet working fluid is considerdakingonly vapour: the heat exchanger will be
sized in order to insure complete evaporation for every possiiffedesign condition.
Gontrarily to the subcritical phase chge, ere the drum is not needed, riglitecause there
is not a clear distinction between phasdt is hence assumed outlet flux to be alwaysrity
vapour phase.

At last,to keep pressurdigher thanthe critical one not taking the risk to go dowioo
much and enter inside the two phase region, the selected R245fa pressure for the second
pressure level of the ORC system isdie the value of 37 bar, abowbe critical value of
36.4 bar, taking into accourtdf pressure drops as well. In this way, givibat the outlet
pressure value of the second pump is fixed, there is no need of a control system for the
Y2RSt (2 @INER (GKS LlzyLlQa NRUGFGA2YyLEFE ALISSRT |

As for the previous heat exchangers, the design model efstpercritical evaporator
consists in determining geometric parameters, evaporation surface, global heat transfer
coefficient W in nominal conditions and R245fa pressure drops.-Belaware method is
used forshell side modelling, to caltate the convective hot fluicheat exchange coefficient
a(y25]. Delaware is used as well for tube side pueesdrops calculation, wheravorking
fluid is sent. As mentionedbove, Mokry correlation is adoptddr the convective cold fluid
heat exchange coefficierdQ > (i dzanShis&ds& $e charge giressure drop are not
calculated, because they amdt aparameter of interest for this work and they agssumed
to be equal to the ones already estimated for tBeNA IA Yyl f Sy SNH& aeadasSy
following, main equations are presented, while for correlations see appemibxe that
some of theequations are expressed in the same wayheater orsubcritical evaporator.

- Mass balance equations
See Eqs3(25 and 38.26).

- Energy conservatioaquations
SeeEqgs. (3.47) and (3.48).

-  State equations
See Egs. (3.29) and (3.30).

- Additional equations
Adopted teat exchange correlationsthat can be found in the entire form in the
appendix, wilappea with the following dependence relations:
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A Mokry:
| QU i
Variables and parameters
N° of equations: 25
(3.33),
N° of physical quantities: 56
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(3.59

B ol A (3.60

Eg (3.295-(3.26), from Egs. (3.29 to

from Eq.(3.38)to (3.44),Eqs (3.47)(3.48),
from Eq.(3.57)to (3.60)
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Among the 56 physical quantities there are the following state and output variables.

N° of state variables: 4
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N° of output variables: 6
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Figure 3.B Flowchart of the design procedure for supercritical evaporator
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3.2.2.4 Condenser

This is the second and last presented heat exchanger where a subcritical phase change

happens, used in the ORC systentcémdense the operative fluid after its expansion through

the vapour turbine. As for the subcritical evaporator, this component is widely used in the
power industry, being a fundamental element to allow the Rankine cycle to work, both for
water and for orgnic operative fluids. Condenser, indeed, has the function of changing the
phase of the working fluid from vapour to liquid, in order to allow the successive pump,
placed downstreanof the condenser and the cold drum, to circulate it and win pressure
drops making the cycle reliable.

In this case of study, the chosen heat leager for condensation is a shell and tube
type F where the working fluid is first desuperheated and then condensed. Outlet fluid is
supposed to be saturated liquid ansl sent to a drum, called cold drum, a real device with
the function of accumulator for the whol®RC cycle. From this componamtly saturated
liquid is suppoed to be taken in order to avoidendingto the pump alsovapour bubbles.
Gold drum will be preented at detail in the next sections.

The chosen configuratn for the condenser is the-2 because of the high operative
fluid pressure drops, that this layout is able to reduce enough. The hot working fluid is sent
shell side and the cold fluid tube sidThe cold source consistscooling water coming from
central cooler, at the supposed constant temperature of 15°C.

The assumtions for the model of this componedt N &A YA T I NJ 02 GKS S©

- outlet flux is physically sent to the cold drumadonditions of saturated liquid;

- inlet fluid is in superheated conditions, so in an early part of the heat exchanger
the vapour is desuperheated and then condensed;

- condensing fluid in the shell side is in perfect equilibrium for both liquid and
vapourphaS§ T KSy OS GKS g2NJ Ay3 Ff dzA RQsgide i SYLISI
pressure;

- tube-side, the cold fluid is assumed not to change its phase;

- thermodynamic properties of cold fluid are constant and evaluatedmetan
temperature, while for hot evaporatinfjuid they are evaluated at saturated liquid
phase and darrated vapour phase conditions;

- inlet cooling water temperature is supposeonstant (it comegrom the central
cooler that is not influenced bytS & KA LJQ&a GNI @Sttt Ay3a O2yRAL

Differently fromthe case of evaporatqrhere desuperheating and condensation are

treated together, thanks to the appropriate correlations found in literatuadipwing to
avoidsplitting the model of this componeninto two parts asnsteadnecessary for the HEL.
Inthisg @ 2 O2y RSy aSNRa Y2RStfAy3 NBadzZ 6§&a YdzOK a

The design model of the condenser consists in determining the geometric parameters,

evaporation surfaces, the global heat transfer coefficient ahd pressure drop9p,
calculded in nominal conditions. dopted correlations are Gnielinski for the convective cold
FftdARQa KSI G Sd OK IlyyHEefws® s frasdu@ dbpplié = §(dzoS &AF
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Nusselt and Kern in case of smooth tubes or Betyz in case dinned tubes for the hot
fludaQ | YR / KDLIK 2 & 2SK Ehéldwik & 8ations are presented below, while
for correlations see appendix.
- Mass balance equations
See Eq943.25) and (3.26

- Energy conservation equatians

AsintheS @I L2 NI G2 NDa OF &SI inktBe efithafyt diaf befwden S E LING
inlet and outlet flowsfor the hotcondensing fluid instead of the average specific heat,
because of the phase chan{gs].

0 T o e (3.6
0 T Yo (3.62

- State equations
The properties necessary for the model are evaluated at the mean temperatufer

the cold flux, that is assumed not to change its phase, while for the hot flux the same
properties are obtained both for liquid phase (x = 0) and for vapour phasé)x =

"hORA AQee "Qnhw m (3.63
"hoh i FQe "Qnfw p (3.64
" daed h_aflaee se "Qryaefdy (3.65
- Additional equations
A Gnielinski:

~

| "Q AYMm RO RHé &€ "QQQ61 Hho Q¢ £(3.66

A Delaware:
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o)  Q oHEibh RO MY [ e & QQQoT GO Q6D
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- o Rdb RY (3.69

A Nusselt and Kern:

Q  mMAY DA B R R LR O oBEE "QQQ0 (366 Q¢ &

A BeattyKatz:
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Figure 3.4 Flowchart of the design procedure for condenser
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3.2.3 Design operating characteristics

In this paragraph, all main design choices about the selected components for the ORC
systems are presented’he shown values refer to the chosen operating poifor the three
ORC layoutsdetermined and exposed inh@pter 2. EES(Engineering Equation Solver)
software has been used to find main design thermodynamic values for the three cycles.

A DTin of 10°C has been imposed for the design of preheaters, subcritical evaporators
and condensers, while a highefl,, of 35°C was necessary for sizing supercritical
evaporator.

Huid velocitiesinside tubesof the heat exchangerare set at 2 m/s, that isomsidered
the optimal economical speed for the material of the tubes, in thi®asbon steel, except
for the supercritical evaporator.

A mention has to be made about supercritical evaporatbhe best available
correlation for this phenomenon inside a&at exchanger, determined by Mokry et 9],
refers to tube side exchang&here the tube is verticalGiven thatthe available hot source
for the second pressure level of the studied ORC system is charge air, a ghselowgh a
sufficient but nothigh quality level of the heat rejectedooking at its temperaturs an
optimal design would lead to laigh exchange surfacgith a consequent very high length of
the single tubesA constraintmust be taken into consideration at this poinabout the
feasbility of the installation inside LNG carrier. For this reason, a limit Bfniters of
highness is defined for the supercriticevaprator. Torespect this constraint, only for this
heat exchanger the tube side fluiglacity has been reduced.

In caseof subcritical second pressure level there is not this problem, given that a
horizontal shell and tube type E is selected. However, for this heat exchanger different
design choices have been madbout geometry, in particular about size of the tubes and
pitch distanceMoreover, the number of tubes has been fixed to 1250, in order not to design
a too large and too short heat exchanger, again with the constraint Dirizters in tre
vertical direction. Due to théhermodynamic characteristics eharge airhot source also in
this case, thevolumeof this subcritical evaporator is much higher than the same exchanger
adopted for the first pressure levelhe eventual possibility of installation inside the ship
should be verified at first.

In the following,tables containing gathered all design choices are repontelhtive to
selected operating pointsThe selected types of heat exchangers are also indicated,
following the recommendations proposed by T.E.M.A. (Tubular Exchanger Manufacturers
Association. AspenONEhas been used to verify and support these choices, in particular
thanks to its toolAspen Exchanger Design and Rating

About turbomachinery, it is reminded that rotational speed is fixed and constant for
the vapour turbines, while it is variable @mmposed by the ORC control system indesign
conditions for the pumpGiven the relativelyow head of thepump selected for the first
pressure level, rotational speed is imposed by the chosen four poles electric motor, in this
case 1450 rounds per mite. For the pumps considered for the second pressure level, the
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higher head requires higher rotational speed: an indirect connection through speed reducer
has been assumed, disengaging the pump from the constraint of rotational speed imposed
by the maindrequency.

At last, nominal pressures for pumps and turbines take into account of pressure drops
of the working fluid through heat exchangers.

Table 31 Preheater design datasheeft#st pressure level

PROCESS
ORC layout 1PL 2PL sub 2PL sup
Tubeside Hot fluid Water
Mass flow rate kg/s 53.2 39.9 39.9
Pressure bar 3.15 3.15 3.15
Inlet temperature °C 51.46 52.47 52.47
Outlet temperature °C 49.48 49.52 49.52
Shell side Cold fluid R245fa
Mass flow rate kg/s 28.00 28.35 28.35
Pressure bar 5.236 4.612 4.612
Inlet temperature °C 29.92 29.72 29.72
Outlet temperature °C 41.46 42.47 42.47
GEOMETRY
ORC layout 1PL 2PL sub 2PL sup
Shell / tube passes - 1-2 1-2 1-2
Exchanger type (T.E.M.A - AES AES AES
R - 0.9806 0.9681 0.9681
Tube sidevelocity m/s 2 2 2
External tube diameter mm 15.875 15.875 15.875
Internal tube diameter mm 13.385 13.385 13.385
Tube length m 2.282 3.228 3.228
Pitch distance mm 21.11 21.11 21.11
Layout angle ° 30 30 30
Number of tubes - 383 288 288
Internal shelldiameter mm 479.8 422.1 422.1
Inlet /S‘;)‘:é?r: ;afﬂe mm 361.3 432.3 432.3
Central baffle spacing mm 311.8 295.5 295.5
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Number of baffles - 6 9 9
Baffle cut % 25 25 25
Pairs of sealing strips - 1 1 1
HEAT EXCHANGE
ORC layout 1PL 2PL sub 2PLsup
External exchange surfacd —m? 43.59 46.37 46.37
Tube side exchange |\, 2| 15091 12055 12055
coefficient
Shell side exchange |\, 2 1007 1093 1093
coefficient
Total fouling resistance m2K/W 0.00026 0.00026 0.00026
Global heat transfer | ., 2 721.3 763.8 763.8
coefficient
Heat flux kW 439.5 492.1 492.1

Table 3.2Subcritical evaporator design datasheets, first pressure level.

PROCESS
ORC layout 1PL 2PL sub 2PL sup
Tube side Hot fluid Water
Mass flow rate kg/s 137.8 106.1 106.1
Pressure bar 3.15 3.15 3.15
Inlet temperature °C 82.41 80.65 79.70
Outlet temperature °C 72.84 68.36 67.41
Shell side Cold fluid R245fa
Mass flow rate kg/s 28.00 28.35 28.35
Pressure bar 5.236 4.612 4.612
Inlet temperature °C 41.46 42.57 42.47
Outlet temperature °C 64.36 59.82 59.82
GEOMETRY
ORC layout 1PL 2PL sub 2PL sup
Shell / tube passes - 2-4 2-4 2-4
Exchanger type (T.E.M.A - AFM AFM AFM
R - 0.9957-1 0.9959-1 0.9954-1
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Tube side velocity m/s 2 2 2
External tube diameter mm 15.875 15.875 15.875
Internal tube diameter mm 13.385 13.385 13.385

Tube length m 2.872 3.250 3.600
Pitch distance mm 21.11 21.11 21.11
Layout angle ° 30 30 30

Number of tubes - 2014 1548 1547
Internal shell diameter mm 10510 928.5 928.2

Inlet /s(:)l;tcl:(ier: ;afﬂe mm 510.3 423.4 453.0
Central baffle spacing mm 473.1 371.4 417.7

Number of baffles - 6 8 8

Baffle cut % 25 25 25
Pairs of sealing strips - 2 2 2
HEAT EXCHANGE
ORC layout 1PL 2PL sub 2PL sup
External exchange surfacd —m? 293.5 249.9 276.7
T“bi;‘:ﬁg‘e":tange W/m3K 14044 13797 13711
Shell side exchange | 2| 577.7-5420 | 844.4-5230 | 835.4-4616
coefficient
Total fouling resistance m?K/W 0.00026 0.00026 0.00026
Global heatransfer |y, 2| 4737.1771 | 638.7-1746 | 633.3-1670
coefficient
Heat flux kW 5531.3 5468.8 5468.2
Table 3.3Condenser design datasheets.
PROCESS
ORC layout 1PL 2PL sub 2PL sup
Tube side Coldfluid Water
Mass flow rate kg/s 242.55 242.55 242.55
Pressure bar 3.15 3.15 3.15
Inlet temperature °C 15.00 15.00 15.00
Outlet temperature °C 20.43 21.53 21.95
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Shell side Hot fluid R245fa
Mass flow rate kg/s 28.00 28.35 28.35
Pressure bar 1.778 1.766 1.766
Inlet temperature °C 39.23 40.29 41.31
Outlet temperature °C 29.80 29.61 29.61
GEOMETRY
ORC layout 1PL 2PL sub 2PL sup
Shell / tube passes - 2-4 2-4 2-4
Exchanger type (T.E.M.A - AFM AFM AFM
R - 0.9923 0.9894 0.9880
Tube side velocity m/s 2 2 2
External tube diameter mm 15.875 15.875 15.875
Internal tube diameter mm 13.385 13.385 13.385
Tubelength m 3.007 3.636 3.818
Pitch distance mm 21.11 21.11 21.11
Layout angle ° 30 30 30
Number of tubes - 3452 3452 3452
Internal shell diameter mm 1366 1366 1366
Inlet /s‘;‘:(':ierfgbaﬁ'e mm 820.3 929.9 751.7
Central baffle spacing mm 683.2 888.3 781.5
Number of baffles - 3 3 4
Baffle cut % 25 25 25
Pairs of sealing strips - 2 2 2
HEAT EXCHANGE
ORC layout 1PL 2PL sub 2PL sup
External exchange surfacd —m? 517.7 626.2 657.2
Tube side exchange |\ 2¢ | ggsp 8885 8902
coefficient
Shell sidexchange |\ ;2| ggs.1 890.1 888.5
coefficient
Total fouling resistance | m?K/W 0.00026 0.00026 0.00026
Global heat ransfer |y, 2| 6412 644.1 643.3
coefficient
Heat flux kW 5509 6626 7053
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Table 3.4Evaporator design datasheets for the second predewed.

PROCESS
ORC layout 2PL sub 2PL sup
Tube side Hot fluid Air R245fa
Mass flow rate kg/s 24.61 7.10
Pressure bar 3.14 37.00
Inlet temperature °C 175.70 30.84
Outlet temperature °C 124.47 158.16
Shell side Cold fluid R245fa Air
Mass flow rate kg/s 5.11 24.61
Pressure bar 25.85 3.14
Inlet temperature °C 30.46 175.70
Outlet temperature °C 135.37 103.22
GEOMETRY
ORC layout 2PL sub 2PL sup
Shell / tube passes - 1-1 2-4
Exchanger type (T.E.M.A - AES AFM
R - 1 0.6125
Tube side velocity m/s 2 0.45
External tube diameter mm 50.08 9.525
Internal tube diameter mm 44.54 7.035
Tube length m 8.774 2.355
Pitch distance mm 62.60 11.91
Layout angle ° 30 30
Number of tubes - 1250 1425
Internal shell diameter mm 24400 511.5
Inlet /S‘;‘;i?;gaﬁ'e mm 270.9 103.4
Central baffle spacing mm 488.0 102.3
Number of baffles - 17 22
Baffle cut % 25 25
Pairs of sealing strips - 2 1
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HEAT EXCHANGE

ORC layout 2PL sub 2PL sup
External exchange surfacel] m? 1725.3 100.4
Tube side exchange |,/ 2 25.67 20980
coefficient
Shell side exchange |/, 2 5220.4 1377
coefficient
Total fouling resistance | m*K/W 0.00026 0.00026
Global heat transfer |\, ,2¢ 22.65 752.3
coefficient
Heat flux kW 1284.6 1816.0
Table 35 Pump design datasheets
PROCESS
2PL sub 2PL sup
ORC layout 1PL
1PL 2PL 1PL 2PL
Mass flow rate | kg/s 28.00 28.35 5.11 28.35 7.10
Inlet enthalpy J/kg 239.34 239.08 239.08 239.08 239.08
Inlet pressure bar 1.778 1.766 1.766 1.766 1.766
Outlet pressure | bar 5.428 5.345 25.850 5.282 37.000
DESIGN PARAMETERS
2PL sub 2PL sup
ORC layout 1PL
1PL 2PL 1PL 2PL
VO'UT::;'C flow | 1315 | 0.021 0.021 0.004 0.021 0.005
Head J/kg 275.3 269.9 1816 265.1 2651
Head at O kg/s | J/kg 397.2 389.4 2620 382.5 3833
Rotational speed| rpm 1450 1450 14227.50 1450 16306.09
Isentropic i 0.7 0.7 0.7 0.7 0.7
efficiency
Electric efficiency| - 0.9 0.9 0.9 0.9 0.9
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Table 3.6Turbine design datasheets.

PROCESS
2PL sub 2PL sup
ORC layout 1PL
1PL 2PL 1PL 2PL
Mass flow rate | kg/s 28.00 28.35 28.35 28.35 28.35
Inlet enthalpy JIK 452.18 449.56 492.35 449.56 497.52
Inlet pressure bar 5.108 4.612 25.850 4.612 36.820
Outlet pressure | bar 1.950 1.955 4.612 2.090 4.612
DESIGN PARAMETERS
2PL sub 2PL sup
ORC layout 1PL
1PL 2PL 1PL 2PL
Reduced flowate | m-s:R>| 0.0010 0.0013 0.00004 0.0014 0.00004
Stodola m?> | 0008 | 0.0092 | 0.0002 | 0.0093 | 0.0002
coefficient
Isentropic i 0.85 0.85 0.85 0.85 0.85
efficiency
Electric efficiency - 0.9 0.9 0.9 0.9 0.9
Table 3.7Drums design datasheets.
DESIGNPARAMETERS
2PL sub 2PL sup
ORC layout 1PL
1PL 2PL 1PL 2PL
Shape Cylinder | Cylinder | Cylinder | Cylinder -
Internal volume | m° 2.5 2.5 2.5 2.5 -
Base diameter m 0.728 0.728 0.728 0.728 -
Height m 1.5 1.5 1.5 15 -
Wall thickness m 0.08 0.08 0.08 0.08 -
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3.2.4 Simulinkdesignmodel

To allow the MATLAB Simulink dynamic model to work, the first step consists in
providing it all necessary design values that describe geometry and performance at nominal
conditions of the heat exchangers. Substantially, a first Simulink model simulategsign
procedure for the selected shell and tubes, by making use of the equations that have been
exposed in section 3.3 about design models. In this way, useful data regarding geometry,
global heat transfer coefficientJe and pressure dropssp are saved in the MATLAB
workspace, from where they are successively called by the main dynamic nvdueh
purpose is to simulatéhe off-design behaviour of the whole ORC system.

ThisORQlesign modeis briefly introduced in order to explain how the mahrominal
values are provided to the dynamic model. It is composed by separate blocks, each of them
representing design model of the single heat exchaagthne structure of these blocks is the
same for every component:

- the first hierarchical level of th& mulink model consists in a single blogkjch
flowchart corresponds tdhe one referred to the relative heat exchanger, for
examplethe onein Figure3.10 about preheater;there are no variable inputs,
inlet values are only the ones thatustbe previaisly defined by the user in order
to make the initial design choices about geometry and to provide the nominal
thermodynamic conditions of the exchanging flyids

- the second hierarchical level is formed by seven blocks, each of them
representing a desigstep and inside of which it is findable the third and last
hierarchical level; the model runs the following precise order:

I. in the first block, the working fluld enissing outlet temperature and the
mean temperatures are calculated; by the use of thend dhe fluid€2
pressures all useful thermodynamic properties anetained by calling
them from NIST Refprop; at last, temperature fackrand logarithmic
mean temperature differencél,, are determined; the nominal heat flux
is here calculated as well;

II. the second block allows to define the first important geometric
parameters, in particular number of tubel, external and internal
exchange surface& and §, tube lengthl, diameter of shellDs, pitch
distance p and baffle spacindg3; here an input of desigmlobal heat
transfercoefficientUe is introduced;

[ll.  the third block presents the selected correlations éalculatingtube side
fluid convective heat exchange coefficiemt

IV. the fourth block has the same purpose of the third o this case for
calculation of the shell side fluid convective heat exchange coefficient by
use of the proper correlations;

V. the fifth block receives all main previously determined parameters, in
particular convective coefficients, geometric parameters anaperties to
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define the global heat transfer coefficieri,, and nominal heat flux
together with logarithmic mean temperature difference and temperature
factor to calculate again the external exchange surf&and the tube
length L; the mean wall tempeture Ty is also calculated in this block;
finally, the last geometric parameters are determined, the heat exchanger
volumeV, the number of baffle®N, and the first and last baffle spaciry,
andBoug,

VI. the sixth block makes use of the set correlatidnscalculate tube side
fluid pressure drops;

VII.  the severth and last block utilizes different correlations to determine shell
side fluid pressure drops.

Iterations are carried out in order to define the final valuesTef), Us, S and L In
particular, the value of the mean wall temperature is sent backltzk IVto be used into
the interested correlation, and it is calculated again inditeck V A similar path is followed
by U, that is sent back frorblock Vto block lland then realculated, determining also new
values forS and L These iterations stop when the difference between the last calculated
value of the parameter in question and the previous one is smaller than a predefined
GSNNRNESX (GKFEd Aa RANBOGfe asSi oe al!¢[! . @

Thesemodel blocks, ordered in the presented way, are able to carry out the design
procedure shown in the previous paragraphs. In particular, main steps are explained in the
reported flowcharts at the end of every paragrapbhove, about the heat exchangers. The
complete design procedure for a shell and tube heat exchanger is presented in appendix A.4,
while adopted correlations are shown in A.1, A.2 and A.3.

A mention has to be made about design model of the subcritical evaporator. In this
case, given that the ampted heat exchangerin this ORC system of studdEland HE3
when subcritical pursueboth preheating and evaporation of the working fluid, the design
procedure is split into two parts, everyone represented by a first hierarchical level Gloek.
first step is the design of the preheating part, the second one of the evaporation part. It
must be reminded that these two phenomena happen in the same heat exchanger, that
obviously cannot change its geometry passing from a section to the other. To maintain the
same geometry in this design procedure, a key geometric paramstsent from the first
blockwhere it is calculated fopreheating, to the second blogkferred to the evaporation.

The selected key parameter is the number of tubbs.this way, the constraint about
geometry is respected. The only two geometric parameters that can be differe the
exchange surfaces and the corresponding length, because dheyrelatedto the heat
exchange and not to the shell and tube sizing.

In the following,a figureof the main structure of the Simulink design modaeshown,
reporting the example ofthe preheater followed by a figure that shows th&arameter
DialogBoxwhere the initial design choices are set by the uJdre blocks are markedith
the roman numeral corresponding to the seven presented design stesworth noting
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that Figure3.15 refers to the secon&imulink hierarchical levehe first of whichbeing only
the single representative block of the heat exchanger.

I .
O -
I L | i = AV Z
= v
viool— v —

Figure 3.15-lowchart of the offlesign procedure for preheater

Source Block Parameters: PREHEATER. Design
Subsystem (mask) ~ Source Block Parameters: PREHEATER Design

Parameters

Tube Side (Hot) Fluid Water
Shell Side (Cold) Fluid |R245fa
Tube Material Carbon Steel

Hot Fluid Nominal Inlet Temperature [°C]

51.46

Hot Fluid Nominal Outlet Temperature [°C]
49,484

Hot Fluid Nominal Pressure [bar]

3.15

Hot Fluid Nominal Mass Flow Rate [kg/s]
53.2

Cold Fluid Nominal Inlet Temperature [2C]
20,921

Cold Fluid Nominal Pressure [bar]

5.236

Cold Fluid Mominal Mass Flow Rate [kg/s]
28

Cancel

Help

Apply

Mumber Of Tube Side Passes [-]
2

Tube Side Fluid Velocity [m/s]
2

Layout Angle [°]

30

External Tube Diameter [m]

0.015875

Tube Thickness [m]
0.001245

p/De Ratio [-]
1.33

B/Ds Ratio [-]
0.65

Baffle Cut (Fractional) [-]
0.25

Number Of Couples of Sealing Strips [-]
1

Cancel Help

Apply

Figure 3.16Parameter Dialog Box for the design model of the preheater



3.3 OFFDESIGN DYNAMIC MODEL OF THE ORC SYSTEM

3.3.1 Turbomachinery

In the following, dynamic modgbf pump and vapour turbine are presented. This kind
of components is characterised by a faster dynamic response and a simpler modelling
approachif compared to heat exchangers. A quastionary approachs adopted for these
not-state determined components, hence time behaviour is described as sequence of
stationary conditions. For modelliqmurposes, only theparametersneededto perform off
design operation are definedherefore for these components geontiec parameters are not
included in the calculation because not useful for the final aim. It is worth noting that these
dynamic models make use of characteristic maps coming from literature, adopted here in
order to quicklysimulate theoff-designperformance.

3.31.1 Pump

The offdesign model of the pump allows to describe its behaviour when the system is
not in nominal conditions. In particulachanging the inpuparameterssuch as pressure,
enthalpyor rotational speed leads ta variation inthe mass flow rate that leavethe pump
and inthe outlet enthalpy. The way used here to manage these vargorglitionsto obtain
an appropriate ofdesign behaviour is the adoption of characteristic mafsund in
literature. A mentionrmustbe madefor the definedtuningvariable rotational speedw, that
is allowed to vary according to thehosentype of pump. Rotational speed variation leads to
a characteristic map translatioras described by the equationsin the following,main
adopted relationsare presented.

- Mass balance equations

(3.72)
- Energy balance equations
Q Q (3.73
- State equations:
" H QR hHQ (3.79
"eooan ;o (3.79
Q. on A (3.79
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- Additional equations

These reported relations are necessary to implement the characteristic equation for

the pump.
P — (3.77)
— (3.78
w 0w — (3.79
o» —h—f (3.80
O Op — (3.8])

— (3.82

(3.83

L —— (3.8

- (3.89

- Characteristic equations

The characteristic maps adopted for this-dé#sign model presents a second degree

dependence from volumetric flow rate, according td/aja [14.

[ — @ (3.86
Ak R

- ¢ h h (3.87
Variables and parameters
N° of equations: 17 from Eq.(3.72 to (3.87)
Physical quantities: 28

Q Q Q n n n
n 8 "R i W W W W
) W 1 1
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Fixed parameters: 7

N n Wh 1 ~ R -
Dependent variables: 15
Q Q ” "k i W W
@ W -
Independent variables: 6
Q n n @ ]

Among the 28 physical quantities there are the following state and output variables.

State variables: 5
n 0 N i W
Output variables: 4
0 i
Q)

r.hin € > rhc:ut
Pin —> PUMP € Pout
hin > > hout

Figure 3.17nput output diagram of dynamic modfr pumps.

3.3.1.2 Turbine

Also in this case, characteristic maps areployedin order to describe the dynamic
behaviour of vapour turbine. Contidy to G KS  LJdzY LJZ  UcKaBactefisteNdbap Y S Q &
consists in aingle curve, givethat rotational speed is fixed for this componetierefore
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depending oty onthe mains frequencyMain equations adopted in this model are reported
below.

- Mass balance equations

(3.88
- Energy balance equations
M Q (3.89
-  State equations:
YR OH Qn HQ (3.90
"k an ;o (3.9)
Q. on A (3.92

Additional equations
The followingrelations are necessary to implement the characteristic equation for the
vapour turbine. To calculate mass flow rate, Stodola ¢ignehas been applied [14

n p - (3.93

A — (3.99

0 (3.99

- i (3.96

. — (3.97

- (3.98

- Characteristic equatian
The adopted characteristic map for this -aiésign model presents a second degree
dependence from the reduced mass flow rate, according to Mazzi [23

(3.99
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Variables and parameters

N° of equations:

Physical quantities:

0
N s Y Y
Fixed parameters:
N ; N
Dependent variables:

Q Q
Independent variables:

0 i

n

— (3.100

_ (3.10)
from Eq.(3.88 to (3.10])
Q n n n y
Tk { w U
h ~h ~ hp -
~ s —
i Y "k V]
“h
W

Among the 26 physicguantities there are the following state and output variables.

State variables:
n Q n
Output variables:

"0 i

5
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r.hin € —> r-hcnu’[

VAPOUR

Pin =™ € Pout

TURBINE

hin > > hout

Figure 3.18nput output diagram of dynamic modfgr vapour turbine.

3.3.2 Heat exchangers

Dynamic moded of heat exchangers are here presented. Dynamic response is
AAIYAFAOLYG F2NJGKAA {AYR 2F O2YLRyYySydGaz Y2N
heat exchangers, especially wheharacterised byphase changef the inlet fluid are the
critical elements for this ORC model, and they need particular attention in the choice of
modelling strategy.

Differential equations are also adopted, in conservation laws: the chosen ones are of
time differential type @t). These equations refer to the dynamics of the model, which
represents the main purpose of the capacity models that will be exposed in Section 3.4.3.

It mustbe noticed that thetwo parametersthat will be presented in the folloimg, l11
and |12, exponents of the selected offesign law for heat exchangers synthesized by Eq.

(3.1), have been previousfixed and are constanfTheir values have been determined by
carrying out several simulations of the single composentvarious offdesign conditions,

by the use of the design tool #&spenONEHeat Exchanger Design and Ratingtaining in

this way an offdesign behaviour that is described by the law presented in Egs. (3.109) to
(3.111).In particular,l11 defines the dependence of global heat transfer coefficient with the
hot fluid mass flow rate in offlesign, whild1> determines the same dependence referred to
the cold fluid mass flow rate variation.

In the same waylp and I3 provide the dependence ration of pressure drops with the
NBaLISOGADS FtdzAiRQa YIFraa Ft2g NIGS GFNRAFGAZ2YC
of the Aspen tool as well.
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1] (— e Ty,
F:"rin_:.I > prcut
Tjin —_— > T’DLI[
HEAT
EXCHANGER
" ——T
p”i""_h —> p”c-ut
T”il'l 3 : T”clul:

Figure 319 Input output diagram 6dynamic modefor heat exchangex

3.3.2.1 Preheater

Theoff-design model allows to pesfm the dynamic behaviour of this componeny a
simple variation law of global heat exchange coefficientdad pressure drop®p. From
inlet design values and geometry, witthe heat exchange surfac¢hat was already
determined andfixed, it catulates themain offdesign values in &st way, due to the
assumptionsnade

- Mass balance equations
& & (3.102

e >> (3.103

- Energy conservation equatians

0 O] (3104
0 N Q (3.109
-  State equation:
® on Ry (3.106)
Q. QR Ry (3.107)
Q Qi RY (3.108)

- Additional equations
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A simple variation law is applied here in order to calculgiiebal coefficient Yand
pressure drop$p at oftdesign conditions, to use them to obtain the related heat flux.

It must be noticed that the heat exchange surface is obviously fixed because coming
from design model, hence the first following equation ¢ansimplified by eliminating

Aex. Parameterd; and |> are characteristic values of the type of exchanging fluids, to
be obtained experimentally or analytically.

~ ~

YO . YO — — (3.109)
W oW (3.110)
W o — (3.111)
5 VoY g 53 (3112)
Variables and parameters
N° of equations: 11 from Eq.(3.102 to (3.112)
Physical quantities: 25
=) =) ®ee @ =) e & A
Y 0 ; Y Y G G G G
WY ; @) a a a a 0 Q
hd 6
Fixed parameters: 2
e ®e
Dependent variables: 7
@ Y 0 o o)
Independent variables: 12
& ® e:e ek n Y WY O
0 . Y o) o)
Constants: 4
a a a a

Among the 3 physical quantities there are the following state and output variables.

State variables: 2
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n Y
Output variables: 4

0 Y @ @

Two other output variablesare given outby 1 KA a Y2RSftY (GKS O
temperature0 and the value ofy’Y , both calculated by a MATLAB script

In the following, the flowchart for the offlesign calculation of preheater is reported. It
is worth noting that it corresponds tahe flowcharts of supercritical evaporator and
condenser, while for the subcritical evaporator ulterior passages must be added in order to
take into account of phenomena like preheating, evaporating and superheating inside the
same heat exchanger.
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Design values:

Off-design values: Initial
S DP, wf DP, w & T assignation:
U 3 3 in in/ wf
e,DP Pop wi 3Pop,w p; T.) Tout Pout
Geometry  Uype . o
- - -

Calculation of:
Ue,1: f(T in? -Iznut’ nn' pout)

.

Calculation by iterations of:
Ue = f(U e,DIEI 3'p' 3"p"
34 q

Calculation of:
ol Pout

DO Tyt Pout FEACH
a convergence?
NO

YES &
Output of offdesign values of:
q Ue wa, out TW, out

pwf, out pw, out wif W

Figure 3.20Flowchart of the offlesign procedure for preheatesupercritical evaporator and
condenser
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3.3.2.2 Subcritical evaporator

Also in the case of this heat exchanger, as for preheater, thdasfign model allows to
perform the dynamic behaviouhy executinghe same simple variation law presented for
the previous componentGobal heat transfer coefficient Uand pressure drop®p are
determined in offdesign conditions in the same mannby,using the inlet design values and
geometry, not forgetting that the calculated heat exchange surface remains fixed. In the
whole component, considering both preheating and evaporaparts, the total values of U
and Dp consist in the sum of the calculated terms in the two model blocks. To read more
about, the modelling procedure regarding the whole heat exchanger will be presented at
detail in the next chapterThe mairoff-design rehtions arethe same adopted for preheater,
thanks to the use of the samend of off-design behaviour law

Variables and parameters

N° of equations: 10 from Eqg (3.102)to (3.105),
from Eq.(3.107) to (3.112)

Physical quantities: 22
® e e ®ee® ® ®ee 0, Y
Vi o & o o @Y 0 &
o} a a 0 Q Q
Fixed parameters: 2
® e®x
Dependent variables: 4
Y 0 G G
Independent variables: 12
e e e ee oY ; O 0 . i
Constants: 2
a o} a a

Among the 2 physical quantities there are the following state and output variables.

State variables: 0
Output variables: 4
0 Y an an
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Design values: " s
Off-design values: Initial

S;e.,‘ mDP.Wf ‘hmw assignation:

YES/ NO

Evaporation _Super,he.ating

: ok P rran S

I

Figure 321 Flowchart of the offlesign procedure for subcritical evaporator
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3.3.2.3Supercritical evaporator

The offdesign model allows to perform the dynamic behaviday adopting the same
simple variation law presentedf the previous component. IGbal heat transfer coefficient
Ue and pressure drop®p are determined in offlesign onditions in the same manneby
using the inlet design values and geometry, with the calculated heat egehsurface that
remains fixed.

To see the flowchart of supercritical evaporator, see Figure 3.20.

Variables and parameters

N° of equations: 10 from Eq (3.102)to (3.105),
from EQ.(3.107) to (3.112)

Physical quantities: 22
® e e @ e ®ee 0, Y
Y G N 6N G WY 0 a
a a a 0
Fixed parameters: 2
® e®e
Dependent variables: 4
Y 0 o) o)
Independent variables: 12
@ ® e ee oY o 0 - i
Constants: 2
a o} a a

Among the 2 physical quantities there are the following state and output variables.

State variables: 0
Output variables: 4
0 Y o o
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3.3.2.4 Condenser

Off-design model is alost the sameof the evaporatosQones. The adopted main
equations are the samend they are shown below. The goal is still to calculate the global
heat transfer coefficient LJand pressure dropBp in off-design conditionshy using the inlet
design values and geomgt with the heat exchange surfadbat is fixed by the design
model.

To see the flowchart of condenser, see Figure 328. worth noting that in this case
the cold source is cooling water, supposed constant in temperature, pressure and mass flow
rate for all off-design conditions of the ship energy system.

Variables and parameters

N° of equations: 10 from EQq.(3.102)to (3.105),
from EQq.(3.107) to (3.112)
Physical quantities: 22
® ® ®® ®® ® ®® 0 . Y
Y G N N G WY 0 a
o} a a 0
Fixed parameters: 2
® e®e
Dependent variables: 4
Y 0 o) o)
Independent variables: 12
® @ ®e e oY o 0 . i
Constants: 2
a o} a a

Among the 2 physical quantities there are the following state and output variables.

State variables: 0
Outputvariables: 4
0 Y o) o)
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3.3.3 Capacities

| SNX ReéylIYAO Y2RSta 2F GKS O2YLRySyida o6Sf

are presented. These devices take both mass andgnstiorage of the working fluidnd are
associated to a subcritical phase change, where there is a clear separation betasaur

and liquid. Tiere are two phase changes in the Rankine cycle, one evaporation and one
condensation, the former characterised bpper temperatures and pregseswith respect

of the latter. he two capacited NB OI f f SR yoRK 2410 2R NUzYR NHzY ¢ ¢
Simulink model is placed downstreashthe evaporator, while the cold drum is downstream

of the condenser.

In our casestudy, for single stage ORC oobdjd drum represents a redkvice inside of
the cycle, operahg as an accumulator for the cycle itself. Regarding the hot drum, it
appears in the model only for modelling purposes, in order to manage the dynamic of the
ORC systerhy applying the requird balances, described by differentiajueations. Without
the hot drummodel, dynamics cdd not be implemented. @ maintain the corespondence
between the ORC modahd thedescribed real system, theot drum block represents the
dynamic variation of presse and temperature during transients wards off-design
conditions, and it is possible by assigning as total volume of the drum the same one of the
evaporator, the so calleHEL. In this way, the hot drumodel fits in the overall onenly as
an additionblock to describe dynamics of the working fluid inside evaporator, hence it does
not represent a real device in the studied ORC system.

The case of cold druns different because its Simulink model aatly describes a real
system componentwith the double function of an accumulator for th@RC, making stable
the cyclepressures, and a tank from where to take saturated liquid to send to the pump,
avoiding in this way to leave any vapour bubbles in therking fluid. In the cold drum
Simulink model hencéhere are no constraints about the volume, except tfaet that
obviously it must be compatible for the applicationtims ship. For this reason, the cold
RNXzYyQa @2fdzvyS Ydzad 60S OKz2aSy o24K G2 tSIR
installedin the LNG carrier in question.

Hot drum and cold drummodels are charaerised by the application of mass and
energy balancg the only two kind of equations in the whole ORC model to present
derivatives, being both differential equations. For this reasteir presence allows to
implement dynamis in the model. The same problem was studied by Astrom and BgJl [
who presented a nonlinear dynamic model for natural circulation dhwoiters. This is a
second order model that is able to describe drum pressand total volume of liquid in the

system, using them as state variables into the two mentioned mass and energy balances.

According to the authors, it is possible to implement a third or fourth order model for these
devices, able to capture also the vapalynamics in the risers and the dynamics of vapour
below the liquid surface in the drum. This possibility goes far beyond the purposes of this
study, because of the too high detail level respect of the requested one, moreover at cost of
increasing of simlation time that is against the search of rajydand simplicity for the
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overallORC model. For these reasons, in this work the second order model is employed, as
right compromise for the demanded level of detail and simulation speed.

Dynamics is maaged by a control system blogkwhich purpose is to regulate the
LJdzY LJQ dionaN&péetlin order to lead the model to convergéo reliable simulaibn
results. To make possibliae control system to work, an additional parameter shbe
provided by thecolddrumblock, the ratio between the operative fltléguid volume inside
the componentand its total volume, to send it to the control block allowing it to evaluate
0 KS LldzY logakspeld Tiol bé precise, the mentamhinformation provided by the
drum model represents the liquidevel During transients the control system must impose
GKS NARIK(G LidzyLlQa NRGFGA2YLE @St20AG8%X AYONBI
it if liquid leveltries to grow up. To provide this required ratio betes liquid volume and
total volume, WV, the colddrum model must present a third equation, the volume
conservation.The same equations aggpplied to the hotdrum, with the only difference that
it does not correspond to a real device in the energyeayst

The cold drumrepresentinga real component in which mass and energy storage
carried out, perfornsasaccumulator to manage:

- transient between two ofidesign states, leading to a filling or an emptying of the

drum, to maintainstable pressures inside the cycle;

- thermal expansion of operative fluid from nonworking cold plant to nominal

operations.

The cold drum device is substantially a tank in which liquid and vapour coexist in
saturation conditions, the liquid laying in the th@m and the vapour occupying the top. The
outflow duct isplaced onthe lower side of this tank, in order to take only saturated liquid to
send to the successiymump.

In the following, the main equations adoptéar the capacities are shown [R7

- Massand energy balance equatians

. an Qv .
“ %0 © Qo oeppo
Q 9 . Qn . QY
® 98 @ Qo PP

It can be noticed that the drunsimulinkblock requires as input both thimlet and
outlet working fluid énass flow rate, considering for example for the hot drum the inlet
one as saturated liquid anthe outlet one as saturated vapownd vice versa for the cold
drum, plus the inlet fluid enthaly. The equations system solved by isolating the two
derivatives of press@ and temperature, which arthen integrated in time aftecalculaion.

In this way, the modelgives out pressure and temperature of the operative fluid insitie
studied component, be it evaporator @eold drum device. These differential equations allow
to determine pressure and temperature variations when there is a transient betviwen
off-design states, or between the design and and#sign state. As mentioned before, these
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variations could lead to a filling or an emptying of the drum, as the result of the modification
2F (GUKS LlzyLlQa NROFGA2Y Il f &LJ8 Srler tb Yesti@aitB R 0 &
predefinedliquid level in thecold drum, in order to reach an equilibrium point fopressure
in the particular offdesign condition.

To solve the drunmass and energy balances, the coefficients a», &1, &, must be
determined In the system presented below these coefficients are expressed inr the
complete form, accoralig to the notation adopted inZ7].

- Coefficients
PR W— Ww— o puL
ey o— o— oRp @
o 0o —  wo — oP p X
I’r . .~
w0 w0 — WO — w’ wh w” wh oppyY

Required parameters arsubstantially the volumes of vapour phase ditgiid phase,
in an equilibrium condition inside the drum, andluid properties at the two saturated
conditions. Toobtain these needed values, thmain properties are called by thBIST
Refpropprogramthrough the next relations.

- State equations (hadrum).
OR FOh—h—  "Qnf 7 (3.119
"OoR hoh—h— Qe p (3.120)
- State equations (cold drum)
WOR FOh—h—  "QRf T (3.12)
OF fHh—h—  "ORf p (3.122

It is worthnoting that the two derivatives of density, on pressure and on temperature,
are equivalent to the following relations:

- — (3.123

S — (3.129

where R is the specific gas constagityenfrom the ratio between ideal gas constant and
molar mass of the fluid in question, in our case R245fa.
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To determine the remaining requested valueghich are the volumes of liquid and
vapour phase inside drum, another parameter isecessary The cheen ore is the ratio
between liquid voume of the working fluid and total volume of the drum, whighthe
evaporator for the hot drumSimulink block and the coldrum device for the cold drum
block. This parameter describes the liquid level inside the compomemuestion and it
helps to determine the two requed volumes, starting from a prefieed initial value of this
VI/V:.

By knowingvolumes and densities efapour and liquid phases, it is easy to obtain the
masses of the two phases contained in theid a a certain time duringsimulation. To
complete the model of these devices that work as capacities, it is now necessary to add a
physical constraint, that consisiis imposing thevolumesof the two phases tde equal to
the total volume of the drum in qustion. This constraint is described by the following
equation.

- Volume conservation equation
—_— — W (3.129

At last, to determine the liquid level inside the component at the titne dt, id est

@ G , to send it back tacalculatethe new vapour and liquid volumes and at the

same time to the control system block, the equation prasel below is necessaty obtain
the total mass at + dt, useful for the next calculations:

a a a . Q0o (3.126
Variables and parameters (hot drum)

N° of equations: 21 from EQq.(3.113) to (3.120)
and from Eq(3.123) to (3.126)

Physical quantities: 25
Q Q n Y () W
(:A:) 3 (Z) § d) (L) O é ” ”
wh wh Y a a a W @
0
Fixed parameters: 0
Dependent variables: 21
Q n Y W W W W W
A 0 6 ” ” wh wh Y
a a a W 0
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Independent variables: 4
® ® Q W

Among the 25 physical quantities there are the following state and output variables.

State variables: 2
n W
Output variables: 3
n Q o
W

Variables and parameters (cold drum)

N° of equations: 21 from EQ.(3.113) to (3.118)
and from EQq(3.121) to (3.126)

Physical quantities: 25
Q Q n Y W W
(E)v (’l:) 3 d) w 0 (') ” ”
wh wh Y a a a W W
0
Fixed parameters: 1
W
Dependent variables: 21
Q N Y @ @ () @ @
@ 0 6 " " wh wh Y
a a a () o]
Independentvariables: 3
e ® Q

Among the 25 physical quantities there are the following state and output variables.

State variables: 2
n W
Output variables: 3
n Q ®
W
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Assignment of drum volumé&/pgm
Off-design conditions:

9

Input of:

9

Calculation of:

Solution of mass and energy balance
differential equations to obtain (Eqgs. 3.113.114):

Solution of volume conservation equation to obtain

Output of oftdesign values of:

Figure 322 Flowchart of thedynamic operations diot and cold drum

113



VI/ Vtot

M, = ‘(_rhout
p € DRUM —> P
T — ——> h

Figure 323 Input output diagram of dynamic model foapacities / drums
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3.3.4 Single stage ORC system

The dynamic model of thevhole ORC system is applied to the presented LNG carrier.
The result is an ICE3RC combined cycle, where the four internal combustion engines
represent thetopping cycle whichavailablewaste heat is recovered by the ORC system, the
bottoming cycle in order to produce additional electric energy without any faest. This
extra energy is exploitabl® integrate the shif2 anginesproduction, leading upstream to
an enginefuel saving, with the relative economic advantages.

The aim of the dynamic na@l consists in studying various possible solutions for this
applicatior &G F NOAYy3 FNRBY (GKS I+ @FrAtlFotS RFEGE 062
model, indeed, many different configurations for the ORC system can be set and evaluated,
in order to olain the best one, relatively to the chosen final objective. The evaluation
consists iranalysing two different systedmehaviours:

1. 6KS LI Iyl ReylIYAOaxr o0& GKS aiddzRe 2F (KS

travel speed between predefined values;

2. the ORC electric production, related to the test reference year.

In the first case, the behaviour of all main parameters is examiyethe use of a fully
detailed MATLAB Simulink model, while in the second case a faster version is employed to
calculate the ihal value of the parameters of interest, e. g. work production or efficiency,
over a period of one year.

The main advantage about this model is its versatility, indeed the easiness to study a
high number of different configurations, the results of whichdompare each otheiGven
the determined operating points in chapter 2, tHeasible off-design conditions for all
designed ORC systems include ship velocities between 14.5 kn and 19.5 kn for laden voyage,
15.5 kn and 18.5 kn for ballast voyage. The oeasf this is the too low available heat for
lower speeds because of the use of only one engine type A and one type B, that do not
provide enough hot fluid mass flow rate to the Rankine cySléstantially, the ORC system
would work at a too partial loadjn particular below 70% of the nominal power,
inconvenient for this applicationn these conditions, an equilibrium point for evaporation
and condensation pressures is not reached inside the designed dsechangers, which
surfaces are henceindersized.With these selected operating pointanyway the most
frequent shiff) @elocities and the highest onese exploited, with the utilization of the ORC
system for 4381.3 hours of the total amount of 65280RC is hence supposed to warith
a load factor 067.11% result that is considered acceptable for this kind of application.

In this paragraph, the single stage ORC layout will be presemiesimmay of the
built Simulink modelsised topursue the mentioned objectives presented, explaining also
the man operations carried out during the simulatiorfSpecial attention will be dedicated
to the adopted control system
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3.3.4.1 Dynamic model for transient simulations

The MATLABSimulink dynamic modemainly consists insix blocks, each one
representing a real ORC component, with addition of two blocks which main purpose is to
complete the dynamic operation. To be more precifieis group of Simulink blocks is
composed by:

the pump, a flow control device that receives Ewariablesand gives out flow
variables. The involved level variables are tperative fluidinlet pressure from

the cold drum and the outlet pressureposed bythe hot drum blockthe latter

with addition of thepressure drops related to preheater aegtaporator. The only
provided flow variable is the outlet mass flow rathat is physically sent to the
preheaterdownstream and only as a signal to the cold drufhis block receives
also a tuning variable from the control system, rotational speed. The last treated
guantity is the fluid enthalpy, tich value is taken fronthe cold drum,
recalculated according to the presented edjoas and sent to the preheater;

the preheater a component classifiedor modelling purposes only akeat
exchanger which receives inlet values of mass flow rate, pressure and
temperature related to the hot and cold fluid, to provide to the next component,
the evaporator, outlet valueabout the same quantities of the working fluid;

the subcritical evaporatqrthat belongs to the categoryheat exchangerwith the
same modelling function of the preheater. The main difference with the previous
component is that here different equations aaelopted, in particular because the
model of this component is split into two, the first one adopting preheating
correlations, the second onevaporation correlationsg=rom this block, mass flow
rate and enthalpy of the working fluid are provided to the hdrum model,
together with the evaporator volume and the evaporative heat flux;

the hot drum that is a capacity blocklt is reminded that it is nota real
component in the ORC system, but it represents again the subcritical evaporator
to which it refersin order to apply its mass and energy balances and the volume
conservation, by application of Egs. (3.113), (3.114) ant%3. The hot drum
@2t dzyS Aa a2 FAESR G GKS @rtdsS 2F G(KS
heat flux is taken tocount in the energy balance, given that phase change
happens inside this componenthe Simulink block receives also the enthalpy
referred to the liquid phase, to give out the one referred to the vapour phase,
eventually with a little superheatinglhe hot drum, asapacity,receives flow
variables as inlet working fluid mass flow rate from the subcritical evaporator
block and outlet mass flow rate that is imposed by the vapour turbine
downstream.This block provides to the same turbine the operative fluid pressure
and enthalpy The pressure signal is also sent to the pump and to the preheater
Y2RStax oAGK FRRAGAZ2Y 2F LINBaadz2NB RNZLJA
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the vapour turbine the other flow control device. It operates in the whole model
similarly to the pump block, with as main difference the absence of a tuning
variable as rotational speed, because it is assumed fixed for this comportent.
turbine block receives enthalpyrdm the hot drum and provides the new
enthalpy after expansion to the condenser. The incoming level variables are inlet
pressure from hot drum and outlet pressure from cold drum, the last one with
addition of pressure drops of the condenser, while the piled flow variable is

the outlet mass flow rate, physically sent to the condenser and as signal to the
hot drum block;

the condenser another model classified dseat exchangerthat receivesinlet
mass flow rate, temperature and pressure oéthot and ctd fluids and givesut

the same outlet quantities of the working fluid, to send to the cold drum;

the cold drum the second and last capacity block of this single stage ORC model.
It works as the hot drum model, but in this case it represents a physical
component, an accumulator that receives the liquid phase exiting from the
condenser. Inside drum there is not heat exchange, therefore the condensation
heat flux is not necessary to solve the energy balance equafiba.volume is
fixed by designto 25mF €t AG Gt S KA IKSNI (KIThe colk S
drum block receives enthalpy referred to the liquid phase from condenser,
enthalpy that is recalculated and sent to the pump. The incoming flow variables
are inlet mass flow rate from the condenser aoatlet flow rate from the pump.

The provided level variabd@re pressureli 2 (i K $ madergridie liquid level
inside the drum that is sent to the control system, which elaborates it to define
0KS LizyLlQa NRGFGA2Y I f &LISSRT

The control systema PID controller blockhat receives the value of the liquid

f SPSt TFTNRBY (GKS O2fR RNMYzY YR RSGSN)NAY!

application of a differential equation that presents one proportional term, one
integrative term and one derivative termThe elaborated variable is the

difference between a predefined liquid level value, setat T@® as goal, and

the real calculated liquid level coming from the condenser bl¥¢ken the two
values are equal, the provided rotational speedrespondsto the predefined

one, that is for example the design velocity at design conditions of the ORC
system.

An additional block, necessary to calculate input values for the Simulink dynamic
model, must be defined.This model block is built in order to providata about the hot
sources depending on the number of working Diesel engines and their current Asad.
stated in chapter 2, the assumptiaf equal load for theactive engines is madelhere are
two parameters hat determine the operating conditions of é¢henergy systemthe voyage
mode, laden or ballast, and the current velocity of the vesEleé aim of the data block is to
elaborate these two incoming parameters in order to calculate, by evaluation of the
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corresponding number and load of working enginesass flow rate, presure and
temperature of allA y £ SG K24 FfdzAR&a Ay (M caskKd singlw ORCA K S |
system, the provided data are related to the hot water of LT and HT cooling system
respectively entering into the ORC preheater and evaporator.

The available statistical data of loads and number of operative engines are only
referred to the mean vessel velocity in a range of 1 kn, as shown in Tables 2.3 and 2.4.
Furthermore once the information is known, to obtain the relative values of mass flow
rates, pressures and temperatures of the hot fluids Table Ha8 beenused to define
interpolating equations among the desired valuést. this point, by making use of the
determined relations, it is possible to calculate all needed data referred to the particular
number of working Diesel engines and their lodtlese equations are gatherada MATLAB
script, each of them related to the own vessel velocity range and the conditions of the
voyage. Summarizingthe data block receives as input the voyage mode and the ship
velocity, finds the corresponding number and load of the working engindsw@akes use of
predefined interpolating equations to give out mass flow rate, pressure ardt
temperature of all hot fluids that are involved in heat exchange Witk S hw/ Qa 2 LJS N.
fluid. Next figure shows how this data block is modelled, in paldcabout the second
Simulink hierarchical level.

=

Scopel

e —
load ] o

D

load

[T_in, p, m]

» 2z )
Freheater
[T_in, p, m]
=B
Ewapaorator 1
Laden Woyage 0
Ballast \Yoyage 1
[T_in, p, m]
» 4 )

Ewaporator 2

Figure 3.2 Simulink model that provides data to the m&mRC model, hierarchidalvel 2

In the following figure, the whole single stage ORC model is preseftegpresents
the first hierarchicalevel of the Simulink model.
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Figure 3.5 Simulink model of the single stage ORC systeanarchicalevel 1
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To exam

ine now the second Simulink hierarchical level, dynamodel of pump is

here reported.At first, all needed values of design parametersst be set by the user, as it
is shown in Figur8.27 reporting an example oParameter Dialog Bo¥or ths component
there is no need of defininghe geometry for modelling purposedhe pump modeis

composed by

five blocks, each one containing thedttmierarchical level, characterised by

the following functions:

V.

Ly

second to rou

in the first block, the correlation given by H8.86) is applied in order to
obtain the volumetric flow rate and the mass flow rate of the working
fluid;
in the second block, the correlation corresponding to B87) is used to
calculate the isentropic efficiency;
in the third block, the outlet enthalpy is determined starting from inlet
enthalpy, that is obtaiad by making use of state equations;
in the fourth and last block, the pump power is obtainkegutilizing the
previously calculated mass flow rate and enthalpy.
dzEAf AL NB o0f201 A& |f&az2 odAtd G2 02y @S|
nds per minutéOne figure representing tle Simulink model of the pump is

reported below, with markedblockswith roman numeral that refers to the four presented
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Figure 3.8 Simulink block of the pump, hierarchical level 2
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Function Block Parameters: PUMP
Subsystem (mask)

Parameters
Fluid | R245fa -

Mominal Mass Flow Rate [kg/s]
28

Mominal Rotational Speed [rad/s]
151.84

Mominal Inlet Pressure [bar]
1.778

Mominal Qutlet Pressure [bar]
5.428

Head at Nominal Rotational Speed and Mo Flow Rate [1/kg]
397.2

Mominal Isoentropic Efficiency [-]

0.7

Mominal Electric Efficiency [-]
0.9

Cancel Help Apply

Figure 3.7 Parameter Dialog Box for the mod#lthe pump

¢KS ReylFIrYAO Y2RSt 2F @I LJ2dzNJ GdzZNDAYS Aa
them are flow control devices with similar modelling purposes. Design values, not related to
geometry,mustbe fixed by the user as well. The turbine model consists in four blocks:
I. in the first block, Stodolaquationis applied to defineghe working fluid
outlet mass flow rate;
[I. in the second block, the correlation given by HK8§.99) is adopted to
calculate tle isentropic efficiency;
lll. in the third block, outlet enthalpy is determined by knowing the inlet
enthalpy and the previously defined isentropic efficiency;
IV. in the fourth and last block, the turbine power is obtained by making use of
the calculated mass flovate and enthalpy.
As for the pump, in the following one figure reporting tRarameter Dialog Boand
the turbine model are presented.
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Figure 328 Simulink block of the turbine, hierarchical level 2

The dynamic model of the heat exchangers is simple, because of the chosen simplified
off-design law, given by E(3.1) In the Simulink blockof every heat exchanger, nominal
values calculated by the design model, that has been presented in paragragh &8
called from the workspaceThe offdesign values of mass flow rate, pressure and
temperature of the working fluid come from the previous model block, while the values of
the same parameters of the hot fluid are provided by the data block. In chsendenser,
the cooling fluid parameters are constant for every-adfsign condition of the ship, hence
their values are provided by simple constant blodkside every heat exchanger blatlere
is the calculation in offlesign conditions of the globakat transfer coefficient)e, the heat
flux g and the outlet temperatures of the exchanging fluids.

The hot drum and cold drum Simulink models are fundamental to manage the
dynamics of the whole ORC model, as mentioned above. In these blocks, differential
equations are included in order to perform mass and energy bakrael volume
conservation. The two blocks are analogous, their opens are collected in the next four
steps, corresponding to four blocks of the second Simulink hierarchical level:

[. in thefirst block, the cold drum pressure and the vapour quality are used to
RSGSNNAYS GKS 2Nl Ay3 FfdzZA RQa LINE LISNJI ;
Il. in the second block, the ratie— is used together with the previously

defined total volume and fluid densities to obtain volume andss of liquid
and vapour phasg
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Function Block Parameters: VAPOUR TURBINE
Subsystem (mask)

FParameters
Fluid | R245fa -

Mominal Mass Flow Rate [kg/s]
28

Nominal Inlet Temperature [K]

336.611

Nominal Inlet Pressure [bar]

5.108

Nominal Outlet Pressure [bar]

1.850

Nominal Isoentropic Efficiency [-]

0.85

Mominal Electric Efficiency [-]
0.9

Cancel Help Apply

Figure 329 Parameter Dialog Box for the model of the turbine

[ll. in the third block, energy Banceis performedby use of Eq93.113)and
(3.114)to determine— and —, to integrate then to obtain pressure and
temperature of the working fluid inside the cold drum at the successive time
interval, pqt and Twgr. I particular, the new value of pressure is used to
define the new densities and it is seld@ckto the firstblock, to calculate all
new needed properties;

IV. in the fourth and last block, volume conservation is performed by use of Eq.

(3.125) giving out te volume ratio at the nextime interval, — that

is successively sent tock 1l
In the following, hot drum Simulink model is reported. The cold drum model is
analogous.

123



ccccc

Figure 330 Simulink block of the cold drum, hierarchical level 2
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The last model to examine is the control system blockpkratesas PID controller,
performing anequation that appears in the following form:

0 G O0— (3.127)

The presented relation is in form of Laplace transform. It presents a proportional term
P, an integral terml and a derivative ternD. N is a filter coefficient that irthis caseis
imposed equal to 1The control system receives input the algebraic sum die goal value
of a certain quantity and its real calculated value at timBepending on the resulting value
and if it is positive or negative, the PID controller provides a quantity to associate to an
output that is related to the input. In case dtfie single stage ORC system, the control
aeaisSyQa TFdzyOluArAzy ©Ozy &@rdaiiLadzi A yi KBS (LIIKVLAQ/EA Y SR (
evaluating the liquid level of the working fluid inside the cold drdime input value is hence
the difference between the goal liquid level, set as= T1@®, that means a liquid level

corresponding to halffte cold drun2 & K &rid T teal value of this level in afésign
conditions.¢ KS 2 dzi LJdzi @ f dzS8 A& GKS tlLidayisked tokkd | § A 2
pump model.In this way, the pump regulates its velocity, and hence the mass flow rate, in

order to restore the goal liquid level inside the cold druin. the following, a figure
representing the PID controller is reported.
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Figure 331 Simulink block of the control system, hierarchical level 2
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3.3.4.2 Skeadystate model forannual productiorevaluation

To make long term evaluations, a simplified version of the ORC Simulink model is
necessaryin order to reduce simulation time. The available data about the annual vessel
operation are provided by Tables 2.3 and 2.4 and ré&destationary offdesign conditions,
ordered from the lowest to the highest ship velocity.

The aim of the simplified model is to determine the total work production of the ORC
system, by evaluations at all different stationary-désign states. The traresit behaviour is
not considered in this case, therefore the hot and cold drum models are not needed
anymore.

The new model is hence similar to the previously presented one, with as main
difference the absence of hot and cold drums and the data block. To substitute them,
Repeating Sequend®#ocks areemployed to set time intervals, related to all velocity ranges
both for laden and ballast voyage,y R G KS NBf I G§AJ3S @I t dzSdtlet2 TY
pressure and enthalpy of the cold drum, outlet pressure and enthalpy of the hot dilim.
these values have been previously obtair®dcarrying out simulations by making use of the
already presented detailed model at the velocities and voyage motlegerest. Integrator
blocks are also added to evaluate pump energy and turbine energy, which difference
corresponds to the net energy, final aim of this simplified mottetthe following, a figure
reports the adopted simplified Simulink model for thngle stage ORC, for annual work
production evaluations.
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Figure 332 Simulink simplified model of the single stage ORC system, hierarchical level 1
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3.3.5 Two stage ORC system

Dynamic model of the two stage ORC system is here preseAdhentioned above,
two versions have been developed for the two stage plame with a subcritical second
pressure level andne witha supercritical second pressure level.

Also in this case, two versions of the Simulink model have been built, therfiesto
simulate transient behaviour, the second one to make annual work production evaluations.
The design choice for both the ORC systems is the operating point corresponding to a vessel
velocity of about 15.5 kn, laden voyage.

The available hot fluid for the second pressure level, charge air at p8int Figure
2.18 imposes for the supercritical case the two levels to work together only for certain loads
of the Diesel engines, because of the thermodynamic properties. Atineréssel velocities,
indeed,the hot fluid temperature is not sufficient to lead to the evaporation: for this reason,
the ORC system is set by making use of valves to veamk@stage in the operative ranges in
which it is possible, whileithe remainirg travel conditionst works as single stage, with the
only first pressure level

It is worth noting that to obtain cycle stability, namely equilibrium points at the various
design and offlesign stationary conditions, the ORC layout must present a reatltuon
device for the first pressure level, downstream of the evaporator, and another one in case of
subcritical second pressure level, again downstream of the evaporator. Without these
solutions, it has been demonstrated the inability of the model to eehithermodynamic
equilibrium, with a continuous increasing or decreasing of the dynamic values of pressure
and liquid volume of the drum models. To solve this problem, addition of real hot drums is
necessary in order to be able to control their liquid$e & o6& @I NBAYy3I GKS
rotational speeds. In case of supercritical second stage, given that a hot drum cannot be
installed due to this kind of evaporation without clear separation between phases, rotational
speed of the second pump is imposed equal the valuethat satisfies the following
constraint

- - (3.129

obtaining in this way also a good control of the liquid volumside cold drum, by
respecting all mass balances.

3.3.5.1 Dynamic model for transient simulations

The MATLAB Simulink dynamic modélthe first pressure levepresents the same
component blocks of the single stage version. The second pressure level is implemented by
addition ofthe models of pump and turbineyith different design assignments, and thie
subcritical evaporator and hot drum, equal to the first stage ones, or of the supercritical
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evaporator.Two three way valves are also added, each one represented by a simgike
block:

- adiverter valve downstreamof the cold drum,which function isto provide to
both the pumps the same pressure and enthalpy of the working fluid that enters
into the valve;

- a mixer valve downstreamof the first pressure level hot drum and the second
pressure level vapour turbineyhere the two mass flow rates of theperative
fluids are summed and the energy batenprovides the outlet enthalpys
follows.

0 (3.129

The model of the supercritical evaporator is structured in the same way of the
previously presented heat exchangers. In this versions of the ORC model, dataniistck
alsoprovide mass flow rate, pressure and temperature of the hot charge air incomiag int
the evapoator of the second stage

For the secondstage of the ORCmodel, another control system is implemented in
2NRSNJ 2 RSFTAYS GKS &aSO2yR LlzyLlQa NROFGA2YI
following inputs:

- in the subcritical second pressurevel of the ORC system, the evaluated
incoming variable is théquid levelof the second hot drum, to keep the related
ratio M/Vi to the design value of 0,5

- in the supercritical second pressure level, the rotational speed of the pump is set
in orderto cancel the difference between the mass flow rates given out by pump
and turbine. In supercritical evaporation, indeed, there is not phase separation,
therefore the outlet vapour mass flow rataustbe equal tothe inlet liquid mass
flow rate. The conwl system is here simply defined by a constant block, with the
predetermined correct rotational speed as assigned value;

- for both versions of the ORC system, in the first pressure level the control system
operates with the liquid level of the first hot dmy to maintain its Wy to the
design value of 0.5.

In this way the cold drum is neveontrolled, but its thermodynamic parameters and
volume ratio always remain in the right ranges, thanks to operations on the other drums.

In the following, twdfigures representing the two developed models are shown.
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3.3.5.2 Steadystate modelfor annualproductionevaluation

The steadystate two stage ORC model is developed in the same way of the single
stageone, hence by substituting the drum models and setting all needed values at stationary
off-design conditions and the corresponding time intervals. A figure is reported below to
show how the simplified model appears.
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Figure 3.3 Simulink simplified model of the two stage ORC system, hierarchical.level 1
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3.4 CONCLUSIONS

In this chapter dynamic modelling approach for the ORC system of this study is
presented. At first, generalities about modelling are introducedligiing types of approach
and main available classifications, together with software suitable for the purpose. The
choice made about modelling strategy is briefly presented, by defining peculiarities and main
concepts. MATLAB Simulink ig tbhosen softwae for this work, with the support in design
and oftdesign procedures of EES and Aspen Exchanger Design And Rating.

Selected modelling approach is then applied to this case study, with classification of
components and variables, and arrangement of domnections within the plant model by
the use of signals and physical fluxes. At first, adopted strategy about design atebigfi
modelling of components and ORC plant is introduced, after that proceeding with a deeper
analysis of both.

Design models ahe various components are discussed, by reporting useful equations,
a list of involved variables and parameteasid flowcharts. Datasheets, collecting all design
choices, are proposed after presentation of the components:d@efign models are then
presented, again by reporting equations, variables, flowcharts and input output diagrams,
with a deep analysis of the capacities, involved in the dynamic of the whole ORC model.

Simulink models of the three selected layots the ORC system are introducedtb
for design and offlesign simulations. Main features are described, in order to explain the
operation of the models, especially with the introduction of control systems useful for
searching of equilibrium points for the thermodynamic cycle. Comprebansi the models
is important to deeply understand the results of simulations, which will be exposed in the
next chapter.
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4 SIMULATIONS AND RESULTS

In this chaptersimulations of the ORC dynamic and steathte modelsintroduced in
chapter 3 are presentedAt first, stationary offdesign simulations are reported to verify the
annual work production. In case of single stage ORC system, the relative best design model is
selected to implement the related nominal valueda the dynamic model, to simulate the
transient behaviour of the power plangeveral simulation results arpresented, in order to
show the dynamic operation of the ORC system in significant ranges of velocities, comparing
also the different behaviour itaden and ballast voyagén case of twostage ORC system
steadystate and dynamic simulation resultare introduced to compare the transient
behaviour of the two stage RC systems and the single stage.

4.1 SINGLE STAGE ORC SYSTEM

Four different operating points are considered for the work production, in order to
compare the possible energy savintpr the Diesel engines of the shif-our tables
describing the relative design conditions are showior each of them the annual work
produdion has been performed, to select the most convenient one in terms of energy saving
for the LNG carrier of study.

Table4.1 Operating point for the engines in design conditiazasél, 15.5 kn ladewoyags.

() 12V50DF No.l 6L50DF No.2 | GL50DF No.3 | 12V50DF No.4 Load
kw kW kw kW kw %
14741 0 0 4914 9827 89

Table4.2 Operating point for the engines in design conditiaresé 2 16.5 kn ladewoyage.

() 12V50DF No.l] 6L50DF No.2 | GL50DF No.3| 12V50DF No.4 Load
kw kW kw kW kw %
17514 0 4378 4378 8757 80

Table4.3 Operating point for the engines in design conditiaas¢ 3 16.5 kn ballastoyage.

) 12V50DF No.l] 6L50DF No.2 | GL50DF No.3| 12V50DF No.4 Load
kw KW kw KW kw %
16573 8287 0 0 8287 75

Table 4.40perating point for the engines design conditions (case 47.5 kn ladewoyags.

W 12V50DF No.l] 6L50DF No.2 | GL50DF No.3| 12V50DF No.4 Load
kw kW kw kW kw %
20711 0 5178 5178 10355 94
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4.1.1Work production

The simplified single stage ORCdmbhas been used to carry ositmulatiors referred
to the annual ship operation for thiur presented operating pointslhe available statistical
data have been set as inputttmnthe model as discussed in chapter 3. Here, the simulations
results areshown for the four cases,reporting energy savindkaeqs the mean net power
Z mnes the load factoff,oq and the percent of the energy coverable by the ORC systgm
respect to the totalannual energy demand of the shig Themean net powels defined as
ratio between saved energisaegand the total ORC operation tim&hile the load factor
fload IS the percentage of the time during a year in which the ORC system is working during
the vessel operation.

Table 45 Work production and energy saving at tfoeir presented operating points

Parameter | Unit Ope_rating Ope_rating Ope_rating Ope_rating
point 1 point 2 point 3 point 4
Esaved MWh 1546.9 1665.8 1582.5 1578.9
Z mnet kW 353.1 380.2 361.2 360.4
fioad % 67.1 67.1 67.1 67.1
E % 1.657 1.785 1.696 1.692

It can be noticed that the highest work proction is performed by the second
presented operating point, referred to @esign vessel velocity of 16kh, even if the load
factor s smaller thantwo other cases. This phenomenon can be explained by the annual
speed distribution of the studied LNG carrier: most of the time the ship travels betwBen 1
and I7 kn, as Figure 2.13hows. lénce, given that the choice of this design point provides
higher net power in that range, the productioncreases respect to thetloer three
performed configurations. This result proves tlaat offdesign model can be very useful also
in finding the adequate design point for an energy system.

About the load factorfor all cases the exploited raeg of velocities are between 14
and 2 kn in laden voyage, 15 and 19iknballast voyagefor an amount of 4381.3 hours in
which ORC is working, of the total 6528.1 hours of ship operatimler these ranges, as
previously explained, the available waste heat provided by the LNG carra Idtke for a
good ORC operation, mainly because of the reduction of hot mass flow Bé¢éow 14 kn,
indeed, only one Diesel engine operates, consequentligh an insufficient heat grade
provided to preheater and evaporator of the ORC system, which tries to find a
thermodynamic equilibrium for a too low evaporating pressure, impeding the cycle to work.
The alternative would be to select a design operating péontlower velocities, but in this
case the major potential relative the most performed speeds of the ship would not be
completely exploited For these reasons, in this work it has been chosen to design the ORC
system on the most frequent operating condit® of the LNG carrier.

The mean net power and the percentage of saved energy confirm the convenience of
the adoption of the design point relative to caeThis operating point is hence chosen to
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perform the dynamic simulation, to study the afésign behaviour of the ORC systest
with this configuration.In the following, the results obtained by Soffiato8]labout the
annual energy saving, related to the operating point described by Tabland six different
working fluids arereported.

Table 4.6Work production and energy saving at the operating point defined by Soffigfo [1

Par. | Unit | R-134a | R-125 | R-236fa | R-245ca | R-245fa | R-227ea
E...| Mwh | 1387 | 1110 | 1418 1464 1456 1361
W, kw 219 175 224 231 229 214
fioad % 54 54 54 54 54 54
E % 149 | 1.19 1.52 1.57 1.56 1.46

4.1.2 Transient simulations

The operating point that provides the highest annual work productimong the
studied onesaccording to the available statistical data on the vessel speed distribution and
the relative engind Qads, has been determined and presented in the previoaragraph.

This desigrhas been then selectefibr the single stage ORgystem to perform its transient
behaviour during velocity changes of the ship, with the consequent modification in the
working conditiors of the Diesel engines energy systefilme simulations have the purpose
of determining the behawur of the ORC systenudng transitions from a stationaryoff-
design condition of théopping cycle, theengines energy systeof the ship, to anotherThe
adopted Simulink model is the fully detailed versafrithe single stage ORC system, that has
been presented in paragrah4.4.1.

The assumption of 10 minutes required by the LNG carrier to change its velocity of 1 kn
has been made, aha simulation time step of 0deconds has been fixed.

In this paragraph, executed simulations and relative results are discussed, presenting
also several diagramshowingthe interesting outomes and the behaviour of the most
significantparameters during the simulation time.

At first, evolution in time ofmain characteristics of the external sources, precisely
exchanged heat fluxes, temperatures and mass flowgaee presentedTheyare followed
by diagrams reporting the behaviour of mai®@RC parametergluring simulation, in
particular evaportion and ondensation pressures andjuid volume ratios Wi for the
capacities! (0 f L adx S@2tdziAz2y Ay GAYS 2F g2NJAy3 Fi
0KS GdzZNDAYSS LizYLIQa NROGFGA2Yy Il f &aLISSRI LINE R
An ircrease of speed fahe vessel of 1 kn has been performed.
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1 CASE Aoperating point 2 transition of ship velocity from 16.5 kn to B7kn, laden

voyage
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Pump mass flow rate Pump rotational speed Pump absorbed electric power
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Figure 4.1(ePump mass flow rate, rotational speed and absorbed electric power.

It is worth noting that a limit of 140 kg/s has been imposed for the HT water mass flow
rate to keepthe received heat flux at the evaporator within an acceptable range, in order to
avoid a too high superheating that would lead to an unsustainable increase of the vapour
temperatureinside the componentHeat exchange and outlet temperaturelative to the
evaporatorare hence influenced by this operative choice, with a variation in the curve slope
during the simulation.

Another interesting aspect is the variation of the condensation pressure during
transient between the first equilibrium point to the seacdmne, while evaporation pressure
remains approximatively constant for all simulation. This happens because of the operative
OK2A0OS | o62dzi GKS O2yiNBft aeadSyy AG 2LISNI
depending on the liquid level inside cold drud. modification on the rotational speed
implies variations in both liquid level and condensation pressure of the cold dham.
particular, the increase of received heat flux at the evaporator, with the consequent increase
of evaporation rate and temperater at the inlet of the turbine, leads to a higher
condensation rate at the cold druto achieve equilibriumThe liquid level starts to go up,
inducing the control system to impose a higher rotational speed for the pump. In this way,
liquid mass flow ratedaving cold drum is more than the inlet onegith the consequent
reduction ofthe required fluid pressure for condensation.

About the model of hot drum, a change on the liquid level inside cold drum comports
an opposite change on the liquid level insidet drum, but without a modification on the
evaporation pressure. However, the increase of difference between the two pressures
results in a higher electric power production at the vapour turbine.

For both capacities, the initial variation of the liquidtéés during the first 100 seconds
depends on the initial conditions of the ORC model, a change in main parameters which set
to equilibrium values that leads to an initial strong modification on drum volume ratios.

t dzYLJQa NRUGFGA2YI € a hadu Pat Allow t0 kebtdvd tBeapredefinkdy G 2
condition WV:=0.5. It is worth noting the different thermal inertias, caused by the different
volumes of cold drum and evaporator (on which the fictitious hot drum is modelled).
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rotational speed. The mass flow rate elaborated by this component is indeed strongly

influenced by the cotlensation pressure decrease. The evolution in time is hence analogous
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Figure 4.2d) Turbine mass flow rate, inlet enthalpy and produced electric power.
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Figure 4.2e) Pump mass flow rate, rotational speed and absorbed electric power.

In this case, the simulation is carried out wahdifferent load condition of the vessel. A
different behaviour of the heat sources is observed, together with a different evolution in
time of main thermodynamic parameters. A limitation of 140 kg/s is imposed again to the HT
water mass flow rate.
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1 CASE operating point2, transition of ship velocity from 17.5 kn to B5kn,laden

voyage.
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From the presented diagrams, an opposite behaviour of all parameters has been
observed during a decase of the vessel velocitit is worth noting looking at the results
that the two equilibrium points, once inverted, are very similar between case A and C, where
the same two velocities with the same load of the ship are performed.

1 CASH: operating point2, transition of ship velocity from4l5 kn to 155 kn, laden

voyage.
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In this case, a transition in a different velocity range is performed. Again, different
conditions ofthe heat sources lead to a different transient behaviour of thermodynamic
parameters, as it can be noticed by reported diagramgarticular, lower evaporation and
condensation pressureare observediue to the lower load of the Diesel engines, espégial
for the reduced HT water mass flow rate and consequently the reduced heaafflthe
evaporator

1 CASEE: operating point4, transition of ship velocity from@l5 kn to 7.5 kn, laden
voyage.

In this last case, a comparison between the behaviours of two different configurations
of the single stage ORC systésnpresented. For this purpose, a simulation in the same
working conditions of the ship, related to ca&ghas been performed.
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42 TWO STAGE ORC SYSTEM

The selected design conditions for the two stage ORC systems are the ones relative to
the operating point 1 reported in Table 4.1For the twopower plant versions, the annual
work production has been performed by making use of the Simulink moBelseah of
them, dynamic simulatios havebeen carried ouin order to determine all main values at
the various offdesign conditions, in order to allow the simplified model to perform the
annual work production evaluation.

4.2.1 Work production

The simplified two stage ORC modglpresented in chapter 3, Wa been used to
evaluate the annual work production, starting from the available statistical data about the
ship operation referred to the test reference year.

It mustbe noticedthat the subcritcal second pressure levedn work in a higher range
of vessel operation with respect to the supercritical stage, because of the lower evaporation
pressure and temperature of the working fluid. A bigger range of thermodynamic conditions
of the relative hotfluid, charge air, is hence exploitable, resulting in a higher amount of time
in which ORQCcan operate with both stages. Contrarily, in case of supercritical second
pressure levethe ORC system must work for a longer time as single stage, by the use of t
valves designated to exclude the second stage because out of the useful operating
conditions.The operative rangeof the second pressure levels are:

- in the subcritical casdor loads equal or higher than 0.78pm 14.7 to 16kn and
from 16.35 t020 kn in laden voyage, from 15.1 to k& and from 16.7 to 1%n in
ballast voyage;

- in the supercritical casdor loads equal or higher than 0.88pm 15.4 to 16kn,
171 to 18 kn,185 to 19 kn andl9.6 to 20 knin laden voyageandfrom 15.75 to
16 kn 17.5t0 18 kn and 18.7 to 1Bn in ballast voyage.

Smulations resultsare reported below for the two case$here are two load factors,
one referred to the whole ORC system, the otbee referred to the only second pressure
level. It is reminded that, ircase the second stage cannot work, the ORC system still
operates with the only first pressure level by making use of controlled valves.

Table 4. 7Work production and energy savifgy the two stage ORGd operating point 1

Parameter Unit Subcritical2PL Supercritical 2PL
Esaved MWh 2218.3 2306.6
Z m,net kW 506.3 526.5
fioad % 67.1 67.1
fioad, 2pL % 48.2 19.2
E % 2.377 2471
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Both solutions allow to significantly increase producible work and hence saved energy
for the LNG carrier. This result waBviously expected, it is actually the aim of installing a
second stage to an ORC system. Mean net power indicates as well an increase of
performance of the plant, thanks to the use of another heat source with respect to the single
stage.

Thanks to the adation of controlled valves that allow the ORC plant to operate as
single stage when the heat grade provided by charge air is insufficient, the global load factor
is the same of the previous case. As aforementioned, the supercritical second stage can
operate in a significantly smaller range with respect to the subcritical dasspite of the
lower load factor of the second stage, the ORC system with supercritical second pressure
level presents the highest producible work, due to the much higher achieyaier with
respect to the other case.

The percentage of saved enerfynakes these two solutions attractive for installation
on the LNG carrier in question. The higher complexity of the plant and the additional costs
are the negative aspects to take into@unt about the eventual choice about installation of
a single stage or a two stage ORC systHEme. main critical issue is given by the heat source
for the second pressure level: the relatively low grade of the provided heat impedes to
exploit it with cortinuity in this stage, reducing in this way the benefits of a two stage ORC. If
exhaust gases coming out from Diesel engines were available for their exploitation into this
power plant, perhaps complexity and costs would be highly compensatet dontinuais
operation of both stages, consequentlyth a great increase of producible work and saved
energy.

4.2.2 Transient simulations

Two test cases have been carried out, one for the first and one for the second version
of the two stage ORC systems. In the previous paragraph available ranges for the two stages
have been reported and discussed. Taking into account of this limitatidhe operation of
both pressure levels for the considered ORC plants, transient simulations have been
performed by the use of the detailed Simulink model presented in paragraph 3.AlSdlin
this case, a time period of 10 minutes has been imposed foraagdh in the vessel velocity
of 1 kn. A simulation time step of 0.05 seconds has been set. In the following, main diagrams
and results of the two treated cases are presented.
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1 CASH: two stage ORC with subcritical pressure levefgrating pointl, transition
of ship velocity from 16.5 kn to 17.5 kn, laden voyage.
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LT water inlet temperature LT water outlet temperature
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Figure 46(e) Pump mass flow rate, rotational speed and absorbed electric power.

A qualitative comparison about evolution in time of main parameters of the two stages
is proposed in the reported diagrams. The main observed result is the little instability that
manifeds close to the end of simulation. It is basically causedth®y superheating of
working fluid inside the subcritical evaporator of the second pressure level: the vapour
temperature quicklyincreases with the consequent rise of the evaporation pressurief
second stage to another equilibrium point. This causes a strong oscillation of the liquid level
in the high pressure hot drum, that manifesh a lower but still observable oscillation of the
liquid level inside cold drum.

About charge air, its madtow rate is limited and progressively decreased after the
design value of 24.61 kg/s, to keep the exchanged heat flux in an acceptable range in order
to avoid an excessive superheating inside the evaporator of the second stage.
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1 CASKS: two stage OR®@iith supercritical second pressure level, operating point 1,
transition of ship velocity from 17.1 kn to 18 kn, laden voyage.
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LT water outlet temperature

LT water inlet temperature

LT water mass flow rate
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Figure 4.7(aHot sources heat exchanged, mass flow rates, inlet and outlet temperatures
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Turbine mass flow rate Turbine inlet enthalpy Turbine produced electric power
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Figure 47(d) Turbine mass flow rate, inlet enthalpy and produced electric power.
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Figure 47(e) Pump mass flow rate, rotational speed and absorbed electric power.

As for case F, air mass flow rate is limited and decreased after design value of 24.61
kg/s.

The most interesting result is the evolution in time of electric pogeneratedby the
two vapour turbines: contrarily to the previous case with two subcritical evaporators,
supercritical evaporatiorallows to achieve much higher levels of work productienen
more than the work obtained by the turbine of the first stagecertain loads This aspect
suggests the great potential of supercritical evaporation, when it is possible to perform with
the available heat.

Looking at the cooling water outlet tempsure and liquid level inside hot drum, the
sudden change in curve slope is caused by the beginning of superheating of the vapour
LINE RdzOSR o6& (KS &dzoONARGAOIE KSIFG SEOKIyYy3aSN®
constant at YV,:=0.5 thanks tdhe selected rotational speed for the second stage pump, as
discussed in chapter 3.
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4.3 COMPARISON BETWEEN SINGLE ANESTWGIORC SYSTEMS

A summary table of the evaluated ORC design and configurations is here proposed.

Table4.8 Optimizd operatingcharacteristic foconsidered ORC configurations and design

ORC layout 1PL 2PL sub 2PL sup

Operating point 1 2 3 4 1 1

Working fluid R245fa| R245fa| R245fa| R245fa| R245fa| R245fa

Pev,1pL bar 4.955 5.236 5.256 5.393 4.612 4.612

Pev,2pL bar - - - - 25.850 | 37.000
Peond bar 1.778 | 1778 | 1778 | 1778 | 1.766 | 1.766
Teond °C 29.80 | 29.80 | 29.80 | 29.80 | 29.72 | 29.72
DTgup °C 0.0 0.0 0.0 0.0 0.0 0.0

TTypL °C 62.37 64.36 64.49 65.43 59.82 59.82

TOTpL °C 38.63 39.23 39.27 39.55 40.29 41.31

TIbpL °C - - - - 135.37 | 158.16
TOBpL °C - - - - 76.05 76.77
sub/sup - sub sub sub sub sub sup

Wexp kJ/kg | 12.555 | 14.200 | 13.595 | 14.117 | 17.546 | 28.688

Woump kJ/kg | 0.343 0.363 0.353 0.356 0.658 0.956

Whet kd/kg | 12.212 | 13.837 | 13.242 | 13.761 | 16.888 | 27.732
Oabsorbed | KJI/kg | 210.6 213.2 213.3 214.0 217.1 219.4
Ocond kd/kg | 196.2 196.7 196.8 197.0 198.0 199.0
T witpL kals 27.98 28.00 28.01 28.15 28.35 28.35

T wiopL | Kgls - - - - 5.11 7.10
T wt kg/s | 27.98 | 28.00 | 28.01 | 28.15 | 33.46 | 35.45
Whettpt | KW | 3417 | 387.4 | 3709 | 3874 | 462.9 | 533.3
Whetzpt | KW - - - - 102.2 | 449.9
Wiet kW | 341.7 | 3874 | 3709 | 387.4 | 565.1 | 983.2
P % 5.80 6.49 6.21 6.43 7.78 | 12.64
h % 3.80 4.30 4.12 4.30 5.51 9.58
f - 0.655 | 0.663 | 0.664 | 0.669 | 0.708 | 0.758
0 KW | 5892.3 | 5970.8 | 5974.4 | 6023.4 | 7265.5 | 7776.3
0 KW | 5489.4 | 5508.9 | 5512.0 | 5546.9 | 6625.7 | 7053.0
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The following parameterare defined:

- TIT(Turbine Inlet Temperature): it represents the vapour temperature before
expansion; it corresponds to the working fluid temperature at the outlet of the
evaporator or eventually of the hot drum;

- TOT(Turbine Outlet Temperature): it is the vapour tempen&wafter expansion,
sucessively sent to the condenser.

For the ORC systems two kinds of cycle efficiencies are defiihedmal efficienchy,
corresponds to the ratio between net power output and heat absorbed by the cycle
precisely by the heat exchangereceiving thermal energy from the heat source.

— 4.1
Uodi ¢1 daa ( )

Total heat recovery efficiendy is the ratio between net power output and available
heat, corresponding to the value provided by the Hot Composite Curve to the cycle.

—- - (4.2)
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The parameter that connects the two efficiencies is #ffectiveness of heat transfer
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The proposed tablshows all values of the designed ORC sysia@ntained by the use
of the presented Simulink models, for efinsidered operating points and layouts. The kght
blue coloured cells indicate the three selected plant configurations that have been used for
the transientsimulations, presented in this chapter.

Regarding the single stage OR&xording to the summariable the operating point
2, that corresponds to a design at the vessel conditions for a velocity of 16.5 kn in laden
voyage, is the most performing onlet power, thermal efficiency and total heat recovery
efficiency show indeed the highest values amahg four performed designAccording to
Table 4.6, work production and consequently saved energy are higher than the other
solutions. At last, the analysis of the transient simulatioamong off-design stationary
conditions does not report particular prdems in the management of the plant within the
recommended working rangdll these results suggest to choose thperating point 2as
design point for the single stage ORC system, among the four proposed possibilities.
Table 4.8shows also interestingesults about the two stage ORCs. For both versiams
increase of net power, thermal efficiency and total heat recovery efficiency is registered,
with respect to the single stage ORC. According to Table 4.7, work production and saved
energy are higher awell. The suggested solution is the one presenting the supercritical
evaporator, in spite of the much lower load factor for the second stage. This is the overall
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best solution, according to the proposed modeRurther analysis areecommended to
confirmobtained resultsand support suggested choices

4.4 CONCLUSIONS

Simulation results have been presented in this chapter, starting from definition of
design operating points for the considered solutions. An analysis of work production,
relatively to the reference year for the LNG carrier of study, has been carried otden to
compare the differenpptions, for both single stage and two stage ORCs.

Several test cases of transient behaviour have been performed and reported by
presenting the evolution in time of all main system parameters.

At last, a brief comparison dhe results obtained by the use of the Simulink models
presented in chapter 3 has been proposed, with a summary table as support to evaluate all
main outputs. The best solutions for the single stage and the two stage ORC systems,
according to the simulatio results, have been recommended, to possibly verify with further
analysis.
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5 CONCLUSIOMSID REMARKS

WHR application of an Organic Rankine Cycle (ORC) system on board a LNG carrier has
been treated in this thesis. Heat jigovided by jacket water, lubricating oil and charge air,
while the exhaust gases are not available since they are already employed for ship internal
uses. The aim of the work is to evaluate annual work production of the ORC and verify
operational stabiliy during variations of the heat sources. For this purpose, ststate and
dynamic offdesign models of the ORC system have been built.

R245fa has been considered as working fluid, among a list of six fluids recommended
by Soffiato [18] for the use aboarthe same LNG carrier. In the models the following
features related to heat exchangers are taken into account to have realistic simulations:

1 Shell and tube heat exchangers have been chosen taking into account dimensional
constraints deriving from the insliation on the LNG carrier

9 Evaporator and condenser are type lkels and tubebeing Kettle notsuitable for naval
applicatiors;

1 Pressure drops are counted both for design andadefignoperation;

9 Different (and proper) heat transfer equations taken frahe literature have used to
model different heat transfer phenomena including subcritical and supercritical
evaporation, and subcritical superheating

Three different layouts for the ICE3RC combined cycle have been proposed based on
a singlestage, a twestage subcritical and a twstage supercritical ORC and an-adkign
dynamic models have been developed for each solution. Four design operating points,
corresponding to 15.5 kn laden, 16.5 kn laden and ballast, and 17.5 kn laden, have been
considered fo the singlepressure ORC, while the design point of both 4stage ORCs has
been 15.5 kn ladenEES®&Engineering Equation Solyenas been used to define design
parameters for the thermodynamic cycle.

The modelling approach has been modidaquential, & suggested by Vaja [14], and
the models were built usindMATLAB® Simulinkhe nominal parameters of the heat
exchangers have been determined by building design models of these components.-The off
design characteristic law of each heat exchanger has bb&ined by several simulations of
Aspen® Exchanger Design and Ratiwogels for different values of hot sources and working
fluid mass flow rate, has suggested by Manente et al. [IBlaracteristic maps of
turbomachinery have been taken from le literagur

The control strategy has been defined by means of several simulations of the dynamic
models. The stability of the singage solution has been achieved by a cold drum between
condenser and feed pump and a control system operating on the rotationadspé the
pump depending on the liquid level of the capacity. In both-stage solutions both pumps
(low pressure and high pressure ones) are directly connected to the cold drum for safety
issue.The stability of the twestage subcritical solution requisegwo hot drums downstream
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the two evaporators and two control systems operating on the rotational speed of the two
pumps depending on the liquid levels of these capacities. The stabflithe two-stage
supercritical solution requires only one hot drusugercritical evaporatiordoes not show
phase separation) and one control system operating on the low pressure pump rotational
speed depending on the hot drum liquid level, while the rotational speed of the high
pressure pump is kept constant to the desigalue. In both twestage solutions the low
pressure vapour exiting the low pressure hot drum is mixed with the high pressure vapour
exiting the high pressure expander in a thweay valve upstream of the loyressure
turbine.

The offdesign dynamic simuli@ns have been used also to determine the workable
range of the three ORC solutions according to their transient response to variation of the
ICEs load. The four singdeage ORC solutions may operate in the whole range of velocity
that has been considetk(14 kn to 20 kn laden and 15 kn to 19 kn ballast), while the two
stage ORC may operate with the high pressure level only in small ranges and without this
pressure levels in the remaining ranges, according to the load of the engines.

Steadystate modelshave been developed to assess the annual work production of the
proposed ORC solutions. The steatiyte models have been obtained substituting the
capacity blocks with a set of values at equilibrium of pressure and enthalpy in the capacities,
and pump(s)rotational speed(s) corresponding to different ship speeds that have been
obtained by dynamic simulations at the same ship speed.

The design velocity of 16.5 kn laden has been resulted the best design velocity for the
singlepressure level. The correspondi nominal net power is 387.4 kW with a thermal
efficiency of 6.49%, and an annual work production of 1665.8 MWh. It is worth noting that
the off-design simulations have led to find a better design point compared to that found in a
previous work [180] ofthe research group in which only the operation at design point was
considered. As regards the twatage ORC solutions, the supercritical one has reached the
highest nominal net power (982.3 kW), thermal efficiency (12.64%) and annual work
production (2306 MWh). On the other hand, the twsstage ORC may not be the best
recommended option, because of an increase of system complexity and the very low load
factor of the second stage due to the available heat source.

Recommendations for future works may be the use of the proposed ORC models with
different design operating points, and different fluids. Moreover, the available data of vessel
operation could be updated, to have better findings with the reald#6ign belaviour of the
energy system. Another configuration of tvetage ORCs could be studied for a better
integration within the overall energy system, perhaps by using part of exhaust gases if
available. The solution of the supercritical evaporator would bereastng to develop, in
particular the search of the most suitable heat transfer correlations and the expansion of the
working range to increase the load factor are the priorities. Different -[QES
configurations or a different working fluids could be fidefor this purpose.Finally, an
economic analysis could give more information about the profitability of the solutions
proposed in this work.
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APPENDIX

In this work many correlations have been adopted, as mentidndtie description of
the modelsof the power plan©Q aomponents The employed empirical equatiorean be
divided into threecorrelationcategories

- heat flux

- pressure drops;

- temperature factos.

The first ones are used to calculatiee main heat exchange parameterhat are
characteristic of the selected heat exchangktost of the necessaryequations have been
GFr1SYy FNRBY fAGSNI GAZNBZ Ay LI NIAOdz I NJ 6KSe& O
[Serth, 10] where design procedure for the exchangers adopted in this vadirbelonging to
the shell and tubecategory is deeply treated. Thpresentedmethodisthe BellDelaware it
allows to obtain the shebide convective haaexchange coefficienand it s currently the
most adopted ondor shell and tubes in industriapplcations [24. In case of phase change,
nucleate boiling and condensation correlations are also available in the mentioned text, for
fluids that evaporate or condensento the shell side.To calculate the tube sidéorced
convective coefficientnielnskicorrelation[28] is employed, whenhere is not fluidphase
change.Thanks to these equationthat allow to obtain the convective coefficiensQ | y R
aé X is podsible to calculate the global heat transfer coefficielt which isfinally used to
estimate the heat flux] exchanged byhe working fluid and the hot or cold source.

The empirical equations for pressure drops that manifest into shell and tube heat
exchangers ard¢reated again by théDelawaremethod, inthis case both for shell anfbr
tube side.

PG tfFads GSYLISNI (dzNB T FoDihepedeédt coOrgeblinght | G A 2 Y
KSIG SEOKI y3SNA Q1 @e, yhik FAadeNE aquat 4 Dneright Becawse
there is the maximumpossibleheat exchange inside the device thanks the selected
layout. In the :2n and 24n cases, the fluid sent shell side exchanges respectively 1 and 2
times with the flow passingthrough the tubes respectively 2n and 4n times. For thiest
configurations, two proper correlations found in literatutare presented describing the
reduction of the exchangkheat flux respecto the samecase supposed with a layout for
the device that allows thperfect countercurrentfor the two fluids.

Oneaim of this appendix ibenceto define completelythe equations that have been
exposedin the previous chapters only as genericfunction of certainvariables and
parametersinvolved in the system

Once that all the equations have been made explicit, design procedure foshell
and tube heat exchanges proposed.

In the last sectionthe way used to obtain the final form of the differential equations
describing the mass and energy balances in the hot and cold drum is presented.
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A.1 Heattransfer correlations

Here all the heat exchange empirical equations are presented. They refer Bethe
Delawaremethod, developedat the University of Delaware and published in 1963, which
allows toaccuratelydesign the shell and tubkeat exchangerdy manual calculation. This
procedure isin contrapositionto the Stream Analysismethod that requireso computerize
the procedureto finally obtain the geometry of the device together tthe main useful
coefficients.In this work, theselected version foDelaware method is thene recommended
by Taborek[25], that treats the particular case of standard type E shells with siogle
segmental baffles and ufinned tubes,with different correlations about the heat exchange
without and with phase change, benucleate boiling or condensatio@nly for condensing
fluid, both equations for smooth and for finned tubes can bend. The definition of the
correlations isshown in the following.

A.1.1Tube side heat transfer coefficients

Preheater, subcriticagévaporator, condenser

Forced convection heat transfer correlations are adopted for the heat exchange
involving the tube side flowGiven the selected design choices, according to which the fluids
that represent the external sources without phase changeaways sent through the pipes,
exceptfor the supercritical evaporator, Gnielinski correlatisrappliedfor all the subcritical
heat exchangers, where forced convection through the tubes is expected.

The generic function exysed in chapter 4 to develdp the next.

| Q AYMROMA) hbé ¢ 'QQQO1T ©o Q¢ ¢ (Al)
Gnielinski proposedhe following equatiors [10, 13] for the transition and turbulent

regimesfor motion inside pipesgenerally accurate to withie20% Thefirst presented is
valid for Z00<Re<5.0-10° and 05< Pr< 10%:

j o
00 s J. p 0Ojou (A2

while the second one &dvisablen the same rangéorRek M 1 Z n n n

j i
UoO PR J. p Oju (A3)

Thevterm isthe Darcy friction factgrexpressed by thequationbelow:

. P4 T OrQ pd 1 (A4)

In order to calculate the proposed dimensionless factwre useful equations are
shown
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00 — (A.5)
YQ — (A.6)

where v is the fluid velocity:

b —— (A7)

Npass=1 ©  for 1-1 configuration (countecurrent)
2 O for 1-2n configuration
4 O  for 2-4n configuration

The fluid properties are evaluated by the following statpiations:
GRRF QY (A.8)

At last the definition of the generideq. (A.1) reported at the beginning of the
paragraph can be completed by the following relation:

| — (A.9)

Supercritical evaporator

In the case ofsupercritical evaporatqrthe chosen solution consists in sending the
evaporating working fluid insidéubes, instead of shell side & the subcritical exchangers
Only few heat transfer correlations are available in literature, for tigher complexty of
the supercritical phase change and its consequent efewpplications respect to the
subcritical ones.

The selectectorrelation for our componenmodel was developed iad evaluated by
Mokry et al. [29, thanks to a new set of heat transfer data and tatest thermophysical
properties of waterprovided by NIST Refprgpwithin the SCWRsSUperCritical Water
wSI Ol 2ND ydzOf SdpetatingJ2aggs Nde edudtiof (rededis to the following
working conditionswater, upward flow, vertical bare tubesith inside diameters of -338
mm, pressure of 22.8+29.4 MPa, mass flowrate of 200+3000 sy/heat flux of 70+1250
kW/m?. The proposed correlation can be also used for other fluids, taking into account that
its accuracy might be less than the experimetahditions.

0o Mineywe 08 — (A.10)

The Reynolds ral Prandtlnumbers are obtainedn the same way shown in the
previous @ragraph, by the Eq$A.5) to (A.7)In particular, Prandtl is calculated as average
within the range of (tai - tx ), whichcorresponds tothe temperature difference between
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wall and bulk.The two densities are evaluated at the evaporating fluid temperatiare
obtainr, at the wall temperatire todefiner 4, by theuse ofstate relationsEq.(A.8).

As for the subcritical cases, tifi@ced convectiorheat transfer coefficient through the
pipes is determined by thEq.(A.9).

A.12 Shellside heat transfer coefficients

Introduction to Delaware method and guations for the geometric parameters

BellDelawaremethod has been selectddr this work mainly because the wide use
in the industrial field and its applicability for hand calculatidime best alternative is the
Stream Analysisnethod, which is more accurate because it is based on sound hydraulic
principles that properly account for interactions among thkel$ side streams. This
calculation proceduréhas not been considered because it requires a commercial software
for computaional calculation, with the values of many empirical parameters necessary for
its implementation that are still proprietaryWills and Johnsorpublished a simplified
complete version of this method, but useful only to calculate the shell side pressurs,drop
allowing a relatively simple solution of the hydraulic equatif#fy. At last,Kernmethod has
not been taken into account because of the superior accuracy of the Delaware method, at
the only cost of a little major complexity, even if it has been wideded in the past years in
the industrial field, mainly for itapplication simplicity [24

Many versions of the Delaware method, with slight differences, have been published.
In the following, theTaborekversion[25] isreported.

To allow the resolutio of the equations presenteh the following paragraphsall the
relations needed for the requested geometric parameters are provided here. A simple
a0KSYS 2F (KS akKStft |yR (dzo S S p@pnicayydefnna 3
some important parameters.

w»
NS
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— L+ (Bypass lane)

~ D, - -
(Inside shell diameter)

Figure A.4Segmental baffle geometfg5].

In order to makemore understandabléhe meaning of the equations, parameters are
subdivided into the following five categories of geometric paramef2s

1. Thecrossflow areais the minimum flow area in one central baffle space at the
center of the tube bundle. The related equation is the next one:

Y 6 0 O 6 © (A1)
where Dy is the outer tube limit diameter, and:
0 0 for square and triangular tube layouts
0 0 MMcfor rotated square tube layout

2. Thetube-to-baffle leakage areas the total area of the gaps in one baffle, the
K2f Sa GKNRJdAK ¢gKAOK GKS {(dzo0Sa LIkaas GK
diameter. Through this area, leakage fluid can pass to the next baffle space instead
of crossing the tube bundle according to the defined path. Here, the total leakage
area for one baffle is provide@s function of the fraction of tubes between the
baffletips, F, and consequently of the fraction in one baffle windowy, F
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Y -*0] 6 p O (A12)

where
O p O (A13

0o —— i Q& (Al
F. is expressible also this way:
O p -0 — (A15)

The fraction of tubes in one baffle window depends on the fractional area
described by the circle radiusdn the window. This is the diameter of the circle
that passes through the centers of the outermost tubes in the bundle, and it is
called central tube limit diameter. To deeply understand this parameter, see
Hgure A.4. In the following, relations abouti@nd the relative angle.y, formed

by the baffle edges and the center of the bundle, are provided.

0O O © (A16)
— CcAOAAIOS— (A17)

Regarding the tub¢o-baffle clearancedy, the TEMA (Tubular Exchanger
Manufacturers Association) specifications are based on tube bundle assembly,
tube vibration considerations and tube size. The assigmallle for external
diameter Q > 31.75 mm is

tp=0.4mm, for DX o M DT pdy ¥ ¥4 mnilif tHe fongest unsupported tube
length in the exchanger is less of 0.9144 m, vice versakit+s0.2 mm.

The sheltlto-baffle leakage areds the frontal aea described by the clearance
between the shell, the bundle and the baffle, as shown in the next figure.

Baffle ' \ shell
Figure A.5Shelito-baffle leakage ared25].
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The relative equation is reported in the followiraggfunction of the baffle window
angleqgqs, which relation is provided too, and of the shilbaffle clearancels,

Y O R p— (A18)
where
— CcAOAAd @6 (A19)

The sheHlo-baffle clearance is calculated by the following relation, defined by
TEMA as linear functiorof shell diameter, according to the manufacturing
tolerances for both the shell and the baffles.

1 T8t 1T T Yrdt TQ (A20)

4. Thebundle bypass flow ares the area between the outermost tubes and the
shell, and it is represeratl by the equation thiafollows.

Y 60 © (A21)

5. Thewindow flow areais the result of the difference between the gross window
area {g, between the shell and the baffle edge formed by the baffle cuts, and the
surface occupied by the tubes in the window. Héme relations regarding these
three quantities are reported.

Y -0 — 0gi (A22)
o) 0 O — (A23)
Y Y 6 (A24)

Substituting into Eq(A24)from Egs.(A22) andEqs.(A23) gives:
Y -0 — 04Hgli -0 "0*0 (A25)

In the following, useful ratios and combinations of the presented geometric
parameters age reported, to use them intgorrelations for thecorrection factors.

— (A26)
[— (A27)
P00 (A29)

o 5 p O 0 (A29)
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where Ngis the number of pairs of sealing strips; il the number of tube rows crossed
between baffle tips and } is the effective number of tube rows crossed in one baffle
window. The last two geometric parameters are calculated as:

6 & — (A30)
5 8 (A31)
where
0 O for square tube layout
0 0 ATfO fortriangular tube layoutd,=30°)
for rotated square tube layouty(,=45°)
Preheater

BellDelawaremethod is appliedto the shellside heat transfer coefficientsalculation
for the preheater using the proposed correlations in order to define tudlowing generic
function, reported in chapter 4

| 0 RAYRFY, O oM Qe BTOR [ i 6o E Q00 (A32)

Delawaremethod is suitable for this componenebause of thébehaviour of involved
fluid, given that it does not change its phase inside the heat exchanger.

The calculation procedure consists in these of empirical correlations for both heat
transfer coefficient and friction factor, in the particular case of flosvgendicularto banks
of tubes approximated to the region between the baffle tips of shell and tube heat
exchangersTheprocedureis split into two parts:

- in the first step the ideal heat transfer coefficient and pressure drops are

obtained by use othe ideal tube bank correlations

- in the second step, a set of empirical correction factaisws to take into account

of the deviations from ideal tube bank conditions, in particutar correct
approximations about the perpendicular flux respect of thébes, the baffle
windows where the flux is totally not orthogonal, and the presence of leakage and
bypass streams in the shellhere is also the possibility to differentiatiee results

in dependence ofhe fluid motion, be it laminar or turbulent.

In this work, the selected shell and tube heat exchangers are the standard type E
case of one shellide passas for the preheatertype F for the two shelbide passesAll of
them are characterised bsinglecut segmentabaffles and udinned tubes(remember that
for the condenser there ishe possibility to choose between smooth and finned tubes,
depending on the heat exchange requirementsr thesedesign choiceshe correlations
proposed in theTaborek version of the Delaware methoan be appéd.
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Ideal bank tube correlations

The correlatios originally used in the development of the Delaware metha
adopted here, recommended by Tabordlhey aregraphically represented by the next three
figures, each of them corresponding to the most used tube bundle configurations, hence
triangular pitch ¢=30°), square pitchgE90°), rotated square pitcly£45°).
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Figure A.lldeal tube bank correlation foriemgular pitch(g= 30°)[25].
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The mathematical expression of tigeaphically presentedorrelationsisreported as

j

Q

(A33)

which corresponds to thapproximation of thecurve fitsfrom thefigures shown above:

Qo - YQ

The approximate curve fit of the Fanning friction fadt@ the followingone:

8

" ® j Y'Q

The relations of the coefficienssandb are reported below:

@ 8
@ 8

The constants to be used in these equations are gbyehable A.1.
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Table A.1Constants for use with equations from (A.13) to (A[25).

Layout Reynolds a s as ay by by b by
angle number

307 10°-10* 0321 —0.388 1450 0519 0.372 —0.123 7.00 0.500
10*-10° 0321 —0.388 0.486 —0.152
10°-10°  0.593 —0477 4.570 —0.476
10°-10 1.360  —0.657 45.100 —0.973
=10 1.400 —0.667 48.000 —1.000
45° 10°-10* 0370 —0396 1930 0.500 0.303 —0.126 6.59 0.520
10410 0370  —0.396 0.333 —0.136
10°-10¢ 0.730  —0.500 3.500 —0.476
10°-10 0498 —0.656 26.200 —0.913
<10 1.550  —0.667 32.000 —1.000
90° 10°-10* 0370 —0.395 1187 0.370 0.391 —0.148 630 0.378
10*-10°  0.107  —0.266 0.0815 +40.022
10°-100 0408 —0.460 6.0900 —0.602
10°-10  0.900 —0.631 32.1000  —0.963
10 0.970 —0.667 35.0000  —1.000

Shell side heat transfer coefficients and correction factors

The forced convection heat transfer coefficigeterred to the real cases obtained by
the evaluation of five correction factors, to take into accowft all phenomena that
contribute to decrease exchange efficiency respect to a perpendicular flux through an ideal
tube bank.Thefinal form of the equation is shown here:

| | DOUUL UL (A38)
where the five correction factors can be grouped and expresseldaasor.
In the following, the main equationgsefulto calcuate all these terms are exposed,

explaining also their meaninf5]. All the geometric relations necessary to calculate the
correction factordhave been presented in the previoparagraph.

1. 0 is the correction factor for baffle window flavithe value 1.0 refers to the case
of no tubes in the baffle windows. For veryda baffle cuts the corresponding
value is around 0.65, for small baffle cuts it is around 1.15. Fordesigned heat
exchangers the objective value should be close to Tiis correction factor is
correlated to a sigle parameter, & the fraction of tibes in cross flow between
the baffle tips that can be obtained by E(A.27)

0 T U T CO (A39)

2. U is the correction factor for baffle leakage effects, it accoudntsboth the tube
to-baffle and the shelto-baffle leakage fluxesThis term is inversely proportional
to the leakage flowrate, and its value usually vary from 0.2 to 1.0, typically
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between 0.7 and 0.8. A well designed heat exchanger should present at least 0.6
for 0, otherwise it would be convenient to increase thaffle spacing or to think

to other design solutionsThis correction factor is correlated in terms of the area
ratiosrsandr,. The relations to obtain therare shown in the previougaragraph

Egs (A.26) and (A.27)

0 T Tp | p Mtp i ADbBcRi (A40)

3. 0 is the correction factor for bundle bypass effects, to consider the flowrate
fraction that flows around the periphery of the tube bundle from one baffle
window to the next, impeding a whole optimal exchange by the shell side flux and
the other. The typick NJ y3S 2F GKAA& Fl OG2NDa oIt dzS
lower values, it would be convenient to add a pair of sealing strips, to force the
bypass stream back into the tube bundlée correlation isexpressed in terms of
the presented geometric equains

o A@BS Yi'Y p ¢ ! for res< 0.5  (A41)
; P8t forrsk N ®p
where
0 p&uU for Re< 100
0 p& UL forRex mnn

4. 0 is the laminar flow correction factoiThe typical range for laminar fluxes is
between 0.4 and 1.0, whilef®®ex M nnX KSy OS F2NJ NI yairSyli
value is equal to 1.0This correction factor is correlated to the total number of
tube rows crossed in the entire heat exchandsy, given by Eq. (A.29)

8

0 p 10 for ReXX H N (A42)

O p8forRex mMnn

For 20Re<100, the factor is obtained by linear interpolation between the above
values.

5. U is the correction factor for unequal baffle spacing in the inlet and outlet
sections, where it is often larger in order to accommodate the nozzles and, in case
of Utube exchangers, the return bendshe typical range of values is between
0.85 and 1.0, th latter for equal spacing for all the baffléBhe correction factqr
which equation is shown belowlepends so on the inlet and outlet baffle spacing,
Bn and B, respectively, the central baffle spacing, B, and the number of baffles,
Np. Note that forB,=B, the 0 factor is equal to 1.0, according to the following
relation.

0 - J (A43)
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where
€ pfo for Re< 100
€ T forRex mnn

Subcritical evaporator

The design choice about the subcritical cycle of the ORC system under investigation in
this work, be it characterised by one pressure level or two pressure levels where the first
one is subcriticalgonsists iremploying as evaporator a shell and tube heatchanger type
F, with horizontal tubesoperating in nucleate boiling regimeor these reasons, among the
several correlations findable in literature, the ones for nucleate boiling on horizontal tubes
have been selectedThe generic function to be defwl, exposed in chapter 4, is the
following one:

R

| "0 R RY. FY FOR QWD F-fi R LRGN 6 6 B ¢ "Q'amad)

For this component, the correlations of Mostinski and PR3] have beenchosen,
their application is suitable for this studyonstinski correlationis expressed in the
following way:

| PP @xp 1 0 ByY® "OB (A.45)

P. is the fluid critical pressure, in kPBJ; is the difference between the tubwall
temperature and the saturation temperature at system pressure

gY Y Y (A.46)

and kis the pressure correction factor, dimensionless, which expression has been improved
by Palen:

O L w p O 0 (A.47)

where0d  0j 0 is the reduced pressure

The nucleate boiling is not the only phenomenon that manifests inside the subcritical
evaporator, working fluid side. It is necessary to take into accountdalslee contribution
provided by convectiontherefore the followng free convection correlation relative to a
horizontal tubeis applied

8
8 j i

656 T (A.48)

i

Rais the dimensionless number of Rayleigh, composed by Prandtl nuamoktrashof
number, which expressiomareshown below

Y& "0iz 0 i (A.49)
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"Oi 2 g (A.50

where g is the gravitational acceleratioty, “Y in this case (it is the fluid temperature

far from the solid surface), L is the characteristic lengtiK & O2 NNBalLl2yRa G2
external diameter DPfor this heat exchanger, andl is the coefficient of volume expansion,

which relation igeported here, for ideal gases

T (A51)

The correlation (A.48) is valid in the range®D&Ra ) 'fa Ao obtain the free
convection heat transfer coefficient, the following equation must be applied:

| — (A.52)
It must be noticed that the properties used to calculatg refer to the liquid phase.

Once the twocoefficientsrelatively to the nucleate boiling and théree convection
have been calculatedthey must be combined in order to obtain the global h&ainsfer
coefficient for the evaporating fluid. For this purpose, Palen sugdeshe equation
reported below.

| | O | (A.53)

R, is the factor that takes into accountf the effect of the thermosyphoittype
circulation in the tube bundle, correlated in terms of bundle geometry by the following
empirical equation:

8

O p81 T 81— P8t (A.54)
where
0  p8tfor square and rotated square tube layout
0 1@ ofgr triangular tube layout
Condenser

The heat exchanger chosen for the condensation in the investigated ORC system is the
shell and tube typd- with horizontal tubesTypically the large condensers are oriented
horizontally because this allows to minimize the cost of support stinest and it makes easy
the maintenance operations. Afor this case of study, the condensing vapour is most
frequently sent shell sidel'he baffleeshelland Fshellcondenses arewidely used andhey
representthe least expensive horizontal typerhe baffles are cut vertically and notched at
the bottom to allow the drainage of condensate. At last, an extra nozzle at the top of the
shell, close to the rear head, is installed in order to vent-nondensable ga&s[25].
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There are two possibilitiefor the exchanger in questioto selecteither smooth tubes
or externally finned tubesthe latter in order to increase the heat exchange, if required by
the system. Dependingnahis choice, the appropriate correlation will be selected.

The generidunctions to define with the following equationare reported here, the
first one regarding the smooth tube case, the second one for finned tubes

| Q mMAY R MR R ARG oo BEE Qo8 ¢ (A.55)

| "0 MY Y, FORM B R-f R A ARG oo BN & Q0 WA56)

The condensate properties are evaluated at the following weighted average film
temperature:

YooY p 1 Y (A.57)

where the weight factob,, is recommended in literature to be between 0.5 and 0.75, the
latter of which will be used in this studg obtain the final form of the equation, as follows.

Y mxJY @ UY (A.58)

The firstpresentedcorrelation is the one relative to the smooth tubes. It comes from
the modified Nusselt theory, from analysis of condensation on the extesndhce of a
horizontal tube.

| . Py (— (A.59)

For cirallar tube bundles, consisting aanumber of vertical stacks of tubesmmonly
used in condenserKern proposed the following expression of the Reynolds number
account also for the effects @bndensate dsinage[25].

z

YQ — (A.60)

where
& — (A.61)

The secondpresented correlation concernsthe externaly finned tubes, solution
adoptablein order to increase the ¢at exchange in case of systaracessity.Beatty and
Katz proposed the next equation for this case, based on the equivalent diameter defined
below, which allows the heat transfer from both fins gmuime surface to be represented by
a single average heat transfer coeffici¢pb].

| ; T Y 6 ] (A.62)
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(0 (A.63)

where hs is the fin efficiencyh,, is the weighted efficiencyfdinned surface, f\sis the area
of all fins, Ris the roottube diameter, and

0 o} o} (A.64)
o *—- (A.65)
with r1 as roottube radius, 5 as fin radius.

In this work, the case of study is an Organic Rankine Cycle system which working fluid
is a dry fluid, the refrigerant R245fa. The typical Rankine cycle for this kind of operating fluid
is characterised bg superheated vaour exiting from the expandeHence, the inlet vapour
inside the condenser is not in saturated conditions, but it needs to be desuperheated before
it is able to change its phase and condense. In this kind of sgsfenthis kind of fluig, this
contribution to the heat exchange betweesooling flux and the condensing omeust be
considered

¢tKS O2yRSyaliaArzy Aa auduAatf 3IJdz NI YyGaSSR F2N
temperature is below the saturation temperatureTo take into accountof the
desuperheating into the heat flux calation the following equation must be applied, to
involve both the latent heat of condensation and the sensible heat to cool the vapour from
Ty to Tsat

0 ol ogﬁﬁ) Y Yoo oloatdoa (A.66)
whereND Aa (GKS SljdzAglFtSyd f10Syad KSIFG
i i p ~— (A.67)

The final expression of the condensation heat transfeefficient henceis the
followingone.

e
— (A.68)

Supecritical evaporator

As mentioned abovgefor the supercritical evaporator the choicbout where to send
the two fluids is opposite respect to the other heat exchangers. In this ¢hseyperative
fluid is sent intothe tubes, which are vertical imrder to apply the correlation found in
literature for supercritical evaporation, EqA.Q0Q. Consequently, the hot fluid is sent shell
side. Also in this case, the external source is different respect to the other cases: instead of
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hot or cold water, respctively for hot and cold heat exchangers, here @ailable fluid is
charge aircoming from compressor and before enteritige AC1 exchanger, precisely in
point a2 according tothe configuration scheme in Figufd.1). Given that the charge air
pressureis higher thanthe atmospheric onebeingabsolute pressure in the range between
2.616 bar and 3.428 bato be precise the choice of shell and tube as adopted heat
exchanger is still valid.

¢KS I R2LIJGSR LINEOSRAz2NE 7 2aktlladidd &tthe same\dReS T f dzA
preheater. As for water in that case, indeed, here charge air does not change its phase,
hence the equations proposed by Delaware method are still correct. To know more about
the adopted procedure for supercritical evaporat@ee the previous paragraph regarding
LINEKSFGSNDa akKStt aARS O2NNBfl iA2yaod
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A.2 Pressure drops correlations

In the following, empirical equations to describe pressure drops in shell and tube heat
exchangers are reported.ube sidepressure drops are calculated as function of geometry
of the exchanger, dluid density and velocity and of thBarcyfriction factor. Shell side, the
mentioned procedure is valid only for no phase change cases, therefore they fit to the
preheater and to the supercritical evaporator, where cooling water and charge air are
respectively sentnside andoutside the bundle of tubedn case of phase changliiller-
Steinhagerand Heckcorrelations are applied for thevorking fluid subcritical @aporation
and Chisholmempirical equations for its condensation.

As for the heat exchange ones, pressure drops correlations are referred to standard
type E shells with singleut segmental baffles and dinned tubes([25], but they are
considered valid 8ab for type F shells

A.2.1 Tube sidehydraulic calculations

The fluids sent tube side are water in case of preheater, subcritical evaporator and
condenserpperativefluid in case of supercritical evaporator.
The generic function exposed in chaptetlodevelop is the nexbne.

N Q RB P FOMMBMH A ) fhé & "QQQO T & O(KBY)E

Pressure drops are calculated as sum of three terms:

1. Fluid friction pressure drop is given by the following equation, as function of the
total flow path coincident to tube length multiplied by the number of tube side
passes.

O (A.70)

where Gis the specific mass flux in [kgfg), sis the fluid specific gravitfequal to
1 for water)and 3 the viscosity correction factor, both dimensionless:

0 - (A.71)
. — (A.72)
with
W TPT for turbulent flow
W T L for laminar flow

Darcy friction factof is given by:
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Q ™ po¥R ® for turbulent flow,Rex o (A.7A3)
Q — for laminar flow(A.74)

It is worth notingthat Eq. (A.73) fits well to commercial heat exchanger tubes, in
the indicated range.

2. Pressure dropassociated to tube entrance and exit and return losses are
expressed by the following relation:

@) udiZp T | — (A.75)

where a, is the number of velocity heads allocated for minor losses on tube side,
given in case of turbulent flow into regular tubes by:

| oy B (A.76)

3. Pressure drop in inlet and outlet nozzles is calculafedturbulent flow andRe,
100, as:

M X®zpm O — (A.77)

where Rg, and G, refer to the nozzle surface,AandNs is the number of shells
connected in series.

Finally, tube side total pressure drgpesxpressed in [Padre simply calculated as:

G Wl o on (A.78)
A.22 Shell side hydraulic calculations

Preheater, supercritical evaporator

The shell sidefluids are working fluidin case of preheatercharge airin cese of
supercritical evaporator.

The generic function to make expligtthefollowing one:

W Q R b AAQQE G B d &'QQQ6 T OO "QEAT9)

Also in this case, pressure drops are given by the sum of three t@ionsbtain them,
it is necessary to calculate as first tRanningfriction factor forideal bank tubefigea [25].
The way to estimate it is shown in the paragraph concerning preheater correlations,
precisely the ideal bank tube ones. The useful relations are B@5)(and (A.37), with the
support of Table A.1 for threquested empirical coefficients.
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In the following, the correlationsiecessaryto obtain shdl side pressure drops are
presented relatively to the three main pressure terms mentioned abdBézen that these
terms are related to precise geometric regiooisthe shell and tubethree simple schemes
are shown before the equations in order to deeply understand which parts of the heat
exchangers the different kinds of pressure drops are refetoed
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Figure A4 (a) Crosdlow region between baffle tips in the central baffle spaceswindow
flow region; €) crossflow region for inlet and outlet baffle spacib].

Shell side correction factors for pressure drops
The adopted pressure drop correction factors are three, and they are analogous to the

heat transfer onesHere they are presented.
1. R is the correction factor for baffle leakage, expressed as function of the area

ratiosrsandr,, given by EqQsA(26) andA.27):
Y Aobp®op 1 i (A.80)

where

n m™ 1 vp | (A.812)

2. Rs is the correction factor for bundle bypass flow, depending on the rafio
obtainable by Eq. (A.28):

Y A@GBS YiY p i ! forres< 0.5 (A82)
Y  p8t forrsok N ®dp
where
0 1® for Re< 100
0 o forRex wmnn

3. Rsis the correction factor for unequal baffle spacing:

186



Y ™ — — (A.83)

where
€ P&t for Re< 100
: i} forRex mnn

Practical ranges are: frombout 0.1 to 1.0 for R with typical values between 0.4 and
0.6; from about 0.3 and 1.0, typically between 0.4 and 0.7, fpif@m about 0.3 and 1.0,
with the latter corresponding to the case of perfectly equal baffle spacing,for R

Shell sidgressure drops calculation
As mentioned above, shell side pressure drops are calculated as sum of three terms as
well:
1. The pessure drop irone central baffle space (Figure A.4 ()equal to the ideal
bank tube pressure drop corrected for leakage doypass effects. This is because
between baffle tips the flow pattern is considered as pure cross flow. The ideal
bank tube pressure drop is the followinge:

oy — (A.89

where
0 — (A.85

5 &— (A.89

with 'H as the total shell side mass flow rate, &sthe crossflow area in one
central baffle space at the center of the tube bundle, given by Eq. (A.1a} e
number of tube rows crossed by the fluid between baffle {g=se Figure A), and

0 0 for square tube layout
0 0 ATJO for triangular tube layoutd, = 30°)
for rotated square tube layoutyf, = 45°)
Finally, the pressure drop in all central baffle spaces is calculated by multiplying

the ideal bank tubepressure drop by the number of central baffle spaces,
adjusting the result by the adoption of leakage and bypass correction factors,

given by EqsA(80 and A.82:
w0 pay YY (A.87)

2. The pressure drop in baffle windows (Figuket (b)) in which fluid changeits
direction for 180°, is given as well as function of an ideal pressure finop
turbulent flow, hence forRexx  moorne&ted thenfor leakage effects.
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Wy 8 (A.88)

where § is the window flow area, given by Eq. (A.24), angd N the effective
number of tube rows crossed in one baffle window:

8

(A.89)

The empirical factor 0.8 takes into account the fact that the flow in a baffle
window is partly pependicular and partly parallel to the tubes.

Pressure drop in all baffle windows is hence obtainley,applyingthe proper
correction factor withthe following equation:

Wy 0w Y (A.90)

3. The pressure drop in entrance and dxaffle spaces (Figure A.4 (§hot equalto
the one that manifests in the centrakffles of the heat exchangdrecause of the
different baffle spacing due to necessity to accommodate the shell side nozzles.
For the same reason, the number of tubesssed by fluid is not the same. At last,
leakage effects do not affect inlet and outlet baffle spaces because not yet
developed.
Due to these several differences respect to the central baffle spaces, the pressure
drop here is calculatedby considering the iferent geometry that fluid
encounters and the corrections to the ideal caggven by Eq. (A.84re about
taking into accounbf bypass effects and theventual unequal spacing.

W) con p —YY (A.91)

Shell side totapressure drops, expressed in [Pa], are hence obtained as the following
sum:

G @ o (A92)

Subcritical evaporator

In case of phase changihe correlations to adopt are different. In particular, for the
subcritical evaporator, the choigeadeis about the MillefSteinhagen and Heck correlation
[25]. It refers to thecase oftwo-phase flow through circular tubes, and here is given as
reformulation in the Chisholm equation formgproviding the followindhomogeneous liquid
two-phase multiplier

%o VW p WO p p W (A.93)

where X is the vapour mass fraction and Y is thisiidlm parameter, expressed as
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P — (A.94)

The Chisholm parameter can bawritten in the following alternative form:

I3} 8 -
w — — (A.95)

with n = 0.2585 for commercial tubes belonging to shell and tube heat exchangers.
It is worth notingthat for x=0, hence all liquid flow%o p and the negative twe

phase pressure gradient reduces to the homogeneous ligwid , while for x=1, that

meansall vapour flow, %o @ and the gradient reduces to the homogeneouapour

Pressure drop for subcitical evaporation case, ifience expressed by the next
equation:

— % — (A.96)

where L is the heat exchanger length. Notice thtt obtain the final pressure dropt is
necessary to calculate before the pressure drops in the homogeneousl lghase, to
multiply them thenby the negative pressure gradie%t for total flow as liquidTo do this,
the procedure reported in the previous paragraph for no phasengeacalculation must be
applied. Precisely, the homogeneous liquid phase pressure drop is obtainable by Eq. (A.92).
In recent studiectited by SertH25], Muller-Steinhagen and Heck correlation has been
compared with the Friedel oneggarded as the mosetiable general method for computing
two-phase pressure lossemding superior performancedespite being aimpler method.

Condenser
The choicemade for condensation pressure drop is the Chisholm correlafi@],
given by:

%o P ®© p OwWwp W W (A.97)

where B = 0.25 and n = 0.46, referring to horizontal cross flow in stratified or stratified spray
flow regimes. In the same way of the subcritical evaporator, presented above, the {@hisho
parameter is obtained by Egs. (A.94) and §\.While the condensation pressure drop is
expressed by (A.96).
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A.3 Temperature factor

The heat flux calculation relatively to a heat exchanger can be pursued by two simple
kinds of equations, precisely by considering the product between mass flowratethe
enthalpy variation, be them related to hot or cold fluid, or by the following simple formula:

0 YO 4 (A.98)

The last term of the equationy’Y , is the logarithmic mean temperature difference
which meaning consists in describittge temperature variation of the hot and cold fluids
inside a heat exchanger, in the geakcase.

The best exchange conditiomsanifest when the two fluxes are perfectly in counter
current. If the heat exchanger has the possibility to set this kind offiganation for the
fluids, the related equation to obtain the logarithmic mean temperature difference is the
following one:

SY ¢ (A.99)

Todescribe all the other catitions, that are all characterised by an inferior value of
the heat flux because of the worse exchange between the fluids, in Eq. (A.98) Yhe
factor is split into two: the one described by Eq. (A.99), and the temperature factdohé&
latter is a dimensionless term, which possible values are between 0 and 1, the last one
representing the perfect counterurrent condition. The function of the temperature factor,
indeed, is to reduce the value of'Y j in order to estimate tle realistic heat exchange
between the fluids, in all possible situations

The temperature factor is defined as follows:

9

0 (A.100)

i

It is worth notingthat according to this relation as well thg'Y  is the maximum
driving force for this processlo precisely defineRbout the various heat exchangers
configurations,correlations are necessary. The relations adopted in this work for shell and
tube heat exchangers afendable in literature, in thisase they are taken from the A.S.M.E.
publication ofMumford et al.[30]. Theempiricalcorrelations are proposed as function of
the two following dimensionless parameters:

0 i i (A.101)

Yo i (A.102)
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Four exchange conditionshence four shell and tube configurationsjust be
distinguished:
1. Perfect countecurrent 1-1 configuration with one shell side pass and one tube
side passin this case the driving force is the maximum one, indegd is equal
to WY j , giving back the valug £ 1;
2. 1-2 configuration characterised by one shell side pass and two tube side passes,
the relativeequation for the temperature factor is the next one

Oy (A.103)

3. 2-4 configuration in this case the heat exchanger presents two shell side passes
and four tube side passethe relativecorrelation is here reported

Oy - (A.104)

4. 1-4 configuratoni KS SEOKI yaSNDa tl&2dzi A& OKI NI (
and fourtube side passednstead of the last cases, leeanother parameter is
used,defined belowas

) h i (A.105)

h h h

where Tis the intermediate temperature of the tubside fluid when it leaves the
second and enters the third tubgide pass. It is obtained by a trial and error
solution of

— (A.106)

ﬁ —

Finally, the temperatur@ I O 2 N & O2 BilSnditubehi® y T2 NJ ™

Oy (A.107)

The three empirical relations about €alculation shown above, Egs. 183), (A.104)
and (A.107), are graphically representable function of the used parameters P and R, as
follows.
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Figure A.5Temperature Factor plot for one shell pass and twioor tube passes (2, 1-4)
[30].

Figure A.6Temperature Factor plot for two shell passnd four tube passes-@ [30.

The final form of the heat flurelation, represented above by Eq. (A.98), is hence the
following one:

0 “YOWY¥ & sQ (A.108)

192



